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Summary  

 

Veronika Johanna Maria Breitkopf 

Host cell responses and protein-protein interactions in tick-borne encephalitis virus 
infection 

 

Tick-borne flaviviruses (TBFV), members of the Flaviviridae family, are transmitted by either 

tick bite or consumption of raw milk products from infected ruminants. In severe infections, the 

viruses enter the central nervous system (CNS), leading to neural inflammation and causing 

neurological complications, such as encephalitis, meningitis or meningoencephalitis. 

Differences in tissue tropism and pathogenicity have been described for individual virus 

species and strains. Tick-borne encephalitis virus (TBEV) is the most important tick-borne virus 

in Europe and Asia. Despite increasing numbers of TBE cases due to geographical expansion 

of TBEV and its vectors, specific antiviral treatments are still lacking. Therefore, this thesis 

aimed to contribute to our understanding of cellular processes involved in TBEV infection to 

facilitate the identification of new therapeutic targets.  

Flavivirus genomes consist of single-stranded positive-sense RNA that encodes a single open 

reading frame comprising ten viral genes. Three structural proteins and seven non-structural 

proteins are expressed as a single polyprotein that is co-and post-translationally cleaved by 

viral and host proteases. This mode of protein translation has limited the study of individual 

TBEV proteins. To investigate the distribution, function and molecular interactions of each viral 

protein as part of this thesis, all TBEV genes were cloned and expressed individually. 

Molecular interaction studies of the viral proteins revealed the formation of dimers and 

oligomers, as well as interactions between individual viral proteins. Finally, the recombinant 

TBEV proteins were used to perform a mass spectrometry screen to generate a complete host 

interactome of all TBEV proteins.  

Within the infected cell, flaviviruses utilize the host cell machinery for facilitating their own 

replication, triggering cellular stress responses, that include the unfolded protein response 

(UPR). The IRE1 pathway increases protein folding capacity and lipid biogenesis and was 

hypothesized to support flavivirus replication. As part of this thesis, we infected human 

astrocyte, neuronal and intestinal cell lines with TBEV strains Neudoerfl and HB171 as well as 

Langat virus (LGTV) to investigate to role of the UPR in TBFV infection. The virus replication 

within the different cell lines correlated with the naturally observed tropism of the analyzed 

virus species. Furthermore, all three viruses activated the IRE1, although with strain-specific 

differences. Lastly, the role of IRE1 signaling on TBFV replication was analyzed by inhibiting 

different enzymatic activities of IRE1. Remarkably, the inhibition of both, the kinase and RNase 
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activities of IRE1 resulted in a significantly reduced TBFV infection in astrocytes. Taken 

together our results suggest a possible role of the UPR in astrocytes in the neuropathology of 

TBE.  

Within the CNS, neurotropic flaviviruses like TBEV, infect different brain-resident cell subsets 

such as microglia or astrocytes, that are involved in neuroprotection by mounting an immune 

response to restrict virus dissemination. Upon TBEV infection, the viral single-stranded RNA 

is recognized by retinoic acid inducible gene I-like receptors (RLR), which induce early type I 

interferon (IFN) responses by signaling downstream through the adaptor molecule 

mitochondrial antiviral signaling protein (MAVS). As part of this thesis, we aimed to identify the 

major IFN-β producing brain-resident cell subset upon TBEV infection. Murine neurons, 

astrocytes, and microglia were isolated and exposed to TBEV in vitro, revealing astrocytes are 

the main IFN-β producers among brain-resident cell subsets in response to TBEV infection. 

Furthermore, the induced IFN-β response consisted of two waves that depend on sequential 

MAVS signaling during early time points and MyD88/TRIF signaling at later stages of infection. 

In conclusion, the work presented in this thesis revealed novel host factors and cellular 

processes that directly interact with individual TBEV proteins. Furthermore, cellular signaling 

pathways, such as those involved in UPR and IFN responses, present potential targets for 

therapeutic interventions. A better knowledge of the complex roles of these pathways in the 

specialized milieu of the CNS is required to address the therapeutic need in neurotropic 

flavivirus infections. 
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Zusammenfassung  

 

Veronika Johanna Maria Breitkopf 

Wirtzellantworten und Protein-Protein Interaktionen in Frühsommer-
Meningoenzephalitis (FSME) Infektionen 

 

Durch Zecken übertragene Flaviviren der Familie Flaviviridae werden entweder durch 

Zeckenstiche oder den Verzehr von Rohmilchprodukten von infizierten Wiederkäuern 

übertragen. In schweren Infektionsverläufen gelangen die Viren in das zentrale Nervensystem 

(ZNS), wo sie eine Entzündung des Gehirns und neurologische Komplikationen wie 

Enzephalitis, Meningitis oder Meningoenzephalitis hervorrufen können. Für unterschiedliche 

Virusstämme wurden Unterschiede im Gewebetropismus und in der Pathogenität beschrieben.  

Das Frühsommer-Meningoenzephalitis-Virus (FSMEV) ist das am häufigsten durch Zecken 

übertragene Virus in Europa und Asien. Aufgrund zunehmender geografischer Ausdehnung 

von FSMEV und dessen Vektoren steigt die Zahl erkrankter Personen stetig. Dennoch gibt es 

bis heute keine spezifische, antivirale Behandlung. Das Ziel diese Dissertation war daher zu 

dem Verständnis der zellulären Prozesse während einer FSMEV-Infektion beizutragen.  

Das Genom der Flaviviren ist ein einzelsträngiges RNA Molekül mit einer positiven 

Strangorientierung, das ein einzelnes offenes Leseraster kodiert, welches aus zehn viralen 

Genen besteht. Die drei Strukturproteine und sieben nicht-strukturelle Proteine werden als ein 

einziges Polyprotein exprimiert, welches co- und posttranslational durch virale und zelluläre 

Proteasen gespalten wird. Diese Form der Proteinexpression behindert die Untersuchung 

einzelner FSMEV Proteine. Um die Verteilung, Funktion und molekularen Interaktionen jedes 

viralen Proteins im Rahmen dieser Doktorarbeit einzeln zu untersuchen, wurden alle FSMEV 

Gene kloniert und einzeln exprimiert. Molekulare Interaktionsstudien zeigten sowohl die 

Bildung zahlreicher Dimere und Oligomere als auch Wechselwirkungen zwischen 

verschiedenen viralen Proteinen. Schließlich wurden die rekombinanten TBEV-Proteine 

verwendet, um mittels Massenspektrometrie ein vollständiges Wirts-Interaktom aller TBEV-

Proteine zu erzeugen.  

In infizierten Zellen nutzen Flaviviren die Wirtszelle für ihre eigene Replikation und erzeugen 

dabei zelluläre Stressreaktionen wie z.B. die ungefaltete Protein-Antwort. Der IRE1 Signalweg 

erhöht die Proteinfaltungskapazität sowie die Lipidsynthese. Daher wurde spekuliert, dass 

dieser Signalweg die Replikation von Flaviviren unterstützt. Um zu untersuchen welche Rolle 

die ungefaltete Protein-Antwort in der FSMEV Infektion spielt, wurden im Rahmen dieser 

Doktorarbeit humane astrozytäre, neuronale und intestinale Zelllinien mit den FSMEV 

Stämmen Neudörfl und HB171 sowie dem Langat Virus (LGTV) infiziert. Die Virusreplikation 



XIV 
 

in den verschiedenen Zelllinien spiegelte den natürlich beobachteten Tropismus der 

untersuchten Virusstämme wider. Darüber hinaus aktivierten alle drei Virusstämme den IRE1 

Signalweg. Interessanterweise wurden hierbei stammspezifische Unterschiede beobachtet. 

Abschließend wurde untersucht welchen Einfluss der IRE1 Signalweg auf die Replikation von 

FSMEV hat. Sowohl eine Hemmung der Kinase als auch der RNase Aktivität resultierte in eine 

signifikant reduzierte Virusreplikation in Astrozyten. Zusammenfassend legen unsere 

Ergebnisse eine mögliche Rolle der ungefalteten Protein-Antwort in Astrozyten für die 

Neuropathologie der FSME nahe.  

Im ZNS infizieren neurotrope Flaviviren wie FSMEV verschiedene hirnresidente Zelltypen wie 

Mikroglia oder Astrozyten, die an der Immunantwort beteiligt sind und die Ausbreitung von 

Viren einschränken. Bei einer FSMEV Infektion, erkennen RLR Rezeptoren das virale Genom 

und induzieren eine frühe Interferonantwort, indem sie mittels des Adaptermoleküls MAVS die 

Information in den Nukleus weiterleiten. Im Rahmen dieser Dissertation sollten die Zelltypen 

im ZNS identifiziert werden, die maßgeblich an der IFN-β Produktion während einer FSME 

Infektion beteiligt sind. Hierfür wurden murine Neuronen, Astrozyten und Mikroglia isoliert und 

in vitro mit FSMEV infiziert. Wir konnten zeigen, dass Astrozyten die Hauptproduzenten von 

IFN-β unter den ZNS Zellen sind. Ferner haben wir entdeckt, dass die IFN-β Antwort in 

Astrozyten in zwei Phasen verläuft, wobei die frühe Immunantwort MAVS-abhängig ist und die 

späte Phase auf MyD88 und TRIF beruht. 

Zusammenfasend ergaben die in dieser Arbeit generierten Ergebnisse, neue Wirtsfaktoren 

und zelluläre Prozesse, die direkt mit einzelnen TBEV-Proteinen interagieren. Darüber hinaus 

stellen zelluläre Signalwege, wie die der ungefalteten Protein- und IFN-Antworten, potenzielle 

Angriffspunkte für therapeutische Interventionen dar. Ein besseres Verständnis der komplexen 

Rollen dieser Signalwege im spezialisierten Milieu des ZNS ist erforderlich, um den 

therapeutischen Bedarf bei neurotropen Flavivirus-Infektionen zu decken. 
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1 Introduction  

1.1  Flaviviruses 

 1.1.1 Taxonomy  

Flaviviridae represents the only virus family within the order Amarillovirales and is comprised 

of four genera. The genus Flavivirus contains 53 species and is the largest group, followed by 

Hepacivirus with 14 species and Pegivirus and Pestivirus each containing 11 species.  

1.1.2  Emergence 

Flaviviruses are among the leading pathogenic arthropod-borne viruses (arboviruses) 

worldwide infecting humans and diverse animal species. They are grouped into mosquito-

borne flaviviruses (MBFV) (e.g., Dengue virus (DENV), West Nile virus (WNV), Usutu virus 

(USUV), Japanese encephalitis virus (JEV), Zika virus (ZIKV), Yellow fever virus (YFV)) or tick-

borne flaviviruses (TBFV) (e.g., tick-borne encephalitis virus (TBEV), Langat virus (LGTV), 

Louping ill virus (LIV), Powassan virus (POWV)) depending on the vector by which they are 

transmitted. During the last decades, there has been an extensive global spread of flaviviruses 

showing epidemic potential. The factors underlying this expansion are changing climate and 

environmental conditions as well as urbanization that creates ideal conditions for arthropod 

breeding habitats all together favoring the geographical expansion of vectors2,3. The clinical 

presentation of flavivirus infection in humans ranges from an asymptomatic infection or mild 

flu-like symptoms to severe and life-threatening illness with long-term consequences. Some 

viruses cause visceral disease in humans including hemorrhagic fever, shock syndrome and 

hypotension4,5 whereas others cause neurological disease like encephalitis, meningitis, 

seizure disorder and paralysis6.  

1.1.3  Tick-borne flaviviruses 

The mammalian tick-borne flaviviruses TBEV, Omsk hemorrhagic fever virus (OHFV), LGTV, 

POWV, LIV, Kyasanur Forest disease virus (KFDV), Alkhurma hemorrhagic fever virus 

(AHFV), Royal Farm virus (RFV), Karshi virus (KSIV) and Gadgets Gully virus (GGYV) are 

also known as TBEV serocomplex7. TBEV, LIV and POWV are neurotropic viruses, OHFV, 

KFDV and AHFV cause hemorrhagic fever, LGTV is a non-pathogenic virus and KSIV, RFV 

and GGYV have not been reported to cause human infections8,9.  

Among TBFV, TBEV is one of the most prevalent tick-transmitted pathogens in Europe and 

Northern Asia. TBEV occurs from Central Europe to Siberia, Russia and Far Eastern countries 

which correlates with the habitats of its vector species10. Three different TBEV subtypes were 

originally identified by phylogenetic studies based on the envelope protein. They were named 
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according to their predominant geographical distribution. The European subtype (TBEV-Eu) 

occurs in Europe but has also been identified in West Urals and in Siberia. The Siberian 

subtype (TBEV-Sib) is endemic in Russia Eastern Europe. The Far-Eastern subtype (TBEV-

FE) is found in Asia, mostly in northern China and in Japan but has also been reported in East 

Russia11–14.  Recently, two new subtypes were described: the Himalayan subtype (TBEV-Him) 

that was isolated from Himalayan marmots in the Qinghai-Tibet Plateau in China and the 

Baikalian subtype (TBEV-Bkl) which diverged from TBEV-Sib and circulates in the region of 

the Baikal lake15,16.  

Besides different geographical distributions, the members of the subtypes show different levels 

of virulence, clinical severity, and variations in the nucleotide and amino acid sequences of 

their polyprotein17. In general, TBEV-Sib and TBEV-FE are phylogenetically more closely 

related to each other than to TBEV-Eu. Regarding the polyprotein, the identity level of 

nucleotide and amino acid sequence among TBEV-Eu, TBEV-Sib and TBEV-FE are 83.2%-

85.5% and 93.0%-95.2%, respectively limiting the determinants of virulence to a few amino 

acid residues and/or to variations in the non-coding regions15,18,19. The TBEV-Him subtype 

shares 83.5-85.2% nucleotide identities and 92.6-94.2% amino acid identities with the other 

three subtypes15. The TBEV-Bkl subtype clusters at an intermediate phylogenetic position 

between TBEV-Sib and TBEV-FE and is characterized by the lineage-specific amino acid Asn 

at position 175 of the E protein16.  

Despite low amino acid sequence variation in the polyprotein among TBEV subtypes, the 

morbidity and mortality of TBE depend on the viral subtype. The general trend is decreasing 

virulence with westward spread of TBEV from Japan/ Far Eastern Russia, through Central 

Europe to western Europe20. The highest case fatality rate of 20-60% is associated with TBEV-

FE causing a severe course of disease and high rates of neurological sequelae in patients. 

TBEV-FE is followed by TBEV-Sib showing a mortality rate of 2-3% and the potential to 

develop prolonged infections causing chronic tick-borne encephalitis (TBE). TBEV-Eu shows 

a case fatality rate of 1-2% and is associated with neurological sequelae in up to 10% of 

patients20–22.  

1.1.4  Expansion of the TBEV area in the European Union  

TBEV causes annually over 10,000 clinical cases with increasing incidence and expanding 

TBE affected areas, the so called “TBE-belt” during the last decades23. In the 2000s, numbers 

of TBE cases have increased in the European Economic Area and have since been confirmed 

in 16 European countries24. Further, TBEV now occurs in regions where it has not been found 

previously25. Due to increased average annual temperatures over the last decades, the tundra 

of the Kola Peninsula and the Arkhangelsk region in Russia were replaced by forest leading to 
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the appearance of mammalian hosts and tick vectors of TBEV along with the emergence of 

TBE in these areas26,27. After TBE emerged in the Arkhangelsk region, the incidence increased 

from zero to 2 per 100,000 in the population in 1980-2000 and was followed by a further five-

fold increase between 2000 and 200927. In Karelia, a region in northwestern Russia that 

borders Finland to the west, a two- to four-fold increase in TBE incidence was observed 

between 1997 and 2008. In both cases, the emergence of TBE in previously unaffected areas 

was correlated to the northward expansion of the vector species Ixodes persulactus27,28. More 

recently, TBE incidences have increased in several other European countries like Mongolia29, 

Poland30, Norway31, Sweden32, and Finland33. TBEV areas were expanding to Western Europe 

also to regions with higher elevation above sea levels and was found in the Czech Republic34, 

in the Netherlands35, in northern Germany36, Italy37, France38, and in an Austrian alpine 

region39. In 2019, for the first time TBEV was found in ticks in the UK and was also identified 

in a new focus in Denmark in the same year40–42.  

A complex interplay of climatic, ecological, and socioeconomic factors leads to an increased 

geographic distribution of TBEV as well as to an increased risk for humans to be exposed to 

TBEV infected ticks43–46. One significant driver of the TBE rise is global climate change 

resulting in increased abundance and expanding habitats of vector species27,47–49. Additionally, 

migratory birds may be involved in the increased geographic occurrence50. Due to 

globalization, TBE cases were reported in American people that have been travelling to 

Europe, Russia, or China during 2000 and 200951. Besides, increased outdoor activities in 

habitats of infected ticks lead to more occasions in which people encountered TBEV52. Despite 

available vaccines to prevent disease, TBE cases have been increasing during the last 

decades53. Possible reasons may be an insufficient vaccine coverage especially for risk 

groups54 as well as lack of awareness for TBEV together with improved surveillance systems 

and diagnostic methods55.  

1.1.5 Clinical course  

Most TBEV infections are asymptomatic ranging from 70% to 98% with some degree of 

variability owing to undiagnosed TBE cases of asymptomatic patients56,57. Depending on the 

transmission route, the incubation period is 7 to 14 days, but can range from 4 to 28 days after 

a tick bite, and is much shorter, usually 3 to 4 days after alimentary transmission58. 

Interestingly, alimentary transmission appears to dramatically increase the morbidity, leading 

to lager clusters of TBE cases, such as in Slovenia where four out of four patients developed 

symptomatic disease after drinking raw goat milk contaminated with TBEV59.  

The Far Eastern subtype of TBEV displays a monophasic course of disease, whereas 

infections with the European subtype typically causing a biphasic course in about 75% of 
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patients20,58,60. After the initial incubation period, the first phase includes non-specific influenza-

like symptoms such as fever, headache, fatigue, nausea and body pain. The initial phase 

correlates with viremia and usually lasts for 5 days. During this period, the viral RNA can be 

detected in the blood by reverse transcription polymerase chain reaction (RT-PCR). Two thirds 

of patients clear the virus after the initial phase, but one third enters an asymptomatic phase 

sometimes accompanied by an improved condition that can last from 1 to 21 days, followed by 

the second phase. The last phase is characterized by acute central nervous system (CNS) 

infection which is represented by meningitis in 50% of patients whereas 40% develop 

meningoencephalitis and 10% meningoencephalomyelitis21,56. Patients might demonstrate 

high fever, headache, tremor, altered consciousness, and cranial or spinal nerve paralysis60. 

About 30% of patients that enter the second phase will develop long-term or permanent 

neurological sequelae21,61. During the second phase of disease no virus can be detected in the 

sera or plasma, as TBEV RNA has already been cleared from the blood. As patients are often 

hospitalized only after the onset of CNS symptoms, RT-PCR is no longer a suitable diagnostic 

tool. Therefore, TBE cases are predominantly confirmed serologically by detecting TBEV-

specific immunoglobulins (Ig) M and G62. Where IgM antibodies can be detected in sera early 

in symptomatic TBE infection, IgG antibodies peak during disease recovery63.  

1.1.6 Neuropathogenicity  

Flavivirus neuropathogenicity is complex and requires several events to be established: 1) 

virus replication in the periphery to produce sufficient levels of viremia for neuroinvasion, 2) 

virus entry into the CNS (neuroinvasiveness), 3) virus replication and spread within the CNS 

to induce neuropathology, 4) virus-induced tissue damage caused by the interplay of virus 

neuropathogenicity and the host innate and adaptive immune response.  

Transmission of TBEV via an infected tick bite is followed by local virus replication within cells 

of the skin including Langerhans cells, fibroblasts, mast cells, and migratory monocytes64,65. 

Infected Langerhans cells migrate to local draining lymph nodes where the virus is amplified66. 

The lymphatic system enables virus transport and dissemination which results in plasma 

viremia. Haematogenic spread results in infection of different organs, especially spleen, liver 

and bone marrow and allows persistent viremia for several days, clinically corresponding to 

the first phase of TBE67. During this viremic phase, the virus may cross the blood-brain barrier 

(BBB) and invade the CNS.  

Within the CNS, TBEV neuroinfection results in a multicellular response with neurons being 

the primary target cells68,69. After an initial infection is established, newly synthesized virus 

spreads transsynaptically to connected neurons70. Infected neurons trigger the CNS immune 

response, which is composed of the CNS intrinsic response and the CNS extrinsic response. 
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The intrinsic response is mediated by microglia and astrocytes in the brain parenchyma. 

Microglia are the first cells to react to CNS injury or infection71. During reactive microgliosis 

they secrete inflammatory cytokines and are responsible for neurotoxicity during infections72,73. 

However, microglia also display several neuroprotective roles like the maintenance of 

homeostasis, phagocytosis of cell debris, clearance of dysfunctional synapses, participation in 

neurogenesis, and tissue repair72. Flavivirus infections are characterized by neuronophagia 

during which microglia cluster around infected neurons. This might result in phagocytosis of 

infected neurons but also in the elimination of dysfunctional synapses including those that 

connect infected and healthy neurons74. In addition, astrocytes actively participate in the CNS 

immune response75. Astrocytes were demonstrated to be support TBEV replication, without 

showing cytopathic effect (CPE) or cell death76,77. During reactive astrogliosis, higher mRNA 

expression levels of inflammatory cytokines and chemokines were detected76. Interferon (IFN) 

production by astrocytes during TBEV infection has been shown to limit viral replication and 

dissemination78.   

The CNS extrinsic response is initiated after a productive virus infection has been established 

and newly synthesized virus particles and virus antigens enter the blood circulation or exit via 

cerebrospinal fluid drainage pathways. After the viral antigens arrived in secondary lymphoid 

organs, they are presented to the immune system representing the afferent arm of the adaptive 

immune response79,80. Subsequently, immune cells such as activated T cells, B cells, antibody-

producing plasma cells, and monocytes are recruited and infiltrate the CNS81. These cells 

either remain within the perivascular space or migrate into brain parenchyma in a cell type 

specific manner. B cells and CD4 lymphocytes are mainly found in the perivascular space 

whereas CD8 cytotoxic lymphocytes dominate in the parenchyma, which was 

immunohistopathologically confirmed in fatal human cases of flavivirus encephalitis82.  

1.2 Flavivirus particle composition and genome structure  

The members of the genus Flavivirus exhibit similarities regarding their virion morphology, 

genome organization and viral replication. Mature TBEV particles are enveloped, smooth 

viruses of 40 to 60 nm in diameter83. They are composed of a nucleocapsid (NC) that contains 

the viral RNA genome, surrounded by a host-derived lipid bilayer in which two envelope 

glycoproteins, envelope (E) and membrane (M), are embedded84. The surface of virus particles 

is organized in a so-called “herringbone” pattern exhibiting icosahedral symmetry. The E and 

M protein form heterodimers whereas head-to-tail dimerization of two E-M heterodimers form 

an E-M-M-E heterotetramer that constitute the main building block of TBEV virions. The NC is 

built by several copies of the capsid protein (C) and a single copy the virus genome83. The 

flavivirus genome is composed of a positive-sense single-stranded RNA ((+) ssRNA) of 

approximately 11 kb in length containing a 5’ cap, but lacking a polyadenylate tail. The 5’ cap 
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was demonstrated to be important for mRNA stability and translation85. The single open 

reading frame (ORF) is further flanked by 5’ and 3’ untranslated regions (UTR) and is translated 

into one single polyprotein of about 3400 amino acids. The polyprotein is co- and post-

translationally cleaved by host proteases (signalases and furin) and the viral serine protease 

into three structural proteins (C, M and E) which made up the virus particles and are involved 

in viral pathogenesis and seven nonstructural proteins (NS) NS1, NS2A, NS2B, NS3, NS4A, 

NS4B, and NS583 that play a role in viral pathogenesis, replication, and immune evasion. 

Signal sequences define the localization and orientation of the polyprotein in the endoplasmic 

reticulum (ER) membrane. While NS1 and the extracellular domains of prM and E are localized 

in the ER lumen, C, NS3, and NS5 are soluble proteins in the cytoplasm and NS2A, NS2B, 

NS4A, and NS4B are integral membrane proteins.  

The 5’ UTR sequence is not conserved among different flaviviruses. In contrast, it exhibits 

conserved secondary structures with variations between mosquito- and tick-borne 

flaviviruses86. Several structural elements such as conserved stem loop (SL) are localized in 

the 5’ UTR functioning as cis-acting elements. They play essential roles in RNA-RNA 

cyclization, negative-strand synthesis, and translation87. Genome cyclization brings together 

regions that are separated by thousands of nucleotides and is crucial for the recruitment of the 

viral polymerase NS5 from the 5’ SL promotor to the RNA synthesis initiation site88. The 3’ 

UTR is highly variable in length among different TBEV isolates. The region is divided into a 

highly conserved core region at the 3’ end of the genome and a variable region between the 

core region and the protein-coding region. The core region harbors conserved secondary 

structures that are necessary for genome cyclization and for virus replication89. The variable 

region varies in length and might contain an area of adenylate residues in some TBEV 

isolates90. Accordingly, the TBEV strain Neudoerfl can possess 30 to 250 adenosine residues 

whereas the highly virulent Hypr strain possesses only a few residues. It is still not clear 

whether these components of the 3’ UTR influence the viral pathogenesis18.  

1.2.1 Capsid protein  

The C protein is a highly charged protein, with a molecular weight of approximately 11 kDa. It 

is organized into four alpha-helices, termed α1 to α491. In its immature state, it contains a 

hydrophobic C-terminal domain, which acts as membrane anchor embedding the C protein in 

the ER membrane and serving as an internal signal sequence for the precursor M protein 

(prM).  After the viral protease has cleaved off the anchor, a soluble mature capsid protein is 

released which immediately forms antiparallel dimers92. The hydrophobic surface of the dimers 

allow the interaction with lipid bilayers, whereas the two α4-helices that extend away from the 

core of the dimer are rich in basic amino acid residues and thought to be the RNA-binding 

domain93,94. 
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Within the virus life cycle, the C protein is responsible for packaging the virus genome into 

nucleocapsids during assembly of new virus particles. This function requires the C protein to 

interact with both the ER membrane and the viral genome. The C protein was demonstrated 

to randomly bind different types of nucleic acids including single or double stranded RNA or 

DNA molecules via non-specific electrostatic interactions with the phosphate backbone95. The 

dimers are arranged in oligomeric structures differing between diverse flavivirus species. 

Dimers of dimers were observed in WNV Kunjin (WNVKUN) and trimers of dimers in ZIKV96,97. 

The RNA-binding α4-helices were facing towards the interior of a channel that was formed in 

the middle of the oligomers. The authors concluded that the formation of oligomers might 

facilitate RNA packaging. At the opposite site of this hydrophilic region, the dimer constitutes 

a hydrophobic surface enabling the interaction with the ER membrane as well as with lipid 

droplets. It was shown that flavivirus infection leads to an increased production of lipid 

droplets93. Mutations of the amino acids in DENV C protein that facilitate the association with 

lipid droplets, resulted in a reduced production of virus particles without influencing the 

replication or translation of the viral genome. Furthermore, the basic region of C protein dimers 

exhibits a nuclear localization sequence which interacts with importin-α mediating the transport 

into the nucleus98. The localization of the C protein in the nucleus suggests additional functions 

in viral pathogenesis aside from genome packaging. Especially MBFV were shown to interact 

with host proteins located in the nucleus. JEV C and DENV C were shown to associate with 

ribosome biogenesis factors like B23 and NPM1, respectively99,100. Likewise, ZIKV C was 

identified to cause ribosomal stress and induce apoptosis101 WNV C also facilitates apoptosis 

by interacting with the p53 inhibitor MDM2/HDM2102. Contrary, the host protein Jab1 binds to 

WNV C removing it from the nucleus to enable proteasomal degradation and to prevent 

apoptosis103. Additionally, WNV C upregulates PP2A, which further prevents the upregulation 

of type I IFN genes104. TBEV C exhibits little sequence identity with MBFV C proteins and 

hence it can be assumed that it shows major differences in interacting with host cell proteins 

to alter their functions.  

1.2.2 Membrane protein  

The M protein (7-8 kDa) is synthesized as a precursor protein (prM) (25 kDa) that is cleaved 

by the cellular protease furin in the trans-Golgi network (TGN) during the maturation process 

of immature virions105. The protein is a type I membrane protein that is formed by one 

peripheral membrane helix, two transmembrane (TM) helices and an N-terminal loop region. 

Together with the E protein, M forms heterodimers with two dimers aggregating into 

heterotetramers in a head-to-tail fashion. These heterotetramers are the main building blocks 

of the virus particles and are embedded in the lipid envelope. The M protein is completely 

covered by the E proteins and seems to act as a linker improving the association of the E 
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proteins84. Furthermore, prM prevents the E protein from adopting a fusogenic conformation in 

immature particles by orienting the pr peptide to the fusion loop (FL) of E in the prM-E 

heterodimer. Moreover, the N-glycosylation of the pr peptide increases the hydrophilicity of the 

spike of immature virions which further prevents the interaction with ER membranes106. M was 

demonstrated to form oligomers of different orders dependent on the flavivirus species. DENV 

M forms higher order oligomers whereas TBEV M forms dimers only after the cleavage of prM, 

suggesting that the final conformation of mature TBEV M facilitates the complex 

aggregation107,108. It was demonstrated that TBEV prM can achieve its native conformation 

independently of E, but that the proper folding of TBEV E requires the co-expression of prM, 

suggesting a chaperone-like role of prM in the folding process of E109. Besides its roles during 

the virus life cycle, M was shown to induce apoptosis by disrupting the mitochondrial 

transmembrane potential and by activating caspase-3110,111. Furthermore, DENV and WNV 

prM interact with the light chain TCTEX-1 of dynein that participates in viral trafficking along 

the secretory pathway and hence plays a role in the late stages of virus replication112. DENV 

prM interaction with the vacuolar ATPase (V-ATPase) mediates virus entry and egress113 

whereas the interaction with claudin-1 is required for virus entry114.  

1.2.3 Envelope protein  

The E protein exhibits multiple functions, including viral attachment and receptor-binding, 

membrane fusion, virion assembly and maturation, elicitation of neutralizing antibodies, and 

directing host range and cell tropism115–118. E has a molecular weight of 53 to 60 kDa depending 

on the number of N-glycans. It is synthesized as a type I transmembrane protein, which exhibits 

an elongated structure and is organized into three distinct domains (EDI, EDII and EDIII)84. 

The individual domains are connected by flexible hinges that enable the structural 

rearrangements during the viral replication cycle119. Adjacent to the three domains is a stem 

region that includes two α-helical transmembrane domains (TM1 and TM2) that are located on 

the viral membrane. TM2 represents the internal signal sequence that allows the correct 

cleavage and localization of the NS1 protein120. The conformational changes of E that enable 

the transformation into a trimer under acidic pH conditions, requires a distinct fraction of the 

transmembrane domain to form a hairpin-like structure121. Additionally, E has four conserved 

histidine residues at positions 144, 246, 284, and 319 which may act as pH sensors in the 

uncoating process and in regulating the trimerization of E122,123.  

EDI is located in the center of the E protein between EDII and EDIII119. EDI and EDII are 

connected by a hinge structure that participates in virus entry and membrane124. EDI 

possesses an N-glycosylation site at residues Asn154 that is conserved in most flaviviruses, 

but can still show variability regarding the number and position of glycosylation sites between 

flaviviruses or even between different strains of the same virus125–129. In several studies, it was 
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demonstrated that E glycosylation impacts viral attachment, entry, replication, transmission 

between hosts and pathogenesis. Lectins like DC-SIGN, are proteins that bind carbohydrates 

and that have been identified to act as attachment factors that facilitate flavivirus binding to the 

host cell surface. WNV, JEV, ZIKV and DENV were shown to interact with DC-SIGN via the 

glycans of the E protein128,130–132. EDII is formed by two elongated and directs the anti-parallel 

homodimerization of E. The highly conserved fusion peptide (FP) (or fusion loop (FL)) is 

situated at the distal end of EDII that is stabilized by a disulfide bridge. It contains hydrophobic 

residues, including W101, L107, and F108 that are conserved among most flaviviruses such 

as YFV, DENV-4, and WNV133. As mentioned above, the pr peptide of the M protein blocks the 

FL in immature particles to prevent membrane fusion during the transport along the secretory 

pathway. The FL structure is involved in receptor-binding and membrane fusion134.  EDIII is 

situated at the C-terminus of E and is connected to the stem helices and the transmembrane 

helices. This domain is composed of six anti-parallel β-strands with the strands close to the N-

terminus of EDIII forming an immunoglobulin-like domain, which interacts with cellular 

receptors and determines the cell tropism119,135. The structure of EDIII varies among different 

flavivirus strains. It contains the relevant epitopes that induce and are recognized by 

neutralizing antibodies136. Therefore, EDIII can be used as an antigen for serological 

diagnostics.  

1.2.4 Non-structural protein 1 

NS1 is a multifunctional protein that is essential for viral RNA replication, viral particle 

production and interactions with the immune system of the host, thereby contributing to 

pathogenesis. It has a molecular weight of 46 to 55 kDa depending on the extent of 

glycosylation. NS1 is formed by three domains, a hydrophobic β-roll dimerization domain, an 

α/β wing domain with a RIG-I-like fold, and a central β-ladder domain that is stabilized by 

disulfide bonds137. NS1 is a unique protein because it occurs in varying oligomeric forms, is 

glycosylated, and has multiple localizations that correlate with its different functions. It is 

synthesized as part of the polyprotein and localizes to the ER lumen toadied by its N-terminal 

signal sequence138.  The C-terminal end exhibits a conserved octapeptide sequence that is 

critical for proteolytic cleavage139. After NS1 has been cleaved at its N- and C-terminus, the 

hydrophilic monomer becomes glycosylated by the transfer of high-mannose residues and 

rapidly dimerizes. NS1 dimers acquire hydrophobic surfaces by which they interact with ER 

membranes140. In the following, it is trafficked to various cellular locations including sites of 

viral RNA replication, the cell surface, lipid rafts, and the Golgi apparatus along the secretory 

pathway. Within the Golgi, NS1 is further modified by complex glycosylation and subsequently 

secreted as soluble hexamers. NS1 has two N-glycosylation sites that differ between MBFV 

and TBFV. MBFV NS1 is glycosylated at Asn130 and Asn207, whereas TBFV NS1 at Asn85 
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and Asn207. Although the glycosylation sites are conserved among flaviviruses, some viruses 

like WNV have a third glycosylation site at Asn175137.  

In its dimeric form, NS1 has a cross shape consisting of two RIG-I-like wing domains and forms 

two distinct surfaces. A hydrophobic inner surface and a hydrophilic outer surface that displays 

the glycosylation sites. Intracellular NS1 is associated with membranes and localizes with the 

luminal side of vesicle packets (VP) where virus genome replication occurs. Here, NS1 

interacts with other non-structural proteins to form the replication complex (RC). The structural 

features of NS4A and NS4B together with NS1 and NS2A induce the rearrangement of ER 

membranes resulting in the formation of VPs95,141,142. It was proposed that oligomers formed 

by NS4A and NS4B and possibly NS2A that are localized at the interior side of the vesicles, 

induce negative membrane curvature. NS1 dimers residing at the ER luminal side of the 

vesicles assists in the formation of VPs by promoting positive membrane curvature141. Youn et 

al. demonstrated a direct interaction between WNV NS1 and NS4B143. The importance of NS1 

for virus replication was illustrated in an impeded RNA replication when NS1 was deleted or 

the dimer formation was interrupted144,145. The formation of hexameric NS1 may occur when 

three dimers become membrane-associated, cluster at lipid rafts and pinch off the lipid cargo 

out of the membrane to form a barrel shaped peptide146. Hexameric NS1 has a molecular 

weight of 310 kDa and is built as a trimer of dimers, which is secreted via the secretory 

pathway. It forms a high-density lipoprotein with varying amounts of associated lipids147. The 

secreted form circulates in the bloodstream of infected patients and is a major antigenic marker 

for flavivirus infection. It can bind to uninfected cells by recognizing glycosaminoglycans 

(GAG).  

NS1 was identified to interact with several host factors that are specific to certain flavivirus 

species suggesting diverse functions of NS1 of different virus strains148. DENV NS1 has been 

shown to interact and re-localize the ribosomal protein RPL18 of the 60S ribosome subunit, 

which is associated with translation, to the sites of virus replication149. The interaction of DENV 

NS1 with the heterogenous nuclear ribonucleoprotein C1/C2 (hnRNP C1/C2) and K facilitated 

virus propagation150. Several other host proteins were shown to interact with DENV NS1 such 

as TOA-1 that regulates apoptosis and COG-1 that is involved in the modification and transport 

of NS1151. In addition, DENV NS1 was reported to re-localize GAPDH to the site of viral 

replication by an increased glycolytic flux152. Importantly, NS1 is immunogenic and interacts 

with various components of the host immune system. It can either activate a protective or a 

harmful immune response that contributes to pathogenesis during flavivirus infection. NS1 has 

been reported to be recognized by different toll-like receptors (TLR). While WNV NS1 has been 

demonstrated to inhibit TLR3 signaling153,154, DENV NS1 has been shown to activate TLR2 

and TLR6, resulting in increased expression of proinflammatory cytokines155. Additionally, 
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several studies have described an interaction of secreted NS1 with the complement system156–

159. For example, the binding of NS1-specific antibodies to NS1 triggers the generation of 

membrane attack complexes (C5b-9) and soluble membrane attack complexes (SC5b-9) that 

contribute to the pathogenesis during severe clinical courses of DENV infections156.  

1.2.5 Non-structural protein 2A 

NS2A is a small hydrophobic protein with a molecular weight of 22 kDa. It is generated by N-

terminal cleavage in the ER lumen by an unknown host protease at the NS1-NS2A boundary 

and by C-terminal cleavage in the cytoplasm by the viral protease at the NS2A-NS2B 

boundary. It contains eight domains that have been named predicted transmembrane 

segments 1-8 (pTMS1-8). Despite their name only five of them completely traverse the ER 

membrane. The N-terminal end, pTMS1, and pTMS5 are localized in the ER lumen without 

interacting with the ER membrane. pTMS2 is also localized in the ER lumen but interacts 

peripherally with its membrane. Lastly, pTMS3, 4, 6, 7 and 8 are integral transmembrane 

domains that truly traverse the ER membrane. The short C-terminal end is localized to the 

cytoplasmic side160.  

NS2A has been demonstrated to play important roles in virus replication and assembly as well 

as in pathogenesis. WNVKUN NS2A co-localizes with dsRNA, NS3 and NS5 at the site of 

replication complexes with mutagenesis experiments illustrating the role of NS2A during viral 

RNA synthesis161,162. In addition, NS2A has been shown to be essential for the assembly of 

new virus particles. Specific NS2A residues from different flaviviruses have been identified as 

determinants for successful virus assembly163–165. Furthermore, ZIKV NS2A was shown to 

interact with prM-E and NS2B-NS3 suggesting the recruitment of theses complexes to the sites 

of virus assembly by NS2A166. Besides, it was shown that DENV and ZIKV NS2A specifically 

bind to structures in the 3’ UTR of viral RNA with a cytoplasmic loop and thus recruiting newly 

synthesized RNA from the replication complexes to viral assembly sites165,166. Accordingly, a 

model for virus assembly was proposed, in which NS2A independently binds to C-prM-E, 

NS2B-NS3 and viral RNA transporting them to virion assembly sites. The different complexes 

are brought together due to NS2A oligomerization. NS2B-NS3 processes the C-prM-E 

complex, yielding free C that builds the nucleocapsid on the cytoplasmic side. By budding into 

the ER lumen, the nucleocapsid is enveloped by prM and E resulting in the formation of 

immature virions. Moreover, it has been shown that NS2A contributes to evasion of the innate 

immune response as ZIKV NS2A inhibits IFN expression at the level of TBK1167, DENV NS2A 

antagonizes IFN signaling168, and JEV NS2A inhibits the activation of PKR169.   
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1.2.6 Non-structural proteins 2B - 3 

NS3 is a large multifunctional protein of about 70 kDa that is involved in viral replication, 

proteolytic cleavage of the polyprotein precursor, and host immune evasion. NS3 possesses 

protease, helicase, nucleoside triphosphatase (NTPase), and 5’-RNA triphosphatase 

(RTPase) activities170. The N-terminal third of NS3 harbors the catalytic domain of the serine 

protease (NS3pro) and plays an important role in virus maturation by processing the 

polyprotein on the cytoplasmic side of the ER membrane. The protease belongs to the 

chymotrypsin family and contains three amino acids, His51, Asp75, and Ser135 that are called 

the catalytic triad and together carry out the catalytic function that breaks peptide bonds. The 

enzymatic activity of NS3pro is dependent on its association with NS2B, which acts as a 

cofactor. NS2B is a small hydrophobic transmembrane protein of about 14 kDa containing four 

transmembrane domains (TMD). A central hydrophilic region of about 40 amino acid residues 

is located in the cytoplasm and acts as a cofactor for NS3pro171. NS2B is required for proper 

folding and catalytic activity of NS3pro and additionally acts as membrane anchor for NS3. 

NS2B-NS3pro cleaves the polyprotein at the junctions between NS2A/NS2B, NS2B/NS3, 

NS3/NS4A, and NS4B/NS5 and generates the C-termini of mature C protein.   

The C-terminal three quarters of NS3 possesses helicase (NS3hel), NTPase, and RTPase 

activities and is involved in viral RNA replication. It is connected to NS3pro by a linker region 

that provides inter-domain flexibility enabling the switch between two conformations that 

accompany the transition between polyprotein processing and RNA replication172. NS3hel was 

identified to belong to the superfamily 2 (SF2) helicases and is comprised of three subdomains. 

Subdomains 1 and 2 are Rec-like domains that contain conserved motifs I-VI of positively 

charged residues. Particularly, motif VI is essential for binding to the phosphates of the RNA 

backbone on one side, and to form the ATP binding groove on the opposite side173. NS3hel is 

involved in viral RNA replication by disrupting the hydrogen bonds between two RNA strands 

to unwind dsRNA. The energy that is required for the unwinding process is provided by 

hydrolyzing the phosphate of nucleoside triphosphate (NTP) (usually ATP). Thus, the 3’-to 5’ 

translocation of NS3hel along the ssRNA is coupled to NTP hydrolysis by the NTPase174,175. 

The RTPase is located at the C-terminus of NS3 and performs the first reaction in viral mRNA 

capping during transcription by removing the terminal phosphate from the 5’-triphosphate end 

of the RNA. DENV NS3hel has been demonstrated to interact with NS4B. This interaction 

stimulated the dissociation of NS3hel from ssRNA and enhanced the helicase activity of 

NS3176. Shiryaev et al. (2009) identified the subdomains 2 and 3 of NS3hel to bind to the 

cytoplasmic loop of NS4B177. Furthermore, the cytoplasmic peptide of WNV and ZIKV NS4A 

have been shown to bind to NS3 and to modulate its NTPase activity178,179. Hence, NS4A is 

described as a cofactor for NS3hel which facilitates RNA unwinding under ATP insufficiency178.  
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DENV NS3 contributes to the remodeling of ER membranes and thus the establishment of 

replication organelles by recruiting fatty acid synthase and increasing their synthesis180. 

Furthermore, DENV NS3 cleaves the host adaptor protein STING resulting in the inhibition if 

type I IFN expression181. While both LGTV NS3pro and NS3hel can bind to caspase-8, only 

NS3pro domain induces apoptosis182. TBEV and ZIKV NS3 have been demonstrated to 

interact and colocalize with the host protein viperin183. Viperin is upregulated by IFN-

stimulation, exhibits antiviral activity and in this case, mediated the proteasome-dependent 

degradation of TBEV and ZIKV NS3.  

1.2.7 Non-structural proteins 4A-2K-4B 

NS4A is a small hydrophobic transmembrane protein of approximately 16 kDa with multiple 

functions. It consists of a hydrophilic N-terminal region localized in the cytoplasm, three 

hydrophobic integral transmembrane domains (pTMS1, pTMS3, pTMS4), a membrane 

associated domain (pTMS2), and a C-terminal “2K” fragment of about 2 kDa. NS4A-2K-NS4B 

processing is a highly regulated and sequentially orchestrated event starting with the cleavage 

at the N-terminus of NS4A in the cytoplasm by the viral NS2B-NS3 protease, releasing NS4A 

from 2K-NS4B. After 2K-NS4B has been integrated into the ER membrane, a host signal 

peptidase cleaves away the 2K peptide at the N-terminus of N4B. 2K acts as a signal sequence 

for the translocation of the adjacent NS4B protein into the ER lumen184. While for some 

flaviviruses such as YFV, 2K is required for NS4B ER membrane association and translocation, 

it is not needed for the integration of DENV NS4B into the ER membrane185,186. Depending on 

the flavivirus species, the 2K peptide regulates the ER remodeling function of NS4A by varying 

mechanisms. WNV NS4A-2K mediates membrane alterations, whereas the removal of 2K 

leads to an alternative distribution of NS4A to the Golgi apparatus187. In contrast, DENV NS4A 

lacking 2K induces membrane rearrangements that were absent when NS4A and 2K were 

expressed together184.  

NS4A forms dimers and higher order oligomers whereby dimerization is mediated by pTMS1 

and higher-order oligomerization by the N-terminal region188. NS4A has several functions in 

virus replication and virus-host interactions. It is described as central “organizer” of the RC 

during flavivirus replication and hence plays the key role in forming VPs189. Two scenarios 

about how NS4A promotes membrane curvature are suggested. One possible scenario 

describes the active insertion of the N-terminal amphipathic helix, or the pTMS2 helix into one 

layer of the lipid bilayer of the ER membrane. The second scenario suggests the 

oligomerization of NS4A as driving force188. Both processes have been observed to cause 

membrane deformation190,191. Furthermore, the interaction of DENV NS4A with cellular 

vimentin regulates the formation of RCs192. The association of DENV NS4A with NS4B results 

in NS4B being recruited to the RC allowing viral genome replication193. Additionally, DENV 
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NS4A has been shown to facilitate virus replication by inducing autophagy to prevent cell 

death194. While WNV NS4A and NS4B inhibit IFN-mediated JAK-STAT signaling by inducing 

the unfolded protein response, ZIKV NS4A antagonizes the IFN response by downregulating 

signaling molecules within the RIG-I like receptor (RLR) pathway195,196 

With a molecular weight of approximately 27 kDa, NS4B is the largest hydrophobic non-

structural protein of the flaviviruses. It is composed of two hydrophobic segments at its N-

terminus (pTMS1, pTMS2) that are located in the ER lumen, and of three transmembrane 

domains (pTMS3-pTMS5) at its C-terminus186. NS4B dimerization was reported to occur via 

the cytosolic loop that connects pTMS3 and pTMS4197. Besides, NS4B also interacts with other 

flavivirus non-structural proteins, such as DENV NS3hel to negatively regulate the helicase 

activity176 and with WNV NS1 for successful viral replication143. Moreover, NS4B was shown 

to exhibit some immunomodulatory functions. DENV NS4B suppresses IFN-induced signaling 

cascades by interfering with STAT1 phosphorylation168,198. Furthermore, pTMS3 and pTMS5 

of DENV NS4B are involved in suppressing the host RNA interference (RNAi) response199.  

1.2.8 Non-structural protein 5 

NS5 is the largest (103 kDa) and most conserved protein encoded by flaviviruses. It consists 

of a C-terminal RNA-dependent RNA polymerase (RdRp) domain and an N-terminal 

methyltransferase (MTase) domain, which are involved in catalyzing the synthesis of genome-

length RNA during virus replication and in capping and methylation at the 5’ end of the viral 

genome, respectively. An “N-terminal extension” region protrudes from the core polymerase 

domain and has been demonstrated to be non-dispensable for regulating polymerase 

activity200. Flavivirus RdRps exhibit a unique structure, displaying an encircled right-hand 

architecture with palm, fingers, and thumb domains localized around the active site and 

harbors seven catalytic motifs, A-G201. 

The initiation complex of flavivirus RdRp is unstable. The RNA synthesis is initiated via a de 

novo mechanism, which involves a priming element instead of a primer-dependent mechanism 

which utilizes a protein primer202. The RdRp binds to stem loop A (SLA), a conserved structural 

feature located the end of the 5’ UTR of the viral genome that folds into a Y shaped structure203. 

The elongation catalytic cycle starts when an incoming NTP binds in a site close to its catalytic 

position. The 2’- and 3’-hydroxyl groups of the NTP ribose trigger the closure of the active site 

which results in the transfer of phosphoryl. After this catalytic step, the pyrophosphate 

byproduct is released, the active site is opened, and the polymerase is translocated to align 

the active site to the next part of the template strand204.  

The RdRp domain is separated by a short liker region from the MTase domain. The interface 

between the RdRp and MTase domains consists of highly conserved features and plays an 
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essential role for flavivirus replication as perturbations in this region affect the initiation and 

elongation of RNA synthesis200. The MTase domain possesses guanylyltransferase and 

methyltransferase activities that participate in capping and in both, the guanine N7 and 

nucleoside 2’-O methylation, to form a type 1 cap structure (me7-GpppA-me2) at the 5’ end of 

newly synthesized viral genomes. The cap structure promotes translation and shields viral 

RNA from detection by the host immune system205,206. Flavivirus MTases belong to the family 

of S-adenosyl-L-methionine (SAM)-dependent MTases that contain a core structure, the 

“SAM-dependent MTase fold”207,208. The K-D-K-E tetrad forms the active site and is located in 

the center of the MTase catalytic fold, with the SAM binding site at one side and the cap binding 

site at the opposite site208. Flavivirus RNA capping is a three-step process that begins with the 

hydrolyzation of the 5’-triphosphate end of nascent RNA by the RNA triphosphatase activity of 

NS3. Followed by capping with guanosine monophosphate (GMP) by the RNA 

guanylyltransferase activity of NS5. Subsequently, the MTase binds the guanosine nucleoside 

and phosphates of the cap structure and sequentially transfers a methyl group from SAM first 

to the N7 position of the cap and then to the 2’-OH position on the ribose of the first RNA 

nucleotide85,209. Cap 1 modified mRNAs are then recognized by the cellular translation initiation 

factor eIF4E enabling ribosome recruitment and subsequent translation.  

In several studies, NS5 of different flaviviruses has been shown to be a potent antagonist of 

IFN-I dependent JAK-STAT signaling. Briefly, virus infected cells secrete IFN-I which binds to 

its respective receptor IFN-α/β receptor (IFNAR). This leads to the phosphorylation of Janus 

kinases (JAK) which further results in the activation of signal transducer and activator of 

transcription 2 (STAT2) and the complex formation of STAT2 with STAT1. Finally, this signaling 

pathway results in the upregulation of diverse antiviral genes (the described in more detail 

below). To facilitate their replication, flaviviruses counteract JAK-STAT signaling by mediating 

the proteasomal degradation of STAT2 which has been shown for DENV and ZIKV NS5210,211 

or by inducing a loss of IFNAR1 which has been shown for WNV, LGTV, and TBEV NS5212. 

1.2.9 Cellular replication cycle  

Flavivirus particles bind to the cell surface by interacting with attachment factors that 

concentrate the virions on the cell surface and may facilitate the subsequent binding to specific 

receptors. Lectins such as DC-SIGN have been identified to be utilized as attachment factors 

by several MBFVs. For TBEV, heparan sulfate has been described as an attachment factor 

that interacts with the E protein213. TBEV enters the cell by receptor-mediated endocytosis 

through clathrin-coated vesicles. Two receptors in mammalian cells have been identified as 

candidates for TBEV entry, laminin-binding protein (LBP) and αVβ3 integrin214. However, 

additional receptor candidates that are discussed for other flaviviruses have been suggested 

to also play a role for TBEV. Because of the wide variety of vertebrate species and cell types 
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that are susceptible to TBEV infection, the host cell receptor might be either one conserved, 

ubiquitously expressed molecule or TBEV utilizes multiple different receptors for its uptake. 

After the virions have been endocytosed, they reside inside endosomes where the gradually 

decreasing pH leads to major rearrangements of the virus envelope. It has been suggested 

that the low pH results in the protonation of His32, a conserved histidine residue at the interface 

between DI and DIII of the E protein122. The protonation causes the E and M protein to repel 

each other, weakening the heterotetramer and uncovering the FL. The FLs are inserted into 

the endosomal membrane, which is followed by trimerization of the E protein by the interaction 

of the FLs134,215. Subsequently, these pre-fusion trimers undergo a hairpin-like conformational 

change into post-fusion trimers resulting in close proximity of the endosomal and viral 

membranes, leading to membrane fusion via a hemifusion intermediate121. The fusion process 

is influenced by the lipid composition of the endosomal membrane with cholesterol enhancing 

its efficiency216. The membrane fusion results in the release of the NC into the cytosol where 

it disintegrates releasing the viral RNA.  

The uncoating event is followed by a first round of translation of viral RNA at the rough ER in 

a Cap-dependent manner. The resulting polyprotein precursor is subsequently co- and post-

translationally cleaved by host proteases and the viral NS2B-NS3 protease yielding ten 

individual proteins. After the genomic input RNA has been translated, the replication is 

catalyzed by the NS5 RdRP that binds to the 5’ UTR of the (+) RNA and moves towards the 3’ 

end upon cyclization of the RNA. The replication is supported by the 5’ and 3’ UTRs that 

facilitate cyclization and synthesis of a complementary (-) RNA. This (-) RNA serves as 

template for the asymmetric synthesis of additional (+) RNA which is either used for translation 

of viral proteins, synthesis of additional (-) RNA or assembly of new viral particles.  

The replication of TBEV occurs in close association with the ER membrane within organelle-

like structures that are described as replication organelles (RO).  This compartmentalization 

serves to spatiotemporally coordinate the different steps of viral replication, to concentrate 

cellular and viral factors locally and to shield the viral genome from host innate immune 

sensors141. ROs were visualized by electron microscopy as clusters of vesicles, defined as 

VPs that emerge from the invagination of ER membranes into the lumen217. They were implied 

as sites of viral genome amplification after components of the viral replication complex and 

double-stranded RNA (dsRNA) replication intermediates have been detected within VPs218. A 

pore-like opening connects the interior of the vesicle with the cytosol enabling the release of 

newly synthesized viral (+) RNA in to the cytosol.  

Opposite to the replication sites, new viral particles are assembled involving RNA 

encapsidation and budding into the ER lumen. ZIKV NS2A was identified to independently 

recruit viral (+) ssRNA, NS2B-NS3, and unprocessed C-prM-E complexes to the assembly 
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sites166. NS2B-NS3 cleaves the C-prM-E complex and enables the C protein to interact with 

viral RNA forming the NC. Newly synthesized (+) RNA leaves the RO through the pore-like 

opening and is enclosed by multiple copies of the C protein building the NC. The formation of 

the NC is suggested to occur through electrostatic interactions between the viral RNA and the 

C protein which is supported by the finding that the interaction occurs independently of the 

sequence of the nucleic acids95. The interaction between the C protein and the viral genome 

causes an aggregation of C proteins into the NC structure inducing budding into the ER lumen. 

As the C protein binds to RNA in a sequence-independent manner, the spatiotemporal 

coordination of replication and genome packaging in ER membrane vesicles serves to avoid 

the encapsidation of host RNAs. By budding of the NC into the lumen of the ER, TBEV particles 

acquire their lipid envelope, which contains the surface proteins E and prM. This process yields 

immature virus particles that are larger than mature ones and composed of heterodimers of 

prM and E that are arranged into trimeric spikes219. The pr peptides enclose the FLs of the E 

proteins avoiding premature membrane fusion. The immature virions are transported through 

the secretory pathway and are exposed to low pH in the TGN. The acidic environment leads 

to a conformational change in the prM-E spikes, followed by dissociation of the trimeric spikes 

and further dimerization of the prM-E heterodimers. The resulting smooth pre-mature particles 

differ from fully mature virions only by the presence of the pr peptide. Interestingly, the 

conformational change and thus the maturation process shows differences between mosquito- 

and tick-borne flaviviruses, as it is reversible in DENV but irreversible in TBEV220. Once the 

spikes have changed their conformation, prM becomes accessible for enzymatic cleavage. 

The cleavage of the pr peptide from the M protein by the host protease furin completes the 

maturation process. However, the pr peptide remains attached to the E-M-M-E heterotetramer 

in the acidic TGN and continues to coat the FL preventing fusion with the TGN membrane. The 

mature virions egress from the cell by exocytosis. By entering the pH neutral extracellular 

milieu, the pr peptide dissociates from the virus particle priming the virion for membrane fusion 

and rendering it infectious106. 

1.3  The cellular physiological state 

1.3.1 Protein biosynthesis pathway   

The ER is a membranous network of tubules and flattened sacs that stretches throughout the 

cytosol of eukaryotic cells and is connected to the nuclear envelope. The ER is a 

multifunctional organelle providing a specialized environment for biosynthesis, folding, 

modifications and transport of secreted and transmembrane proteins, lipid and steroid 

synthesis, carbohydrate metabolism and dynamic calcium storage221–227. About one-third of the 

mammalian genome encodes proteins that are translated by ER membrane-associated 
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ribosomes and enter the ER lumen where they are folded into their correct tertiary and 

quaternary structures. Additionally, protein modifications occur, involving N-linked 

glycosylation, disulfide bond formation, and proline cis-trans isomerization that are catalyzed 

by glycosyltransferases, oxidoreductases and peptidyl-prolyl cis-trans isomerases, 

respectively228–231.  

1.3.2 N-linked glycosylation  

The character of N-linked glycans is defined by the protein as well as the cell, in which the 

glycosylation occurs. It plays a major role in various biological processes, such as 

differentiation, migration, and proliferation. The process leads to highly diverse N-glycans that 

are involved in many cellular recognition events. Additionally, early high-mannose 

glycoproteins assist in protein folding.  The hydrophilic character of glycan chains prevents 

protein aggregation by inhibiting hydrophobic aggregating regions. Furthermore, N-glycans 

facilitate the formation of secondary structure elements232. N-glycans are also involved in the 

quality control by exhibiting information about the folding status of glycoproteins. 

Monoglucosylated glycans are characteristic for glycoproteins displaying immature 

conformations, whereas gradual loss of mannose residues represents decelerated folding or 

terminally misfolded proteins resulting in their degradation.  

The synthesis of all N-glycans is initiated with a common core glycan that is modified and 

results in various N-glycan structures. The glycosylation is divided into three major steps. First, 

a lipid-linked precursor oligosaccharide is synthesized at the cytoplasmic side of the ER. After 

the precursor is translocated across the ER membrane, the oligosaccharide is further 

elongated and then transferred to a protein in the ER lumen. In a last step, the glycoprotein is 

further processed in the Golgi apparatus.  

1.3.3 Protein folding  

The ER quality control system ensures that only correctly folded proteins leave the ER via the 

secretory pathway, with ER resident chaperones aiding and monitoring nascent protein 

maturation233,234. There are two main chaperone families responsible for protein folding in the 

ER: the lectin chaperones, which interact with unfolded glycoproteins and the binding 

immunoglobulin protein (BiP, also known as GRP78 or HSPA5) that belongs to the heat shock 

protein (HSP) 70 family and recognizes both, non-glycosylated and glycosylated proteins. BiP 

plays a major role in the protein folding quality control by keeping nascent proteins in a folding 

competent state. BiP is an ATP-dependent chaperone, which selectively binds to newly 

synthesized peptides by interacting with the exposed hydrophobic residues. It consists of two 

major domains, a highly conserved N-terminal domain possessing an ATP catalytic site and a 

C-terminal domain containing a substrate-binding site. The two domains interact with each 
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other by cyclic binding and release of ATP and unfolded proteins. ATP-binding results in 

conformational changes which enables a switch between high and low affinity for unfolded 

peptides. When ATP is bound to the N-terminal domain, the C-terminal domain exhibits only 

low affinity for unfolded peptides. But in the presence of hydrophobic amino acids on unfolded 

proteins, ATP is hydrolyzed to ADP leading to a conformational change and increasing the 

affinity for the bound nascent proteins. The replacement of ADP with an ATP molecule releases 

the protein, and the cycle starts again by binding of either a new nascent protein or the same 

one if hydrophobic residues are still exposed. Within this cycle BiP transiently binds and 

releases unfolded proteins until they receive their native conformation.  

Other chaperones involved in the folding process are oxygen-regulated protein (ORP) 150 a 

member of the HSP110 family and GRP94 a member of the HSP90 family facilitate protein 

folding by ATP hydrolysis with a similar mechanism described for BiP. Another group pf 

chaperones act as co-chaperones for BiP and modulate its function by regulating the ATPase 

activity (like ER dnaJ (ERdj)1, human ER-associated dnaJ (HEDJ), ERdj4, ERdj5, SEC63 and 

p58IPK of the HSP40 family)235. BiP-associated protein (BAP) represents another modulator 

for BiP activity by enhancing the nucleotide exchange. The FKBP family is a group of ER 

chaperones that is involved in the folding of secretory proteins, whereas the lectin chaperones 

calnexin and calreticulin specifically fold glycoproteins in the calnexin/calreticulin cycle236. 

Although calnexin is a transmembrane protein located in the ER membrane and calreticulin is 

a soluble luminal protein, both share a similar structure and function and are involved in the 

glycoprotein quality control. The N-glycosylation of most newly synthesized polypeptides 

involves the attachment to high-mannose type oligosaccharide. As only monoglycosylated 

polypeptides can specifically bind to calnexin and calreticulin237,238, the N-glycan is trimmed by 

glucosidase I and II which cleave the outer and middle glucose residues, respectively. This 

allows the subsequent folding of the glycoprotein until the last remaining glucose residue is 

removed by glucosidase II. Without any glucose residue left, the glycoprotein is released from 

its interaction with calnexin and calreticulin, finishing the first round of folding. The folded 

glycoprotein binds to UDP-glucose-glycoprotein glucosyltransferase (UGGT) and is further 

transported to the Golgi apparatus. If the glycoprotein was not properly folded, UGGT transfers 

one glucose residue to the protein allowing calnexin and calreticulin binding once again. By 

specifically recognizing misfolded glycoproteins, UGGT acts as a quality control.  

A third important mechanism in protein folding is the disulfide bond formation in the ER, which 

stabilizes the protein’s tertiary structure and oligomer formation. A group of protein disulfide 

isomerase (PDI) unique to the ER catalyzes the reaction. By oxidizing cysteine residues of 

nascent polypeptides, PDI enable the formation of correct disulfide bonds or rearrangement of 

incorrect disulfide bonds to assist proper folding. After being reduced, PDI themselves are 
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reoxidized by ER oxidoreductin (ERO1), which uses molecular oxygen as terminal electron 

acceptor239.  

1.4 The host cell response to altered protein folding  

1.4.1 The unfolded protein response (UPR) 

Several intrinsic (such as a mutation in a regulatory element) and extrinsic (invading 

pathogens) events can disrupt the ER protein-folding environment. The importance of proper 

folding and a potent quality control are reflected in the development of neurodegeneration and 

other protein-misfolding diseases240,241. An imbalance, in which the protein folding load in the 

ER exceeds its capacity, is referred to as ER stress, which results in the accumulation of 

unfolded and misfolded proteins in the ER lumen. Misfolded proteins expose hydrophobic 

amino-acid residues that are normally buried inside properly folded proteins. This may lead to 

protein aggregates that induce cell death and cause protein-misfolding diseases. To prevent 

undergoing apoptotic cell death and to overcome the ER stress condition, cells trigger an 

adaptive response that has evolved to respond to accumulated misfolded proteins in the ER. 

This collection of intracellular signaling pathways is referred to as ER stress response or 

unfolded protein response (UPR). The UPR reorganizes a cell’s transcriptional and 

translational program, aiming to resolve protein-folding stress and to restore cellular 

homeostasis. First, mRNA translation is transiently attenuated to prevent the accumulation of 

more unfolded proteins. Second, the translation of new proteins is decreased by degradation 

of ER membrane-associated mRNAs by regulated IRE1α-dependent decay (RIDD). Third, the 

protein folding capacity as well as ER-associated degradation (ERAD) capacity are increased 

by transcriptional upregulation of ER chaperones and ERAD components. Fourth, if 

homeostasis cannot be restored, the terminal UPR is induced, resulting in apoptosis to remove 

damaged cells and protect the organism. Besides the activation of the UPR during ER stress, 

it also plays an important role under normal physiological conditions, especially in cells with 

high secretory demands like B cells242. In some immune cells, high protein loads in the ER 

belong to the cell’s normal physiology and the activation of the UPR becomes a part of the 

normal cell differentiation program.  

1.4.2 The UPR pathways  

In metazoans, the three main UPR signaling pathways are initiated by three ER 

transmembrane stress sensors: inositol-requiring enzyme 1 (IRE1), protein kinase R-like ER 

kinase (PERK) and activating transcription factor 6 (ATF6). The ER stress sensors consist of 

an ER-luminal domain that senses misfolded proteins, a transmembrane domain that anchors 

the sensors in the ER membrane and a cytosolic domain that transmits signals to the nucleus. 
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Each of the three stress sensors seems to be favored under certain types of stress, which was 

illustrated by using different ER stress inducers. ATF6 responded quickly to disruptions of 

disulfide bonds by dithiothreitol (DTT) and was also favored when glycosylation was inhibited, 

and redox metabolism was altered243. PERK responded to perturbations of calcium 

homeostasis by thapsigargin and to reducing agents with similar kinetics. IRE1 seemed to 

respond equally well to all stressors which might reflect its ancient role in the UPR244, but 

responded faster to reducing agents than calcium alterations. Furthermore, the UPR in 

different cells might result in different outcomes because specific cell types express different 

levels of the ER stress sensors and thus, possess different sensitivities to various types of ER 

stressors245.    

1.4.3 Stress sensing  

Three different models how ER stress is sensed have been proposed246. In the indirect 

recognition model, the ER luminal domains of the stress sensors are associated with BiP, 

maintaining them in an inactive state. As misfolded proteins accumulate in the ER lumen, BiP 

dissociates from the stress sensors due to its higher affinity for misfolded proteins, which 

releases the sensors, allowing activation and subsequent downstream signaling247. Indeed, it 

was found that IRE1 and PERK activity was reduced and the UPR itself was suppressed when 

BiP was overexpressed248,249. In contrast, lower levels of BiP activated the UPR. However, 

there were some limitations to this model, as it cannot explain the sensitivity of the UPR 

towards fine alterations in the abundance of unfolded proteins in the ER lumen with a high 

molar ratio of BiP to stress sensors. Additionally, BiP release from IRE1 is not essential for its 

activation250. As a second model, the direct recognition model is described. It postulates a 

direct interaction of unfolded proteins with the luminal domains of IRE1 and PERK. The crystal 

structure of the luminal domain of Ire1 in yeast showed that active Ire1 dimers form a peptide-

binding groove that resembled the one in MHC-molecules251. In this model, binding of unfolded 

peptides drives oligomerization after a conformational change of the luminal domain252. 

Similarly, the crystal structure of PERK’s luminal domain253 revealed a conserved hydrophobic 

groove that selectively binds to misfolded proteins254. How and if ATF6 directly senses unfolded 

proteins is still unknown. In accordance with this model, it was proposed that association of 

BiP with IRE1 and PERK inhibits their spontaneous self-dimerization und thus their 

activation248, whereas BiP binding to ATF6 hides the Golgi-localization signal of the sensor255. 

The third, the hybrid recognition model describes the activation of the ER stress sensors by 

combining the former two models, including BiP dissociation and peptide binding. Here, BiP 

might function as a modulatory element rather than a switch to activate IRE1247. This may apply 

to PERK as well, based on the structural and functional similarity to IRE1.    
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1.4.4 The IRE1 pathway  

IRE1 is a type I transmembrane protein that possesses two enzymatic functions in its 

cytoplasmic tail, a serine/threonine kinase domain, and a ribonuclease (RNase) domain. In 

mammals, IRE1 exists in two isoforms from which IRE1α is expressed ubiquitously while 

IRE1β is restricted to intestinal epithelial cells256 and airway mucosal cells257. The human 

IRE1α and IRE1β show differences in their amino acid sequences, displaying 48% identity in 

the luminal domain, 80% in the kinase domain and 61% in the RNase domain258. This also 

reflects the differences in sensing and activation of both isoforms as well as the functional 

difference in the substrate specificity of the RNase domains259. If not indicated otherwise, in 

the following IRE1α will always be referred to IRE1.  

In response to unfolded proteins, BiP dissociates from IRE1, freeing the stress sensor. The 

association of unfolded proteins with IRE1’s luminal domain leads to a conformational change 

and a formation of dimers or oligomers depending on the stress intensity260. IRE1 dimers 

autophosphorylate at the kinase domain, leading to a conformational change in the RNase 

domain. The activation of the RNase domain by the kinase domain is influenced by pre-binding 

of cofactors. The chemical properties of the cofactors govern the conformational transition of 

the RNase domain and can even repress the conformational change. The cofactor-induced 

conformational change can further affect the oligomerization of the IRE1261. By gaining its 

endonuclease activity, the RNase domain unconventionally splices the mRNA encoding X-box 

binding protein (XBP1) in the cytoplasm in a spliceosome-independent manner. IRE1 cleaves 

at two distinct characteristic stem loop structures, by which a 26 bp intron is removed, leading 

to a frameshift. After the ends are ligated by the tRNA ligase RTCB262, the spliced XBP1 mRNA 

is translated into a full-length transcription factor (XBP1s) with a DNA binding and 

transcriptional trans-activating domain263. The unspliced XBP1 mRNA encodes a shorter 

unstable protein (XBP1u) that also possesses a DNA-binding domain but represses UPR 

target genes. XBP1s induces the expression of ER chaperones, components of ERAD (such 

as EDEM and Derlin) and increases phospholipid synthesis and ER biogenesis264–266. The 

IRE1-XBP1 pathway generally leads to an increase in folding capacity of the ER, accompanied 

by a decreasing load of unfolded proteins, making this branch an adaptive pro-survival UPR 

response267. In contrast, prolonged ER stress increases the oligomerization state of IRE1 

leading to the formation of large clusters and hyperactivation of the RNase domains. 

Hyperactivated IRE1 cleaves many other mRNAs in addition to XBP1 including microRNAs 

(miRNA) that would have repressed pro-apoptotic factors and thereby triggers the apoptotic 

pathway268,269. The formation of dimers or higher order oligomers might determine the 

regulation of XBP1 mRNA splicing or RIDD268.  
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In addition to splicing the XBP1 mRNA, IRE1 also activates the RIDD pathway by non-

specifically degrading ER membrane-associated mRNAs. The cleaved mRNAs are degraded 

by a complex of XRN1 and Ski2-3-8, which cleaves cytoplasmic RNAs270. As many of these 

proteins would have entered the secretory pathway, RIDD participates in decreasing the ER 

protein load271,272.  

XBP1 mRNA levels are increased upon UPR activation and keeps rising when IRE1 is 

inactivated273. With inactive IRE1, XBP1 mRNA is no longer spliced, resulting in elevated levels 

mechanism to terminate signaling once ER stress has declined.  

1.4.4.1 ERAD 

If chaperones cannot manage to accomplish the correct folding of proteins, unfolded or 

misfolded proteins remain in the ER, are retrotranslocated to the cytosol by the ER-associated 

degradation (ERAD) machinery and degraded by the ubiquitin-proteasome system274. This 

pathway also occurs under physiological conditions but is especially upregulated when 

unproperly folded proteins have accumulated. During the protein quality control, ER 

degradation-enhancing α mannosidase-like protein (EDEM), osteosarcoma 9 (OS9) and 

XTP3-transactivated gene B (XTP3B) differentiate between unfolded and folded proteins by 

recognizing different glycan residues275–280. After misfolded proteins have been recognized in 

the ER, disulfide bonds are cleaved and folded structures are unfolded by PDI and BiP, 

respectively281 following retranslocation and degradation in the cytosol. The retrotranslocation 

complex consists of Derlin1 that forms a channel in the ER membrane and interacts with p97, 

a cytosolic ATPase through an adaptor protein, valocin-containing protein (VCP)-interacting 

membrane protein 1 (VIMP1)282. Ubiquitin fusion degradation protein 1 (Ufd1) and nuclear 

protein localization 4 (Npl4) associate with p97 and act as cofactors facilitating the recruitment 

of unfolded proteins into the cytoplasm by p97283,284. Simultaneously with the 

retrotranslocation, peptide-N-glycanases (PNGase) remove the remaining oligosaccharides. 

During the transfer into the cytoplasm, unfolded proteins are ubiquitinated by the ubiquitin 

system consisting of E1, E2 and E3 enzyme classes. First, ubiquitin is transferred from E1 to 

E2, followed by the conjugation to translocating unfolded proteins that are targeted for ERAD 

by E3 enzymes. Finally, the deglycosylated and ubiquitinated polypeptides are transported to 

the proteasome, where they are degraded. 

1.4.5 The PERK pathway  

PERK is a type I transmembrane protein with a luminal stress sensing domain that is distantly 

related to the one of IRE1285. PERK contains a kinase domain in its cytoplasmic portion, which 

undergoes oligomerization and autophosphorylation upon sensing unfolded proteins. 

Activated PERK phosphorylates the α subunit of eukaryotic translation initiation factor 2 
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(eIF2α) at Ser51. Phosphorylated eIF2α (p-eIF2α) inhibits the formation of the guanine 

nucleotide exchange factor eIF2B that recycles eIF2 to its active GTP-bound form. Reduced 

levels of active eIF2 result in reduced active initiation complexes and thus in a global 

attenuation of polypeptide translation, preventing the influx of additional nascent proteins into 

the already stressed ER lumen285. In mammals, eIF2α can be phosphorylated by three other 

kinases, independent of ER stress: by general control nonderepressible 2 (GCN2), which is 

activated by amino acid deprivation, by haem-regulated inhibitor kinase (HRI), which is 

activated by oxidative stress and haem deprivation, and protein kinase R, which is activated 

by dsRNA as a component of the interferon mediated antiviral response286. Together these 

four stressors are integrated into a single signaling hub that modulates protein synthesis. 

Accordingly, signaling downstream of eIF2α phosphorylation is referred to as integrated stress 

response (ISR).  

Despite the globally attenuated translation, some mRNA species with short upstream open 

reading frames in their 5’ UTR are preferentially translated and mediate a PERK-dependent 

transcriptional response287. One such exception is the mRNA encoding the activating 

transcription factor 4 (ATF4) that is translated into an active transcription factor which in turn 

controls the expression of UPR target genes involved in amino acid metabolism, oxidative 

stress response and autophagy288. As a permanent translational block would inevitably lead to 

cell death, ATF4 activates PPP1R15A, which encodes growth arrest and DNA-damage-

inducible protein-34 (GADD34). GADD34 is a subunit of protein phosphatase 1 (PP1) that 

regulates the dephosphorylation of eIF2α and restores mRNA translation289, leading to 

oxidative stress and proteotoxicity290. Further, ATF4 regulates the expression of C/EBP 

homologous protein (CHOP)291 which was shown to be involved in ER-stress mediated 

apoptosis287. As apoptosis is the terminal event of the UPR and only occurs when cellular 

homeostasis cannot be restored under prolonged ER stress conditions, CHOP is suppressed 

early during ER stress. Due to the short half-lives of ATF4 and CHOP mRNAs and proteins, 

only strong and chronic levels of activated PERK during excessive ER stress result in steadily 

expressed levels of CHOP, leading to apoptosis292. 

1.4.6 The ATF6 pathway 

In mammals, two isoforms of ATF6 exist, ATF6α (670 amino acids) and ATF6β (703 amino 

acids) which possess significant sequence homology. The C-termini face the ER lumen, 

whereas the N-termini extend into the cytosol. The cytosolic domain of ATF6 comprises a basic 

leucin zipper (bZIP) which can bind to DNA and act as a transcription factor. Despite their 

homologous features, ATF6α was demonstrated to be a potent transcriptional activator 

whereas ATF6β only acted as weak transcriptional activator293. As the biochemical and 

physiological characteristics of ATF6α are substantially better described and only ATF6α is 
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required to regulate the UPR gene expression294, this work will focus on ATF6α (in the following 

abbreviated as ATF6).  

ATF6 is a 90kDa type II transmembrane protein belonging to the bZIP transcription factor 

family. It is expressed as inactive precursor that is localized to the ER membrane by a 

transmembrane domain. Under physiological conditions, BiP binds to the ER luminal domain 

of ATF6 and by blocking the Golgi-localization sequences (GLS1 and GLS2), prohibits its 

translocation255,295. After unfolded proteins have been sensed by the luminal domain of ATF6 

(directly or indirectly), BiP dissociates from ATF6, resulting in its COPII-mediated vesicular 

transport to the Golgi apparatus. Here, ATF6 undergoes regulated intramembrane proteolysis 

(RIP) by sequential cleavage by site1 and site 2 proteases (S1P and S2P) removing the luminal 

and transmembrane domain, respectively. This liberates a 50 kDa amino-terminal cytosolic 

fragment (ATF6f) that translocates to the nucleus and induces the transcription of several UPR 

target genes. The ATF6 pathway results in the upregulation of genes encoding ER chaperones 

like BiP, factors that promote ERAD and those that participate in lipid synthesis, leading to the 

expansion of the ER membrane as well as the expression of XBP1294,296–299. 

1.4.7 Kinetics of UPR signaling  

To cope with ER stress, different phases of the UPR can be observed in a time-dependent 

manner. Upon activation of the UPR, the first wave is an adaptive response and includes the 

translational attenuation by PERK to decrease the protein load on endogenous chaperones. 

This is accompanied by degradation of mRNAs that encode ER-localized proteins by RIDD 

through IRE1 as well as by autophagy through the IRE1-JNK pathway. If unfolded proteins 

continue to accumulate, the translational control will be shifted to the transcriptional control300. 

The production of the active transcription factor ATF6f is induces the expression of additional 

ER chaperones which is further increased by the production of XBP1s by IRE1. The 

heterodimerization of ATF6f and XBP1s results in the expression of ERAD components to 

degrade unfolded proteins. Additionally, ATF4 is expressed by the PERK-eIF2α signaling 

pathway and contributes to the adaptive response by controlling the expression of UPR target 

genes that are involved in amino acid metabolism and redox status of the ER301 to provide an 

optimal environment for oxidative protein folding. With prolonged ER stress and above a 

certain threshold, the UPR enters the apoptotic phase activating several pro-apoptotic events. 

Through the PERK-ATF4-CHOP axis, both BCL-2 expression is downregulated resulting in an 

altered redox state and GADD45 expression is controlled leading to increased protein 

synthesis. BH3-only proteins are activated and induce the homo-oligomerization of BAX and 

BAK leading to the permeabilization of the outer mitochondrial membrane, the release of 

cytochrome c, the assembly of the apoptosome and finally to apoptosis302. 
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1.4.8 Apoptosis 

One of the major pro-apoptotic factors in the UPR is CHOP, which is controlled by the PERK-

ATF4 signaling pathway303. By leading to the expression of BIM and the downregulation of 

BCL-2 expression, CHOP contributes to apoptosis. ATF4 itself and p53 are also involved in 

the transcriptional upregulation of BH3-only proteins. Further, PERK contributes to cell death 

by activating caspase 8 through death receptor 5 (DR5)304.  

Although IRE1 is generally considered a pro-survival pathway, it can also induce cell death 

through different routes once a certain threshold is passed during ER stress. IRE1 interacts 

with several molecules through TNF receptor-associated factor 2 (TRAF2) which promotes the 

intrinsic apoptosis pathway. TRAF2 interact with apoptosis signaling kinase 1 (Ask1), which 

results in the phosphorylation and activation of JNK. Activated JNK controls the activation of 

Bcl-2 family members and causes apoptosis. The interaction of IRE1 with receptor-interacting 

serine/threonine protein kinase 1 (RIPK1) promote activation of caspase-8 resulting in 

caspase-9 and caspase-3 activation, which induces cell death. Besides, activated JNK 

phosphorylates various Bcl-2 family members and thus stimulates the cytochrome c-mediated 

apoptotic pathway305,306. In addition, IRE1-mediated RIDD, which is considered beneficial for 

the survival of the cell in the initial stages of ER stress, contributes to apoptosis by changing 

the ratio of anti-apoptotic to pro-apoptotic factors. RIDD degrades miRNAs that repress 

caspase-2 expression, thereby supporting caspase-2 activation and BID-dependent activation 

of the mitochondrial apoptotic pathway269,307. 

1.4.9 Activation of the UPR during Flavivirus infection  

Flaviviruses, like other viruses, hijack the host cell machinery for their genome replication, 

protein translation, virion assembly and egress. Their replication occurs in close association 

with the ER and as viral protein synthesis is not subject to the same quality control as host 

protein translation, viral infections lead to significant ER stress with an active UPR. The UPR 

is essential for cell survival, but upon cell death can also be detrimental for viral replication. 

The balance between these outcomes defines the physiological consequences of virus 

infections for the host. Some UPR signaling pathways may provide an optimal environment for 

viral replication. This includes the expansion of the ER by increased lipid synthesis and the 

upregulation of protein folding by increased expression of chaperones. Other UPR signaling 

pathways exhibit antiviral effects by limiting viral replication und thus suggesting a role of the 

UPR in host defense. The global translation inhibition together with a pro-apoptotic response 

may limit viral replication. Based on their downstream effects, the IRE1 and ATF6 pathways 

are more likely to benefit viral replication, while the PERK pathway possesses antiviral features 

and may support host defenses. During flavivirus infection, the hallmarks of UPR activation 

include IRE1-mediated XBP1 mRNA splicing and upregulation of BiP expression in infected 
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cells308. This does not represent a universal picture, as several studies have demonstrated that 

diverse flaviviruses preferentially activate different UPR pathways to facilitate their replication. 

Furthermore, viruses have evolved multiple mechanisms to manipulate the UPR, either to favor 

their replication or to avoid detrimental effects by certain UPR pathways.  

DENV infections showed a time-dependent activation of all three UPR pathways309. During 

early time points PERK activation led to eIF2α phosphorylation which was rapidly reversed. At 

mid and late stage in the replication cycle, the IRE1 and ATF6 pathways were activated, 

respectively. Phosphorylation of eIF2α was reversed upon DENV infection even in the 

presence of the potent ER stress inducer thapsigargin309. It was described that DENV infection 

activates CHOP and GADD34 expression, leading to apoptosis (165). Additionally, PERK-/- 

knockout MEFs showed higher DENV titers, illustrating the antiviral role of PERK309. Another 

study showed that PERK promotes autophagosome formation and turnover310. Since this 

process benefits virus production, PERK may also exhibit a proviral role in DENV infection. 

The same has been demonstrated in DENV-2 infected mosquito C6/36 cells in which PERK 

signaling promotes cell survival and extended viral replication311. IRE1 activation was 

evidenced by increasing levels of spliced XBP1 mRNA312 and XBP1s localization to the 

nucleus309. IRE1 activation was further suggested to be responsible for upregulation of BiP 

expression in DENV infected cells309,313. In transfected cells, the viral protease NS2B-3 alone 

induced XBP1 mRNA splicing, however, to a much lower rate than in DENV infected cells, 

suggesting the involvement of several viral proteins in activating XBP1 splicing312. DENV 

infection of IRE1-/- knockout MEFs yielded significantly lower infectious viral titers, implying a 

beneficial role of the IRE1 pathway for DENV replication309. Although ATF6 was activated and 

translocated to the nucleus upon DENV infection, an ATF6-/- knockout did not affect viral 

titers309,314. A comparison of DENV-1 and DENV-2 revealed a serotype-specific activation of 

UPR pathways with different intensities. DENV-1 induced GADD34 more strongly than DENV-

2, whereas DENV-2 led to a slightly higher phosphorylation of eIF2α and to higher expression 

levels of XBP1s than DENV-1314.  

In the case of WNV, activation of IRE1 was demonstrated by XBP1 mRNA splicing and EDEM1 

upregulation315 Moreover, the small hydrophobic proteins NS4A and NS4B enhance XBP1 

splicing with undetectable unspliced XBP1 in transfected cells315. WNV infection of XBP1-/- 

MEFs showed no difference in viral RNA, protein or infectious virus compared to WT cells, 

suggesting that IRE1 signaling is dispensable for WNV replication316. WNV preferentially 

activates the ATF6 pathway as evidenced by proteasome-dependent ATF6 degradation317 and 

a high increase in XBP1 transcripts (compared to EDEM1 and ATF4), which are downstream 

of ATF6-mediated transcription315,316. Furthermore, WNV infection of ATF6-/- knockout MEFs 

resulted in reduced secretion of virions, implying a beneficial role for WNV replication316. 
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Infected ATF6-/- cells showed an increase in PERK-related factors with higher phosphorylation 

of eIF2α and upregulated CHOP activity, suggesting that ATF6 may dampen PERK 

signaling316 Regarding the PERK pathway, strain-specific differences have been described. 

The highly neurovirulent strain WNV NY99 induced an early phosphorylation of eIF2α and 

robustly upregulated downstream apoptotic factors like CHOP, GADD34, caspase-3, and 

PARP through ATF4317. In contrast, the attenuated strain WNVKUN showed minimal 

phosphorylation of eIF2α and induction of ATF4 and prevented CHOP transcription315. The 

strain-specific activation of PERK signaling may be associated with the severe symptoms 

observed in neurotropic flaviviruses. In the case of USUV, very little is known about the 

induction of the UPR. It has only been shown that USUV infection resulted in XBP1 mRNA 

splicing suggesting involvement of the IRE1 pathway318. Besides, in the same study the 

autophagic response was analyzed in more detail revealing an accumulation of acidified 

autophagosomal structures along with an increase in LC3-I and LC3-II. An inhibition of 

autophagy by 3-methyladenin and wortmannin was accompanied by a decrease in USUV yield 

whereas an induction of autophagy by rapamycin resulted in an increased viral production. 

This indicated a supporting role of the autophagic pathway for USUV replication comparable 

with DENV. 

JEV infection causes extensive proliferation of the secretory apparatus319 and activates the 

expression of several ER-resident chaperones such as BiP, GRP94, calnexin and PDI320. JEV 

has also been described to activate all three UPR pathways. The activation of the ATF6 

pathway was shown by lower levels of full-length ATF6 as well as higher expression levels of 

XBP1 mRNA in JEV infected cells312. JEV proteins prM, E, NS1, NS2A, NS2B, and NS4B 

induced XBP1-mediated reporter gene expression and thus activated IRE1 signaling312. 

However, the IRE1-XBP1 pathway seems to be dispensable for JEV replication, because 

infected XBP1 knockdown cells showed no altered virus production but increased cytopathic 

effect, suggesting a cytoprotective role of, XBP1 downstream targets312. Interestingly, the 

RIDD activity of IRE1 seems to be beneficial for JEV replication. While the IRE1 RNase 

degrades most mRNAs encoding proteins destined for the ER, it does not affect JEV RNA 

levels321. Consequently, the JEV genome is preferentially translated. The importance of RIDD 

signaling for JEV replication was further demonstrated by reduced JEV titers when IRE1 

RNase activity was chemically inhibited by the IRE1 inhibitor STF083010,321. Increased levels 

of phosphorylated PERK and eIF2α in infected cells evidenced the activation of the PERK 

pathway322. The viral non-structural protein NS4B can interact with individual PERK molecules 

via different domains, resulting in dimerization and phosphorylation of PERK322. Additionally, 

JEV infection resulted in increased levels of ATF4 and CHOP. Like IRE1, the PERK pathway 

seems to play no major role in JEV replication, since chemical inhibition of PERK by 

GSK2606414 had no effect on viral RNA levels and virus yield322. Several studies report about 
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JEV-induced ER stress and subsequent neuronal apoptosis312,320,323–325, which is either 

mediated by the IRE1-JNK branch324 or the PERK-ATF4-CHOP branch of the UPR322. 

Inhibiting PERK in JEV infected cells reduced the percentage of apoptotic cells and enhanced 

cell viability, suggesting that PERK plays a major role in JEV-induced apoptosis322.  

More recently, the activation of the UPR upon ZIKV infection was investigated. ZIKV infection 

upregulates BiP expression and activates all three UPR signaling pathways with IRE1 and 

ATF6 as the prominent branches. Although ZIKV induced the phosphorylation of eIF2α 

together with increased transcriptional levels of ATF4, GADD34 and CHOP, the activation was 

comparatively weak, suggesting a minor activation of PERK326. Upon infection, high levels of 

the cytoplasmic domain of ATF6 (ATF6f) were detected, indicating an activation of the ATF6 

pathway326. IRE1 activation was illustrated by XBP1 mRNA splicing, translocation of XBP1s 

into the nucleus and by detection of specific XBP1 targets such as ERDJ4 and P58IPK326,327. 

The chemical inhibition of the kinase domain of IRE1 by KIRA6 or the RNase domain by 

STF083010 or 4µ8C reduced viral RNA in infected cells and decreased the release of 

infectious virus. In the same manner, IRE1 and XBP1 knockdown cells showed reduced ZIKV 

replication, suggesting a proviral role with IRE1 benefiting ZIKV replication via XBP1327.  

As much as we know about the activation of the UPR in mosquito-borne flavivirus infections, 

as little information is available about ER stress in tick-borne flavivirus infections. For TBEV, 

the activation of IRE1 and ATF6 pathways was evidenced by XBP1 splicing, upregulation of 

XBP1s and nuclear translocation of ATF6f328. Furthermore, the chemical inhibition of the 

RNase domain of IRE1 resulted in reduced infectious virus particles suggesting a proviral role 

of IRE1 for TBEV replication328. The role of PERK and the potential activation of UPR-mediated 

apoptosis in TBEV infection are to be clarified. LGTV has been described to activate the PERK 

arm of the UPR. Although PERK levels remained constant after infection, PERK knockdown 

cells produced higher titers of infectious virus, suggesting a PERK-mediated restriction of 

LGTV replication329. In contrast, a comparative infection of PERK knockdown cells with POWV 

revealed no effect on infectious virus titers, suggesting that POWV may have acquired 

mechanisms to antagonize PERK-mediated viral restriction329. Furthermore, LGTV infection 

resulted in increased CHOP expression, which was significantly reduced in LGTV infected 

PERK knockdown cells. Unlike DENV, LGTV decreases autophagosome formation and 

reduces autophagic flux by inhibiting LC3 lipidation. PERK was also demonstrated to inhibit 

LC3 lipidation which further highlights the antiviral role of PERK329. As no cleavage of ATF6 

could be observed, this pathway seems to be not induced329 Whether IRE1 is activated by 

LGTV remains unknown. Until now, only the few studies described above have addressed the 

role of the UPR in TBFV infections. This leaves many open questions about the contribution 

of the UPR to the neuropathology observed in TBFV infection.   
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1.5 Host immune response  

1.5.1 The type I IFN response in brief  

The innate immune response acts as fist line of defense against invading pathogens and 

involves the production of interferon (IFN), proinflammatory cytokines, chemokines, 

antimicrobial peptides and antiviral proteins, as well as the induction of phagocytosis and the 

activation of leukocytes and T cells. IFNs block viral pathogenesis by inducing cell-intrinsic 

immune responses against viruses, stimulating innate immune cells like natural killer cells, and 

supporting the activation of the adaptive immune system by activating T and B cells330. IFNs 

have been shown to be indispensable for an early antiviral response as mice with a defective 

IFN response were more susceptible to virus infection331. Briefly, virus infection is sensed by 

pattern-recognition receptors (PRRs), which become activated and trigger the synthesis and 

secretion of IFN to protect yet uninfected cells. IFN then binds to its respective receptors that 

induce the transcription of IFN-stimulated genes (ISGs), whose protein products inhibit virus 

replication. Optimal protection is achieved by the interaction of different ISG proteins that inhibit 

several steps of the virus life cycle.  

1.5.2 Activation of pattern-recognition receptors and induction of IFN synthesis 

PPRs are expressed at the surface of antigen presenting cells (APC) such as dendritic cells 

(DC) and recognize pathogen-associated molecular patterns (PAMP) that are found on various 

pathogens332. Virus-associated molecular patterns (VAMP) are nucleic acids that are 

recognized by endosomal membrane receptors or cytosolic sensors. RNA viruses are sensed 

by endosomal transmembrane Toll-like receptors (TLR) 3, 7 and 8, and by cytoplasmic RNA 

helicases called, RIG-I-like receptors (RLR)333,334. DNA viruses are recognized by endosomal 

TLR9 or cytoplasmic DNA sensors, like cyclic GMP-AMP synthase (cGAS), IFN-induced 16-

kDa protein (IFI16), and DDX41335,336.  

While TLR3 senses dsRNA, TLR7 and TLR8 sense ssRNA and TLR9 recognizes viral CpG-

containing DNA. Upon binding to nucleic acids in the endosomal lumen, TLRs oligomerize and 

change their conformation, enabling tyrosine kinases to be recruited to the receptors337. These 

kinases sequentially phosphorylate tyrosine residues in the cytoplasmic domain of TLRs and 

activate the receptors, which recruit adapter proteins for further downstream signaling. RLRs 

comprise the receptors RIG-I, MDA5 and LGP2, which recognize different RNA species. RIG-

I senses short dsRNA and 5’-triphosphate or 5’-diphoshate ssRNA, which are generated during 

viral RNA genome replication334. MDA5 binds long dsRNA species and senses viral mRNA 

lacking 2’-O-methylation338,339. LGP2 can bind dsRNA competing with RIG-I or can directly 

interact with RIG-I leading to an inhibition of RIG-I activation340. In contrast, LGP2 enhances 

MDA5 activation by binding dsRNA in tandem with MDA5341. Upon binding to viral RNA, RIG-
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I is dephosphorylated by protein phosphatase 1 (PP1)342. Dephosphorylated RIG-I is 

recognized by ubiquitin ligase TRIM25 that covalently adds ubiquitin residues to its CARD 

domain, resulting in its oligomerization and enabling its interaction with the adaptor protein.  

Activated PPRs interact with their respective adaptor protein: TLR3 recruits TRIF, while TLR7, 

TLR8, and TLR9 use MyD88. RLRs recruit MAVS and several cytoplasmic DNA sensors use 

STING343. These adaptor proteins then recruit different signaling proteins. TRIF and MAVS 

recruit signaling proteins of the TRAF family of ubiquitin ligases, and the serine/threonine 

kinases IKKα/β and TBK1. In contrast, STING does not require TRAFs and can directly recruit 

the kinases. The kinases phosphorylate and activate downstream transcription factors like 

IRF3, NF-κB and AP1. IRF3 is phosphorylated by TBK1, causing its dimerization and 

translocation to the nucleus, where it binds to IFN-stimulated response elements (ISREs) in 

the promotor regions of target genes that encode IFNs. NF-κB is activated following 

phosphorylation-dependent release from its inhibitor IκB to induce target genes. API is 

activated via mitogen-activated protein kinase (MAPK) pathways by all PRRs335. Activation 

IFN-β expression requires the synergistic promotor binding of IRF3, NF-κB, and API; IFN-α 

subtypes utilize IRF7, and IFN-λ require IRF3, IRF7, and NF-κB344,345. 

IFNs are secreted by infected cells, but act on adjacent cells to induce ISGs. They are 

classified based on the cell surface receptor to which they bind to induce intracellular signaling 

pathways. Type I IFNs comprise more than 10 IFN-α subtypes (α1, α2, …), IFN-β, IFN-κ, IFN-

ω, IFN-ε, and limitin that bind to the dimeric IFN-α/β receptor (IFNAR), consisting of IFNAR1 

and IFNAR2 subunits. IFN-γ is the only known type II IFN and triggers the tetrameric IFN-γ 

receptor (IFNGR). Type III IFNs comprise IFN-λ1-4 and signal through the hetero-dimeric IFN-

λ receptor (IFNLR)346.  

1.5.3 IFN signaling pathways and IFN-induced proteins 

After IFNs have been synthesized and secreted by infected cells, they bind to their respective 

cell surface receptor complex and trigger intracellular signaling pathways. The JAK-STAT 

pathway is the major signaling pathway that activates transcription factors that in turn induce 

the transcription of multiple ISGs347. Upon binding of type I IFNs, the IFNAR-associated 

kinases JAK1 and TYK2 undergo autophosphorylation, followed by phosphorylation of tyrosine 

residues of the IFNAR subunits. The phosphorylated tyrosines enable the interaction with the 

transcription factors STAT1 and STAT2. The STATs are phosphorylated because of their 

proximity to the JAK kinases resulting in the dissociation from the receptor. STAT1 and STAT2 

heterodimerize and further associate with the transcription factor IRF9, resulting in the 

formation of the ISGF3 complex. ISGF3 translocates to the nucleus where it binds to ISREs in 

the promotor region of ISGs to induce their transcription348. Like IFNAR, IFNLR utilizes the 
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same JAK-STAT signaling pathway. On the other hand, IFNGR does not activate STAT2 

because it cannot recruit TYK2. Consequently, STAT1 forms a homodimer (GAF) which is the 

major transcription factor activated by type II IFNs. GAF binds to the gamma-activated site 

(GAS) in the promotor region of ISGs349.  

The antiviral effects of IFNs are carried out by the actions of ISG proteins, which inhibit multiple 

steps of virus life cycles in infected cells (entry, genome release, genome replication, 

transcription, translation, assembly, and egress)350. Several ISGs can act in concert to mediate 

the antiviral activity of IFNs in multiple steps of the virus life cycle. Different ISG protein subsets 

act on different virus families and even show cell-type specific antiviral activities351. Examples 

for well-described ISGs are the protein kinase PKR, the GTPase MxA, the enzyme 

oligoadenylate synthase (OAS) and the virus inhibitory ER associated IFN inducible protein 

(viperin). PKR phosphorylates eIF2α, thereby attenuating the translation of cellular and viral 

mRNAs352. While it has been shown that WNV spread is controlled by PKR, this effect is 

repressed by the interaction of JEV NS2A with PKR169,353. MxA binds to viral RNA-protein 

complexes, trapping them and preventing their cytoplasmic trafficking354. Hoenen et al. (2007) 

showed inhibited WNV replication, maturation, and secretion upon expression of MxA355. 

However, the characteristic membrane structures which are induced during WNV replication, 

provided partial protection from MxA355. OAS binds dsRNA leading to the production of 2’,5’-

oligodenylates that activates the ribonuclease RNase L which in turn degrades cellular and 

viral RNAs356. RNase L has been found to mediate protection against WNV infection by 

controlling  virus replication353,357. Viperin is widely recognized to exhibit antiviral effects against 

numerous viruses. Its enzymatic activity has been associated in inhibiting either viral RNA or 

protein biosynthesis358. Viperin impairs ZIKV, DENV and TBEV replication by targeting NS3 

for proteasomal degradation359–362. Furthermore, Lindqvist et al. (2018) identified viperin to 

restrict LGTV infection in the cerebrum in mice361. Besides, viperin is induced by DENV and 

WNV and exhibits antiviral activity by inhibiting steps during the viral protein and RNA 

synthesis362,363. The IFN-inducible tetratricopeptide (IFIT) family of genes consisting of IFIT1, 

IFIT2, IFIT3, and IFIT5 are another group of ISGs that recognize viral mRNAs with either 

incompletely methylated caps or with a 5’ terminal triphosphate resulting in the inhibition of 

mRNA translation or sequestration of viral RNA, respectively364,365. WNV infection robustly 

induces IFIT genes. In general, IFIT1 does not inhibit WNV infection 206. Interestingly, a 

mutation causing a lack of 2’-O methyltransferase activity resulted in susceptibility to IFIT1206 

suggesting a virus strategy to evade the antiviral effect of IFIT1. In contrast, WNV is susceptible 

to IFIT2 as Ifit2-/- in neurons and dendritic cells resulted in higher viral titers than in wildtype 

cells366. Furthermore, IFIT3 has also been demonstrated to restrict WNV infection351. The ISG 

cholesterol 25-hydroxylase (CH25H) produces 25-hydroxycholeaterol (25HC) which changes 

membrane properties, inhibiting the entry of enveloped viruses367. Li et al (2017) showed the 
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induction of CH25H by ZIKV infection and 25HC was identified to mediate the host immune 

response during infection368. Further, the addition of 25HC inhibited ZIKV infection in vitro by 

blocking virus entry and reduced viremia conferring protection against infection in vivo368. In 

addition, IFN-induced transmembrane protein (IFITM) family of genes comprised of IFITM1, 

IFITM2, and IFITM3)  were also shown to inhibit the entry of a specific set of viruses369. While 

DENV and WNV infection were inhibited by IFITM2 and IFITM3363,370, ZIKV infection was 

inhibited by IFITM 1 and IFITM 3371. In all cases the inhibitory effect occurred during the early 

steps in the replication cycle, likely disrupting the entry and/or uncoating steps. Tripartite motif 

69 (TRIM69) protein mediates protein ubiquitination and was demonstrated to interact with 

DENV NS3 resulting in its degradation and therefore in an inhibition of DENV replication372. 

Furthermore, TRIM79α, specifically binds to TBEV NS5 and restricts virus replication by 

mediating lysosome-dependent degradation of the viral polymerase373. 

1.5.4 INF response in the CNS upon TBFV infection 

After TBEV has entered the CNS, neurons are believed to be the primary targets for virus 

propagation. Indeed, neurons and astrocytes have been demonstrated to productively support 

TBEV replication60. While TBEV has been reported to be cytopathic in neurons, causing 

neuronal damage contributing to neurological sequelae, astrocytes are resistant to virus-

induced cytopathic effect69,76. Astrocytes exert various neuroprotective functions such as 

maintaining BBB integrity and producing cytokines to contribute to the CNS immune 

response78,374,375. TBEV infection of astrocytes could thus disturb BBB integrity ab the release 

of proinflammatory cytokines. However, TBEV induces the secretion of type I IFN which 

contributes to the restriction of virus dissemination375,376. Little is known about the role of TLR 

and RLR signaling pathways in TBFV infected CNS cell. However, it was demonstrated that 

the abrogation of IFN response rendered cells more susceptible to TBFV infection with 

increased virus replication and decreased cell viability. TLR7 restricted LGTV infection in 

neurons  without affecting pathogenesis377. The RLR-MAVS pathway has been demonstrated 

to be protective from lethal LGTV infection and to delay lethal TBEV infection in mice378. MAVS 

deficiency (MAVS ko) resulted in increased viral loads in the CNS of LGTV infected mice. 

Moreover, the lack of MAVS correlated with increased LGTV replication in neurons and 

astrocytes378. Similarly, astrocytes from IFNAR-deficient mice were more susceptible to TBEV 

replication78. Furthermore, infected cells treated with the supernatants from infected 

astrocytes, induced the expression of ISGs and showed restricted TBEV replication78. These 

data illustrate the involvement of astrocytes in mounting a protective immune response against 

TBFV by secreting IFN. Therefore, from the limited information we have so far, it can be 

concluded that MAVS signaling plays an important role in TBFV infection in astrocytes and 

thus in CNS immune response.  



34 
 

1.6 Aims of the study 

During the last decades, the geographic distribution of TBEV has increased and occurs in 

regions where it had not been found before. This creates an increased risk for human exposure 

to TBEV-infected ticks. Unfortunately, no approved antiviral drugs for treatment of TBE are 

currently available and current therapeutics measures are limited to supportive care. This 

emphasizes the need for the discovery and development of novel therapeutics. Detailed 

knowledge of TBEV protein structure as well as interactions with host proteins and cellular 

pathways are crucial for the development of efficient antiviral therapies. However, the 

molecular and biochemical characterization of TBEV proteins and their virus-host interactions 

thus far received less attention than their MBFV counterparts. Our understanding of the 

processes during TBEV replication is mostly based on extrapolations from MBFV, which might 

be misleading, as these viruses are adapted to different vector species, which may lead to 

different structural features of viral proteins that in turn result in different host cell interactions.  

Flavivirus use the host cell machinery for their genome replication, protein translation, and 

egress of new virions. This triggers numerous cellular responses including the UPR that aims 

to limit virus spread and to restore the homeostatic state within the cell. Several studies have 

shown that flaviviruses activate and manipulate UPR pathways to promote their own 

replication. Additionally, the interplay between UPR signaling pathways and inflammatory 

pathways is thought to contribute to pathomechanisms that can be observed in severe cases 

of neurotropic flavivirus infections. This crosstalk makes the UPR another attractive target for 

therapeutic interventions in TBEV infection.  

Overall, the work presented in this thesis aims to identify novel potential therapeutic targets in 

TBEV infection by enhancing our understanding of TBEV protein interactions and by analyzing 

the activation of cellular signaling pathways in TBEV infection in relevant viral target cells. To 

achieve these goals this work includes:  

a) the expression of recombinant individual TBEV proteins 

b) the analysis of protein-protein interactions between individually expressed TBEV 

proteins 

c) the identification of host factors that interact with TBEV proteins 

d) the comparative analysis of the activation of UPR pathways in TBFV infections in 

different pathogenicity in relevant cell lines  

e) the investigation of the role of the UPR in promoting TBFV infection  

f) the dissection of the mechanisms of TBEV sensing by CNS-resident cells  
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Abstract 

Tick-borne encephalitis virus (TBEV) belongs to the genus Flavivirus within the family 

Flaviviridae. The single-stranded positive-sense RNA genome encodes a single open reading 

frame comprising ten viral genes. Three structural proteins (capsid, precursor membrane and 

envelope protein) and seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B 

and NS5) are expressed as a single polyprotein that is co- and post-translationally cleaved by 

viral and host cell proteases. This has limited the study of individual TBEV proteins. To 

investigate the distribution, function and molecular interactions of each viral protein, all TBEV 

genes were cloned and expressed individually or with adjacent TBEV sequences. Expression 

was confirmed by Western blot and cellular localization investigated by immunocytochemistry. 

Molecular interactions between viral and host cell proteins were studied using the recombinant 

TBEV proteins. Neighboring sequences affected viral protein processing, glycosylation and 

trafficking. Homo-dimerization was observed for most of the TBEV proteins, while higher order 

oligomer were exclusively observed for NS2A, NS2B, and NS4A. We further demonstrated 

several heterotypic interactions which included well known viral complexes, such as the NS2B-

3 protease and co-factor or the prM-E chaperone complex. Multiple protein-protein interactions 

between TBEV and host proteins were identified by liquid chromatography/ mass spectrometry 

(LC-MS). The interaction of TBEV NS5 and the autophagy marker MAP1LC3b caught our 

attention, and the biological relevance of this interaction will be validated in a next project.  
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Introduction  

Tick-borne encephalitis virus (TBEV) belongs to the family Flaviviridae within the genus 

Flavivirus and is one of the most prevalent tick-borne pathogens in Europe and Northern Asia1. 

TBEV is transmitted to humans via tick-bites and can cross the blood-brain barrier to infect the 

central nervous system (CNS), leading to neurological complications that are collectively 

referred to as tick-borne encephalitis (TBE)2. TBEV is maintained in its ecological reservoir by 

circulation between ticks and vertebrate hosts. In the last decades, the geographical 

distribution of the vector species has expanded, leading to a higher risk of human exposure to 

TBEV infected ticks3. The increasing abundance of ticks correlated with emerging TBE cases 

in previously unaffected areas. Despite annual fluctuation in TBE incidence, a general upwards 

trend has been observed in the recent years across several European countries, with over 

10,000 clinical cases each year4,5  

Mature TBEV particles have a diameter of 50 nm and an envelope composed of two 

glycoproteins, envelope (E) and membrane (M), that are embedded in a host-cell derived lipid 

bilayer6. Additionally, they have a nucleocapsid which consists of several copies of the capsid 

protein (C) and a single copy of the virus genome. The positive-sense single-stranded RNA 

((+) ssRNA) of approximately 11 kb has one open reading frame (ORF) encoding a single 

polyprotein. This protein is co- and post-translationally cleaved by virus and host proteases 

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

NS2A, NS2B, NS3, NS4A, NS4B, NS5)6. Signal sequences define the orientation of the 

polyprotein in the ER membrane with the ectodomains of prM and E as well as NS1 being 

localized in the ER lumen. C, NS3, and NS5 are soluble proteins in the cytoplasm and NS2A, 

NS2B, NS4A, and NS4B are small integral membrane proteins. While the structural proteins 

make up the virus particles and are involved in virus entry, the non-structural proteins are 

mainly implicated in virus replication, pathogenesis, and immune evasion. NS1 exists in two 

different forms: membrane-associated intracellular dimers are involved in viral RNA replication 

and secreted hexamers modulate the complement system of the host immune response7,8. 

NS3 is the viral serine protease, RNA helicase, and nucleoside triphosphate (NTPase), which 

in complex with its co-factor NS2B catalyzes the cleavage of the polyprotein9. NS5 is the RNA-

dependent RNA polymerase (RdRp) and methyltransferase (MTase) that replicates the virus 

genome10.  

During infection of permissive host cells, TBE virions bind to the cell surface by interacting with 

attachments factors, followed by receptor-mediated endocytosis11,12. Inside the endosomes, 

the low pH triggers conformational changes of the E protein that result in the fusion of viral and 

cellular membranes, releasing the nucleocapsid into the cytoplasm13. After uncoating, the viral 

RNA is translated into a polyprotein precursor that is cleaved into the ten individual proteins. 
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The genomic input RNA is replicated by the NS5 RdRp in close association with the ER 

membrane within so-called replication compartments14. Opposite to the replication sites, new 

viral particles are assembled, which involves RNA encapsidation by the C protein, 

concentration of the prM and E proteins at the assembly site and budding into the ER, from 

which the new particles acquire their lipid envelope15. These immature virions are transported 

to the Golgi apparatus along the secretory pathway. Here, the pr peptide is cleaved from M by 

the host protein furin, which completes the maturation process16. The now mature virions 

egress from the cell by exocytosis, ready to infect neighboring host cells.  

Despite two vaccines against TBEV being licensed in Europe, numbers of TBE cases have 

been increasing in the last decades. No licensed antiviral drugs are available for specific 

treatment of TBEV infections besides general supportive therapy2. This emphasizes the need 

for the discovery of new therapeutic tools. During the viral replication cycle, TBEV virions and 

individual viral proteins interact with various host cell proteins. Unfortunately, molecular 

interactions between TBEV proteins and host cell factors required for viral protein synthesis 

and function are not well characterized. This study aims to improve our understanding of TBEV 

protein processing and complex formation as well as interactions with host factors that present 

potential therapeutic targets.  

 

Material and Methods  

Cell culture  

African green monkey kidney cells (Cos-1, ATCC® CRL-1650™, American Type Culture 

Collection, Manassas, Virginia, USA) were maintained in low-glucose Dulbecco’s Modified 

Eagle’s Medium (DMEM) (Sigma-Aldrich) supplemented with 10% fetal calf serum (FCS), 1% 

penicillin (10,000 U/ml)/streptomycin (10 mg/ml) solution, and 2 mM L-glutamine solution (all 

purchased from Sigma Aldrich) at 37°C in 5% CO2 in a humidified atmosphere. Human 

embryonic kidney cells (293T, ATCC® CRL-3216™, American Type Culture Collection, 

Manassas, Virginia, USA) were cultured under the same conditions, except for using high-

glucose glucose Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma-Aldrich).  

 

Antibodies 

Anti-FLAG antibody (M2) (F3165), anti-HA antibody (SAB2702217), and anti-Calnexin 

antibody (C4731) were purchased from Sigma-Aldrich. Mouse IgG1 monoclonal antibody 

(PP100) and normal rabbit IgG antibody (12-370) were used as isotype controls (Sigma-

Aldrich). The secondary antibodies HRP goat anti-mouse IgG (BLD-405306), goat anti-rabbit 
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IgG HRP (SBA-4030-05), DyLight™ 488 goat anti-mouse IgG (BLD-405310) and goat anti-

rabbit IgG-AF555 (SBA-4030-32) were purchased from Biozol. 

 

Molecular cloning  

Nucleotide sequences encoding the ten individual TBEV proteins were synthesized and cloned 

into the pUC57 vector by Genscript. Subcloning primers were designed to contain epitope tags 

fused to the target sequence of the TBEV proteins. The sequences encoding the viral proteins 

were subcloned into the pCAGGS expression vector with an N-terminal flag or HA tag (Fig.1). 

For the E, NS1, and NS4B proteins, additional constructs were prepared that contained an N-

terminal signal peptide consisting of 20 amino acids of the adjacent protein upstream of the 

target protein or, in case of NS4B, the 2K peptide (Fig.1). In these constructs, the tag is 

localized at the C-terminal end of the NS1 sequence or between the signal and protein 

sequences of the E or NS4B proteins. Preparative PCR was performed using the Q5® High-

Fidelity DNA Polymerase (NEB) and plasmid were generated using HiFi DNA Assembly (NEB). 

The pCAGGS plasmids containing TBEV sequences were transformed into chemically 

competent E.coli DH5 (NEB) and positive clones were confirmed by DNA sequencing.  

 

Transfection  

For immunostaining, Cos-1 cells were seeded on coverslips at a density of 0.3 x 105 cells/ml 

in a 24-well plate. At 24 hours post seeding, cells were transiently transfected with TransIT®-

2020 transfection reagent (VWR) according to the manufacturer’s instructions. For 

immunoblotting, 293T cells were seeded at a density of 2 x 105 cells/ml in 10 cm dishes. At 24 

hours post seeding, cells were transiently transfected using the calcium phosphate method. 

For each 10 cm dish, 30 µg plasmid DNA was diluted in a total volume of 450 µl H2O and briefly 

mixed with 50 µl 2.5 M calcium chloride before addition to 500 µl 2x HEPES Buffered Saline, 

pH 7.1. The mixture was incubated for 20 min at room temperature and added dropwise to the 

cells.   

Immunostaining and confocal microscopy analysis  

Immunofluorescence staining was performed in Cos-1 cells 2 days post transfection. After the 

cells were fixed with 4% paraformaldehyde (20 min at RT), the samples were quenched in 50 

mM NH4Cl (30 min at RT), permeabilized in 0.2% Triton X-100 (30 min at RT), and blocked in 

1% BSA (30 min at RT). Viral proteins were labeled with anti-flag antibody (1:500) and the ER 

membrane was stained with anti-Calnexin antibody (1:500) overnight at 4°C. After washing 

with blocking buffer, the cells were subjected to incubation with the respective secondary 
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antibodies for 1 hour at RT. The samples were simultaneously stained with DAPI and mounted 

onto glass slides, using ROTI®Mount FluorCare DAPI (Roth) and incubated overnight at RT. 

The isotype controls were treated the same way. The cells were examined with a Leica TCS 

SP5 MP confocal microscope. 

 

Proximity Ligation Assay (PLA) 

PLA was performed to confirm the TBEV protein interactions observed by co-IP, using the 

Duolink® In Situ Kit (Sigma Aldrich) according to the manufacturer’s instructions. Cos-1 cells 

were co-transfected with differently tagged DNA constructs and incubated for 2 days. The 

samples were first treated with Duolink® Blocking Solution for 1 hour at 37°C, followed by 

incubation with the primary anti-flag and anti-HA antibodies from different donor species 

overnight at 4°C. Then, the samples were subjected to the Duolink® PLA Probes for 1 hour at 

37°C, which bind to the primary antibodies. Connector oligonucleotides are attached to each 

probe. The probes will connect and ligate upon addition of Duolink® Ligase, if they (and thus 

the target proteins) are in close proximity, resulting in a closed, circular DNA template. 

Incubation of the samples with the Duolink® Amplification buffer, leads to the amplification of 

the template by the DNA polymerase. The detection oligonucleotides are coupled to 

fluorochromes and by hybridization to repeating sequences, the signal is increased. The assay 

is completed by adding Duolink® In Situ Mounting Medium with DAPI overnight at RT. The 

PLA was analyzed using a Leica TCS SP5 MP confocal microscope. 

 

Cell lysis, protein quantification and precipitation 

To analyze the expression of individual TBEV proteins, transfected 293T cells were lysed 2 

days post transfection and cell lysates were subjected to total protein precipitation by ethanol. 

After washing with PBS, the cells were transferred from a 10 cm dish to 1 ml lysis buffer (25 

mM Tris, 50 mM NaCl, 0.5% Triton X-100, 0.5% sodium deoxycholate, pH 7.4, protease 

inhibitor cocktail 1:100) with the help of cell scrapers and incubated for 1 hour at 4°C. The cell 

lysates were centrifuged at 17,000 xg for 20 min at 4°C to dispose of cell debris. Due to the 

high number of hydrophobic transmembrane regions, the lysis protocol for cells transfected 

with NS2A had to be optimized. Here, 0.5% SDS as well as twice the concentration of protease 

inhibitors were added to the lysis buffer and lysis was performed for 2 hours at room 

temperature (RT). The total protein amount within the lysates was quantified by Bradford 

assay, using ROTI® Quant (Roth). Subsequently, 250 µg of total protein were subjected to 

ethanol precipitation with a final concentration of 70%. The samples were incubated overnight 

at -20°C and centrifuged at 17,000 xg for 20 min at 4°C. The supernatants were discarded and 
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the pellets were resuspended in SDS loading buffer and subjected to immunoblot analysis, in 

which the respective epitope tag was detected.  

 

Co-immunoprecipitation (co-IP) 

To analyze the interaction between two different TBEV proteins, 293T cells were co-

transfected with differently tagged DNA constructs, lysed 2 days post transfection, and 

subjected to co-immunoprecipitation (co-IP) before being analyzed by immunoblot. After 

washing with PBS, the cells were transferred from a 10 cm dish to 1 ml mild lysis buffer (10 

mM Dodecyl-β-D-maltoside, pH 7.4, PI cocktail 1:100) with the help of cell scrapers and 

incubated for 1 hour at 4°C. After centrifugation at 17,000 xg for 20 min at 4°C, the complete 

lysate was subjected to co-IP by incubation with anti-FLAG M2 affinity gel beads (Sigma-

Aldrich) for at least 1.5 hours at 4°C. In the subsequent immunoblot analysis the HA tag was 

detected.  

 

Immunoblot analysis (IB) 

Before proteins were separated by SDS-PAGE, the samples were resuspended in loading 

buffer (50 mM Tris HCl (pH 6.8), 10% glycerol, 2% SDS, 0.02% bromophenol blue, 100 mM 

DTT) and boiled for 5 min at 95 °C. The proteins were transferred to nitrocellulose membranes 

(Transfer membrane ROTI®NC, Roth) which were blocked with 5% low fat milk (in PBS) for 1 

hour at RT. Membranes were incubated overnight at 4°C either with anti-flag or anti-HA 

antibody (1:5000), followed by incubation with anti-mouse HRP or anti-rabbit HRP antibody 

(1:5000). Proteins were detected according to the standard procedure using SuperSignal™ 

West Femto Maximum Sensitivity Substrate (Thermo Fisher). To analyze the homo-

oligomerization of individual TBEV proteins, a non-reducing SDS-PAGE was performed. The 

protocol is the same as described above, except samples were resuspended in loading buffer 

without DTT and without boiling the samples. 

 

Sample preparation for mass spectrometry 

To investigate protein-protein interactions between TBEV and cellular proteins by mass 

spectrometry, 293T cells were transfected, lysed 2 days post transfection using the mild lysis 

buffer, and subjected to IP using the anti-FLAG M2 affinity gel beads (Sigma-Aldrich) (as 

described above). Subsequently, proteins that were pulled-down through interactions with the 

tagged virus proteins were separated by SDS-PAGE as described above after alkylation of 
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proteins with 40% acrylamide 4K (Applichem) for 30 minutes at room temperature. The gels 

were stained by overnight incubation in ROTI® Blue solution (Roth). The gels were destained 

in washing solution (25% MeOH + 75% H2O), which was frequently exchanged. The sample 

preparation was performed as described by Schröder et al. (2015)17. Briefly, the sample lanes 

were manually excised from the gels and cut into two to three pieces. In the following, the gel 

pieces were destained (50% acetonitrile + 50 mM ammonium bicarbonate), dehydrated (100% 

acetonitrile), vacuum centrifuged, and rehydrated (10% acetonitrile + 20 mM ammonium 

bicarbonate for 60 min on ice). The proteins included in the gel were digested with 5 ng/µl 

trypsin. The reaction was stopped (50% acetonitrile + 0.5% TFA for 10 min) and the peptides 

were extracted (½ volume 50% acetonitrile + 0.2% TFA, 100%, ½ volume 100% acetonitrile 

for 30 min). The supernatants of the gel pieces from the same sample were pooled and 

extracted proteins were dried by vacuum centrifugation.  

 

Liquid Chromatography Mass Spectrometry (LC-MS) 

The LC-MS procedure was performed as described by Junemann et al. (2017)18. Briefly, the 

dried proteins were suspended (2% ACN + 0.1% TFA) and separated by using a nanoflow 

reversed phase chromatography system (RSLC) (Pharamfluidics), consisting of a µPACᵀᴹ 

trapping column (C18 particles) and a 50 cm µPACᵀᴹ separating column (C18 particles). For 

shotgun analysis, an appropriate amount of proteins solved in loading buffer (0.1% TFA) were 

loaded on the trap column with a flow rate of 6 µl/min. After 5 min, the trap column was changed 

in the nanoflow of the separating column. The proteins were eluted with a multistep linear 

gradient of 3.5 hours per run. The column outlet was connected to Orbitrap MS in DDA mode.  

 

Data Processing  

For protein identification, LC-MS raw data were searched against the reviewed human and 

TBEV entries of UniProtKB/Swiss-Prot database using the MaxQuant software. Peptides and 

proteins were stated as identified by a false discovery rate of <0.01 on protein and peptide 

level. The relative intensities of the identified proteins were determined. In the following, data 

were analyzed using the Perseus software. Pull-downs were measured in duplicates for each 

TBEV protein and an input control (whole lysate without IP) and an empty vector control were 

included as controls. Only proteins that were specifically enriched in both pulldowns for one 

TBEV protein were considered in the analysis, and missing values in input or vector controls 

were imputed using a fixed value of 14 each. Ratios were determined for pulldown versus 

vector control and pulldown versus input. 
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Results 

The expression and subcellular localization of individual TBEV proteins and the role of signal 

peptides for their correct trafficking 

To examine whether TBEV proteins can be expressed individually, single virus proteins were 

cloned into an expression vector together with an epitope tag (Fig. 1). For E, NS1, and NS4B 

N-terminal signal peptides were included, consisting of 20 amino acids upstream of the actual 

protein sequences and, in the case of NS4B, of the 2K peptide. After transfecting these 

constructs, the cells were lysed, the total protein content was measured, an equal amount of 

protein was precipitated for each TBEV protein, and the protein expression was analyzed by 

Western Blot. As shown in Fig. 2, all ten TBEV proteins were detected by anti-flag antibody 

and the molecular weight of the individual proteins corresponded to the expected protein size 

of 11 kDa for C, 26 kDa for prM, 53 kDa for E, 46 kDa for NS1, 22 kDa for NS2A, 14 kDa for 

NS2B, 70 kDa for NS3, 16 kDa for NS4A, 27 kDa for NS4B, and 103 kDa for NS5. When 

comparing the proteins with and without signal peptides, the molecular weights of E and SP-E 

as well as of NS4B and 2K-NS4B were identical. In contrast, the molecular weight of SP-NS1 

was slightly higher than of NS1, suggesting that proper protein modifications, e.g. glycosylation 

requires the presence of the signal peptide.  

To verify the protein expression and to analyze their subcellular localization, transfected 

proteins were visualized by immunofluorescent staining and subsequent confocal microscopy 

analysis. The ER chaperone calnexin was included as a marker protein for the ER membrane 

to test viral protein association with the ER. The C, NS1, NS3, and NS5 proteins were 

distributed in the cytoplasm, whereas SP-E, SP-NS1, NS2A, NS2B, NS4A, and NS4B co-

localized with calnexin at the ER membrane (Fig. 3). The proteins prM, E, and 2K-NS4B were 

found in the cytoplasm and associated with the ER. With the exceptions of prM, E, NS1 and 

2K-NS4B, our results match the expected subcellular localization of the individual proteins 

along the ER membrane when expressed as a polyprotein during TBEV infection. prM and E 

were found in the cytosol and to be associated with the ER but were expected to be merely 

expressed in the ER lumen, and NS1 was distributed in the cytoplasm but was expected to be 

expressed in the lumen as well. For E and NS1, this can be explained by the lack of any signal 

sequence required to translocate the polypeptide into the ER. This was proven by expression 

of the SP-E and SP-NS1 proteins that include the C-terminal 20 amino acids of the M and E 

sequences, respectively.  SP-E and SP-NS1 were localized to the ER (Fig. 3), confirming the 

requirement of the signal peptide for correct trafficking along the secretory pathway. We 

expected a similar effect of the 2K peptide for the correct trafficking of NS4B, but the opposite 

effect was observed (Fig. 3). This suggests that the 2K peptide does not fulfill the same function 

for NS4B as the signal peptides for SP-E and SP-NS1. Besides the unexpected subcellular 
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localization, the prM protein accumulated at perinuclear sites (Fig. 3), suggesting an artefactual 

protein distribution caused by the strong overexpression of prM. 

 

Protein-protein interactions of individually expressed TBEV proteins correlate with their 

functions during viral replication  

The homotypic oligomerization of TBEV proteins was investigated by non-reducing SDS-

PAGE (Fig. 4A) and verified by co-IP (Fig. 4B), whereas the heterotypic oligomerization was 

analyzed by co-IP (Fig. 5A) and PLA (Fig. 5B). To analyze potential oligomer formations, 

proteins were either reduced and denatured by heat treatment (+DTT) or kept in their non-

reduced native states (-DTT), respectively. The samples were applied to SDS-PAGE and the 

reduced versus non-reduced samples were compared. In the absence of DTT and without 

boiling the samples, intramolecular interactions were retained, which enabled the formation of 

oligomers. Oligomerization was found for all TBEV proteins except C. The proteins prM, E, SP-

E, NS1, SP-NS1, NS2A, NS2B, NS3, NS4A, NS4B, 2K-NS4B, and NS5 formed oligomers that 

corresponded to the molecular weight of dimers (Fig. 4A). Additionally, NS2A, NS2B, and 

NS4A formed oligomers of higher order. These results were confirmed by co-IP (Fig. 4B). Here, 

constructs encoding the same TBEV proteins, but with different tags were co-transfected into 

cells. After lysing the cells, the IP was performed using an anti-flag antibody and the (co-

)precipitated proteins were detected by Western blot using an anti-HA antibody. All protein 

combinations tested could be detected by anti-HA antibody (Fig. 4B). NS2A oligomerization 

was not verified by co-IP, as the solubilization of this small hydrophobic protein required harsh 

lysis conditions that would not allow the preservation of molecular interactions.  

 

In addition to the analysis of the oligomeric state of TBEV proteins, we investigated intraviral 

protein-protein interactions between different TBEV proteins. Molecular constructs encoding 

different TBEV proteins with different epitope tags were transfected into cells. After lysing the 

cells, an anti-flag antibody was used to pull down TBEV proteins by IP and subsequently, co-

precipitated interacting viral proteins were detected by Western blot using an anti-HA antibody. 

Heterotypic interactions were observed between C and prM, prM and SP-E, NS2B and NS3, 

NS4A and 2K-NS4B, and between NS2B, NS3, NS4A, 2K-NS4B, NS5 and SP-NS1, 

respectively (Fig. 5A). The known interaction between the NS3 protease and its NS2B co-

factor was used as a positive control. These interactions were independently confirmed by PLA 

(Fig. 5B). This assay confirmed the close proximity of the expressed proteins within the cell, 

which enabled the direct physical interactions shown by co-IP. The homo-oligomers together 

with heterotypic interactions observed for TBEV proteins match the observed protein-protein 

interactions reported for other flaviviruses. Depending on the nature of these interactions, they 
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play different roles in the cellular replication cycle, including structural and enzymatic functions 

or the formation of replication complexes.   

 

Identification of host factors interacting with individually expressed TBEV proteins  

Interactions between TBEV proteins and cellular proteins were analyzed by co-IP of host 

proteins with tagged TBEV proteins, separation of proteins by SDS-PAGE, Coomassie staining 

and liquid chromatography/mass spectrometry (LC-MS). The host proteins that were bound to 

the individual TBEV proteins were identified by using the MaxQuant software. The cellular 

localization and the biological processes, in which the host proteins are involved were listed 

as described in the UniProt database and the resulting interactions between host and viral 

proteins were visualized using the Cytoscape software (Fig. 6). The interactome revealed two 

clusters. One cluster is formed by cellular proteins interacting with prM, NS3, and NS5, 

whereas the other cluster is formed by host proteins bound to C, E, NS1, NS2A, NS2B, NS4A, 

and NS4B. This corresponds to the observed subcellular localizations of C, NS3 and NS5 in 

the cytoplasm and the remaining TBEV protein associated with the ER membrane. Several 

host proteins exerting diverse functions in the cellular metabolism were identified to interact 

with TBEV proteins. Nuclear proteins involved in ribosome biogenesis, RNA processing, DNA 

replication and DNA damage response were found to interact with most TBEV proteins and 

presented the majority of enriched proteins for the C and NS5 transfected cells. Additionally, 

host factors involved in protein transport, folding, and processing were identified in all samples 

and were especially enriched in prM, SP-E, SP-NS1, NS2A, NS2B, and NS4A samples. 

Likewise, cytoplasmic proteins participating in signal transduction, protein translation and 

ubiquitination, amino acid and carbohydrate metabolism, and ion transport were found in all 

samples but were especially enriched in C, NS3, and NS5 samples. Furthermore, 

mitochondrial proteins involved in the respiratory chain and mitochondrial translation were 

found to be particularly enriched in SP-E, NS2A, NS4A, and 2K-NS4B. Besides, proteins 

organizing the cytoskeleton as well as participating in the lipid and cholesterol metabolism, in 

apoptosis, and in the UPR were identified. To validate the data, host proteins interacting with 

NS5 were visualized by volcano plot and LC3B was identified as significantly enriched (Fig. 

7A). In the following, this interaction was tested and confirmed by co-IP (Fig. 7B).  

 

Discussion 

In the context of infection, flavivirus proteins are expressed from a single open reading frame, 

resulting in a single polyprotein that is co- and posttranslationally cleaved into the ten individual 

proteins. This has limited the study of individual flavivirus protein structure and function, 
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especially of viruses where few reagents for viral protein detection in infected cells are 

available. As few antibodies against TBEV proteins are commercially available, we cloned the 

individual viral proteins with the addition of epitope tags to enable protein detection. As the 

TBEV polyprotein contains cleavage sites that are recognized by cellular and viral proteases, 

these sites had to be avoided or impaired for the addition of the epitope tags to avoid proteolytic 

removal of the tag. 

Our findings suggest that all ten TBEV protein can be expressed individually at detectable 

levels in mammalian cells. However, the correct intracellular trafficking of the proteins to the 

ER required the addition of adjacent sequences upstream of the protein-coding region to act 

as a signal sequences. This was essential for the correct subcellular localization and 

modification of the E and NS1 proteins, as previously described in other studies19,20. A 

suspected requirement of the 2K peptide for correct NS4B trafficking was not substantiated by 

our data. In contrast, the N-terminal addition of the 2K peptide to the NS4B coding region 

weakened the ER association of NS4B. The reasons for this observation require further 

investigations. Similarly, an authentic localization of the TBEV prM protein could not be 

achieved in our overexpression model. A perinuclear localization of prM was observed that is 

typical for protein aggregates, forming as a response to the overexpression of the protein. 

We detected several homo- and heterotypic intraviral protein interactions between TBEV 

proteins. While most TBEV proteins were able to form homo-dimers, even when individually 

expressed outside the context of the virus, higher order oligomers were exclusively observed 

for NS2A, NS2B and NS4A. As all of these proteins are largely hydrophobic integral membrane 

proteins, it can be assumed that they concentrate in specialized ER membrane domains during 

viral RNA replication and virion assembly to form so-called vesicle packets. Among the 

heterotypic interactions detailed in this study were well known viral complexes, such as the 

NS2B-3 protease and co-factor or the prM-E chaperone complex. However, we also identified 

a number of previously undescribed or less well studied intraviral protein interactions, e.g. 

between C and prM, NS4A and NS4B or NS1 and multiple other TBEV proteins. To validate 

the biological relevance of these heterotypic interactions for the viral life cycle and investigate 

possible strategies for interference with viral protein complex formation will be the topic of a 

future research project. 

We could show in the present study that individually expressed flavivirus proteins can be used 

to  identify viral protein interactions. Despite some hurdles that have to be overcome to achieve 

correct trafficking, processing and modification of the viral proteins, known intraviral protein 

interaction could be confirmed in this system. In a next step, we used the same proteins to 

screen for cellular interaction partners in a broad unbiased liquid chromatography/mass 

spectrometry (LC/MS) screen of co-precipitated host proteins. Generally, the results of such 
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primary screens need to be interpreted with caution, as many false positive interaction partners 

will be identified alongside specific host factors. The specificity of the screen will be influenced 

by the cell type used for the interaction study, lysis protocols and the precipitation method, as 

each of these steps can increase or decrease the specificity of protein interactions. Harsh lysis 

conditions can reduce the ability of proteins to form physical complexes. On the other hand, 

some proteins, especially membrane proteins, will require higher concentrations of detergent 

to be solubilized from their hydrophobic environment. Pre-clearing of lysates with agarose 

beads in the absence of specific antibodies will reduce the background of unspecific protein 

binding. We identified a number of TBEV protein interaction candidates in our LC/MS screen 

that will require further validation in independent experiments. For one candidate, the 

autophagosomal protein LC3B, an interaction with TBEV NS5 could be confirmed by co-IP and 

suggests a possible role of TBEV NS5 in the induction (or inhibition) of autophagy. As different 

and sometimes contradictory roles of autophagy in flavivirus replication have been described21, 

the physical interaction between TBEV NS5 and LC3B warrants further investigations. 

Similarly, numerous other candidate host factors identified in this study will be validated for 

their role in TBEV infection in future studies.  
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Figure 1 
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Figure 1. Molecular cloning of individual TBEV proteins. A) Genomic organization and protein orientation of TBEV 
along the ER. The single-stranded positive-sensed RNA (ss(+)RNA) encodes a single open reading frame that is 
translated into a precursor polyprotein and cleaved into ten individual proteins. AUG: translation start codon; UAG: 
translation stop codon; UTR: untranslated region. B) Schematic representation of the plasmids for TBEV protein 
expression. pCAGGS was used as expression vector and flag- or HA-tags were added N-terminally of the TBEV 
protein sequence when no signal peptide (SP) was included. For SP-NS1, the tag was added C-terminally, and for 
SP-E and SP-NS4B in between the SP and the protein. In case of NS4B the 2K peptide was added as SP. ATG: 
translation initiation codon; pCMV: cytomegalovirus promotor.   



49 
 

Figure 2 

 

 

 

 

 

 

 

 

Figure 2. Expression of the individual TBEV proteins. Individual TBEV proteins were transfected into 293T cells. At 
48 h post transfection the cells were lysed, total protein content was measured and 250 µg of total protein were 
precipitated. Subsequently, the samples were analyzed by Western blot, using an antibody targeting the flag-tag. 
The protein names are shown on the top and the marker indicating the molecular weight (MW) is shown on the left. 
The resulting bands correspond to the expected protein sizes. C: 11 kDa; prM: 26 kDa; E: 53 kDa; NS1: 46 kDa; 
NS2A: 22 kDa; NS2B: 14 kDa; NS3: 70 kDa; NS4A: 16 kDa; NS4B: 27 kDa; NS5: 103 kDa. Lanes were cropped 
from separate blots to construct this figure. C: capsid; prM: pre-membrane; E: envelope; NS: nonstructural.  
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Figure 3 

 

Figure3. Subcellular localization of TBEV proteins. Individual TBEV proteins were transfected into Cos-1 cells. After 
48 h, the samples were subjected to immunostaining and analyzed by confocal microscopy. The overexpressed 
TBEV proteins are labelled with ani-flag antibody in green, the nucleus is stained with DAPI and shown in blue, and 
calnexin staining as an ER membrane marker is shown in red.  
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Figure 4  
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Figure 4. Oligomerization of individually expressed TBEV proteins. A) Protein oligomerization investigated by non-
reducing SDS-PAGE and WB. The TBEV protein expression plasmids were transfected into 293T cells. At 48 h 
post transfection, the cells were lysed and 25 µl of the lysates were prepared to be applied to SDS-PAGE. The 
samples were either treated with DTT and boiled at 95°C for 5 min (+) or loaded without DTT and without boiling (-
) before transfer and analysis by Western blot. B) Verification of protein oligomerization by co-IP. The TBEV bait 
protein fused to a flag-tag was co-transfected with the same TBEV protein fused to an HA-tag into 293T cells. At 
48 h post transfection, the cells were lysed and subjected to co-IP and subsequent Western blot analysis. While the 
IP was performed using an anti-flag antibody, the IB was done using an anti-HA antibody. The protein names are 
shown on the top and the marker indicting the molecular weight (MW) is shown on the left.  The arrows indicate the 
expected size of the co-precipitated TBEV proteins. Lanes were cropped from separate blots to construct these 
figures. C: 11 kDa; prM: 26 kDa; E: 53 kDa; NS1: 46 kDa; NS2A: 22 kDa; NS2B: 14 kDa; NS3: 70 kDa; NS4A: 16 
kDa; NS4B: 27 kDa; NS5: 103 kDa. C: capsid; prM: pre-membrane; E: envelope; NS: nonstructural; SP: signal 
peptide. 
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Figure 5 
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Figure 5. Heterotypic interaction of individually expressed TBEV proteins. A) Co-IP of individually expressed TBEV 
proteins. The TBEV bait protein fused to a flag-tag was co-transfected into 293T cells with another TBEV protein 
fused to an HA-tag. At 48 h post transfection the cells were lysed and subjected to co-IP and subsequent Western 
blot analysis. While the IP was performed using an anti-flag antibody, the IB was done using an anti-HA antibody. 
The protein names are shown on the top and the marker indicating the molecular weight (MW) is shown on the left. 
The protein named first was precipitated by IP and the second was detected by IB. The arrows indicate the expected 
size of the co-precipitated TBEV proteins. Lanes were cropped from separate blots to construct this figure. C: 11 
kDa; prM: 26 kDa; E: 53 kDa; NS1: 46 kDa; NS2A: 22 kDa; NS2B: 14 kDa; NS3: 70 kDa; NS4A: 16 kDa; NS4B: 27 
kDa; NS5: 103 kDa. C: capsid; prM: pre-membrane; E: envelope; NS: nonstructural; SP: signal peptide. B) 
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Investigation of TBEV protein interactions by PLA. The TBEV bait protein fused to a flag-tag was co-transfected 
into Cos-1 cells with another TBEV protein fused to an HA-tag. At 48 h post transfection, the cells were fixed and 
subjected to PLA with subsequent confocal microscopy analysis. The PLA signal is shown in yellow, and the nuclei 
are stained by DAPI shown in blue. 

 

 

.
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Figure 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Interactome of TBEV and cellular proteins. Individual TBEV proteins were expressed in 293T cells for 48 h. After cell lysis, TBEV proteins were subjected to IP by using an 
anti-flag antibody, followed by protein separation by SDS-PAGE and Coomassie staining. Co-precipitated proteins were further analyzed by LC-MS and identified by using the 
MaxQuant software. The resulting protein-protein interaction network was generated using the Cytoscape software. TBEV proteins are shown in red, whiles host proteins are shown 
in blue 
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Figure 7 

A)  B) 

 

 

 

 

 
 
 
 
 
 

 
Figure 7. Experimental validation of the LC-MS data on the example of the NS5-LC3B interaction. A) Identification 
of significantly enriched proteins. For the identified cellular proteins, enrichment factors and p values were calculated 
(Sup. 1) and significant interactions were visualized by volcano plot. For NS5 (shown in red) the host factor LC3B 
(shown in blue) was identified as significantly enriched. B) Experimental validation of the NS5-LC3B interaction. The 
indicated TBEV proteins were transfected in 293T cells and cells were lysed after 48 h. The subsequent co-IP was 
performed using an anti-LC3B antibody and the indicated TBEV proteins were detected by Western Blot using an 
anti-flag antibody. A specific signal is exclusively observed for the co-IP of NS5. The protein names are shown on the 
top and the marker indicating the molecular weight (MW) is shown on the left.   



56 
 

References  
 

1. Simmonds, P. et al. ICTV virus taxonomy profile: Flaviviridae. J. Gen. Virol. 98, 2–3 (2017). 

2. Ruzek D, Avšič Županc T, Borde J, Chrdle A, Eyer L, Karganova G, Kholodilov I, Knap N, 
Kozlovskaya L, Matveev A, Miller AD, Osolodkin DI, Överby AK, Tikunova N, Tkachev S, Z. J. 
Tick-borne encephalitis in Europe and Russia: Review of pathogenesis, clinical features, therapy, 
and vaccines. Antiviral Res. 164, 23–51 (2019). 

3. Gray, J. S., Dautel, H., Estrada-Peña, A., Kahl, O. & Lindgren, E. Effects of Climate Change on 
Ticks and Tick-Borne Diseases in Europe. Interdiscip. Perspect. Infect. Dis. 1–12 (2009). 
doi:10.1155/2009/593232 

4. Erber, W., Schmitt, H. & Jankovic, T. TBE-epidemiology by country-An overview. in The TBE Book 
159–170 (2020). 

5. Organsation, W. H. Vaccines against tick-borne encephalitis : WHO position paper. Wkly. 
epidemiol. rec = Relev. Épidémiologique Hebd. 86, 241–256 (2011). 

6. Pulkkinen, L. I. A., Butcher, S. J. & Anastasina, M. Tick-borne encephalitis virus: A structural view. 
Viruses 10, 1–20 (2018). 

7. Gutsche, I. et al. Secreted dengue virus nonstructural protein NS1 is an atypical barrel-shaped 
high-density lipoprotein. Proc. Natl. Acad. Sci. U. S. A. 108, 8003–8008 (2011). 

8. Avirutnan P, Hauhart RE, Somnuke P, Blom AM, Diamond MS, A. J. Binding of flavivirus 
nonstructural protein NS1 to C4b binding protein modulates complement activation. J. Immunol. 
187, 424–433 (2011). 

9. Luo, D., Vasudevan, S. G. & Lescar, J. The flavivirus NS2B-NS3 protease-helicase as a target for 
antiviral drug development. Antiviral Res. 118, 148–158 (2015). 

10. Best, S. M. The Many Faces of the Flavivirus NS5 Protein in Antagonism of Type I Interferon 
Signaling. J. Virol. 91, (2017). 

11. Kroschewski, H., Allison, S. L., Heinz, F. X. & Mandl, C. W. Role of heparan sulfate for attachment 
and entry of tick-borne encephalitis virus. Virology 308, 92–100 (2003). 

12. Protopopova, E. V. et al. Human laminin binding protein as a cell receptor for the tick-borne 
encephalitis virus. Zentralblatt fur Bakteriol. 289, 632–638 (1999). 

13. Zhang, X. et al. Structures and functions of the envelope glycoprotein in flavivirus infections. 
Viruses 9, 1–14 (2017). 

14. Miorin, L. et al. Three-Dimensional Architecture of Tick-Borne Encephalitis Virus Replication Sites 
and Trafficking of the Replicated RNA. J. Virol. 87, 6469–6481 (2013). 

15. Zhang, Y. et al. Structures of immature flavivirus particles. EMBO J. 22, 2604–2613 (2003). 

16. Li L, Lok SM, Yu IM, Zhang Y, Kuhn RJ, Chen J, R. M. The flavivirus precursor membrane-
envelope protein complex: structure and maturation. Science (80-. ). 319, 1830–1834 (2008). 

17. Schröder, A., Rohrbeck, A., Just, I. & Pich, A. Proteome Alterations of Hippocampal Cells Caused 
by Clostridium botulinum C3 Exoenzyme. J. Proteome Res. 14, 4721–4733 (2015). 

18. Junemann, J. et al. Toxin A of the nosocomial pathogen Clostridium difficile induces primary 
effects in the proteome of HEp-2 cells. Proteomics. Clin. Appl. 11, (2016). 

19. Du, R. et al. Glycoprotein E of the Japanese encephalitis virus forms virus-like particles and 
induces syncytia when expressed by a baculovirus. J. Gen. Virol. 96, 1006–1014 (2015). 

20. Kuzmenko, Y. V. et al. Intracellular degradation and localization of NS1 of tick-borne encephalitis 
virus affect its protective properties. J. Gen. Virol. 98, 50–55 (2017). 

21. Ke, P. Y. The multifaceted roles of autophagy in flavivirus-host interactions. Int. J. Mol. Sci. 19, 
(2018).  



57 
 

3 IRE1-mediated unfolded protein response promotes the 
replication of tick-borne flaviviruses in a virus- and cell-type 
dependent manner 

 

Breitkopf VJM1,2, Dobler G3, Claus P4, Naim HY1, Steffen I1,2* 

1 Institute for Biochemistry, University of Veterinary Medicine, Hannover, Germany 
2 Research Center for Emerging Infections and Zoonoses, University of Veterinary Medicine, 

Hannover, Germany 
3 Bundeswehr Institute of Microbiology, German Center of Infection Research (DZIF) partner 

site Munich, Germany 
4 Institute for Neuroanatomy and Cell Biology, Hannover Medical School, Hannover, Germany   
* Corresponding authors: imke.steffen@tiho-hannover.de  

 

 

 

 

 

 

 

This chapter was submitted for publication in viruses.   

 

 

 

Authors contribution (VJMB):  

Scientific design: 50% 

Investigation, data collection: 100%  

Evaluation, formal analysis: 95% 

Scientific writing: 50%  



58 
 

Article 

IRE1-mediated unfolded protein response promotes 
the replication of tick-borne flaviviruses in a virus- 
and cell-type dependent manner 

Veronika J. M. Breitkopf1,2, Gerhard Dobler3, Peter Claus4, Hassan Y. Naim1 and Imke Steffen1,2* 

1 Department of Biochemistry, University of Veterinary Medicine, Hannover, Germany 
2 Research Center for Emerging Infections and Zoonoses, University of Veterinary Medicine, Hannover, Germany 
3 Bundeswehr Institute of Microbiology, German Center of Infection Research (DZIF) partner site Munich, Germany 
4 Institute of Neuroanatomy and Cell Biology, Hannover Medical School, Hannover, Germany 
* Correspondence: Dr. Imke Steffen, Department of Biochemistry, Buenteweg 17, 30559 Hannover, Germany; Phone: +49-511-

953-6112, Email: imke.steffen@tiho-hannover.de  
 
 

Abstract: Tick-borne flaviviruses (TBFV) can cause severe neurological complications in 

humans, but differences in tissue tropism and pathogenicity have been described for individual 

virus strains. Viral protein synthesis leads to the induction of the unfolded protein response 

(UPR) within infected cells. The IRE1 pathway has been hypothesized to support flavivirus 

replication by increasing protein and lipid biogenesis. Here, we investigated the role of the UPR 

in TBFV infection in human astrocytes, neuronal and intestinal cell lines that have been infected 

with tick-borne encephalitis virus (TBEV) strains Neudoerfl and HB171 as well as Langat virus 

(LGTV). Both TBEV strains replicated better than LGTV in central nervous system (CNS) cells. 

TBEV strain HB171, which is associated with gastrointestinal symptoms, replicated best in 

intestinal cells. All three viruses activated the IRE1 pathway via the X-box binding protein 1 

(XBP1). Interestingly, the neurotropic TBEV strain Neudoerfl induced a strong upregulation of 

XBP1 in all cell types, but with faster kinetics in CNS cells. In contrast, TBEV strain HB171 failed 

to activate the IRE1 pathway in astrocytes. The low pathogenic LGTV led to a mild induction of 

IRE1 signaling in astrocytes and intestinal cells. When cells were treated with IRE1 inhibitors 

prior to infection, TBFV replication in astrocytes was significantly reduced. This confirms a 

supporting role of the IRE1 pathway for TBFV infection in relevant viral target cells and suggests 

a correlation between viral tissue tropism and cell-type dependent induction of the unfolded 

protein response. 

Keywords: Flavivirus, tick-borne encephalitis virus, Langat virus, viral replication, ER stress, 
unfolded protein response, neuroinfection
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1. Introduction 

Tick-borne encephalitis virus (TBEV) belongs to the genus Flavivirus within the family of 

Flaviviridae. It is mainly transmitted by ticks, but also alimentary infection by the consumption of 

raw milk products from infected ruminants is well-known. Despite an available vaccine, 

increasing cases of TBEV infections were registered during the last years [1]. Upon crossing the 

blood-brain barrier, TBEV can cause severe neurological inflammation and in some cases even 

long-term neurological sequelae [1]. Individual TBEV strains have been described to show 

differences in pathogenicity [2-4]. TBEV comprises a single-stranded, positive-sense RNA 

genome of about 11 kb in length. The genome is translated into a single polyprotein that is co- 

and post-translationally cleaved by viral and cellular proteases into ten individual proteins, 

including three structural proteins (C, prM, E) and seven non-structural proteins (NS1, NS2A, 

NS2B, NS3, NS4A, NS4B, NS5) [5]. Viral RNA replication, translation, and virus assembly is 

associated with endoplasmic reticulum (ER) membranes [6, 7]. Flavivirus infection alters the 

structure of the ER causing proliferation of ER membranes that facilitate flavivirus protein 

synthesis [6, 8]. The increased amount of viral proteins synthesized results in the accumulation 

of unfolded and misfolded proteins in the ER lumen [9]. The resulting imbalance between the 

protein-folding load and the capacity of the ER causes ER stress within infected cells. To restore 

protein-folding homeostasis, cells activate intracellular signaling pathways referred to as 

unfolded protein response (UPR) [10].  

In mammals, the UPR pathways are initiated by three stress sensors located in the ER 

membrane: inositol-requiring enzyme 1 (IRE1), protein kinase R-like ER kinase (PERK) and 

activating transcription factor 6 (ATF6) (reviewed in [11]). Under normal conditions, the sensors 

are maintained in an inactive state by association with the ER chaperone binding 

immunoglobulin protein (BiP). Upon ER stress, BiP dissociates from the stress sensors owing 

to the higher affinity for misfolded proteins [12]. Subsequently, the sensors are activated and 

downstream signaling is initiated. In ER stress conditions, the kinase domain of IRE1 

autophosphorylates and the endoribonuclease (RNase) domain becomes activated [11, 12]. 

Subsequently, the RNase domain splices the X-box-binding protein 1 (XBP1) mRNA enabling 

the translation of the active transcription factor XNP1s [13, 14]. XBP1s induces the transcription 

of target genes that are involved in the expression of chaperones and lipid synthesis [13, 15, 

16] resulting in an increased folding capacity and an expansion of the ER membrane. Upon 

activation, PERK phosphorylates the α subunit of eukaryotic translation initiation factor 2 (eIF2α) 

resulting in PeIF2α, leading a transient attenuation of mRNA translation [17, 18]. When ATF6 is 

released from BiP, it translocates to the Golgi apparatus, where it is cleaved proteolytically [19, 

20]. The resulting p50 fragment (ATF6f) migrates to the nucleus where it upregulates different 

target genes [21, 22].  
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Several flaviviruses have been shown to activate different UPR signaling pathways and to 

preferentially utilize these pathways to promote their replication. Infections with the mosquito-

borne flaviviruses (MBFV) dengue virus (DENV), Japanese encephalitis virus (JEV), West Nile 

virus (WNV), and Zika virus (ZIKV) as well as infection with the tick-borne flavivirus (TBFV) 

Langat virus (LGTV) have been demonstrated to lead to an increased expression of BiP [13-16, 

18]. ZIKV, DENV and WNV activate all three UPR pathways [13, 16, 17]. IRE1 promotes ZIKV 

infection and both IRE1 activity as well as spliced XBP1 were required for optimal virus RNA 

replication [23]. In DENV infection, PERK exhibits an antiviral role, IRE1 facilitates virus 

replication and ATF6 has no effect on virus replication [17]. In WNV-infected cells, IRE1 and 

PERK signaling have no effect on virus replication [20], whereas ATF6 supports virion 

production [13]. The related but low pathogenic Usutu virus (USUV) was found to induce the 

IRE1 pathway by XBP1 splicing [19]. Furthermore, JEV is known to induce IRE1 signaling with 

beneficial effects on JEV replication [21]. LGTV and the closely related but more pathogenic 

Powassan virus (POWV) induce PERK signaling. PERK knockdown resulted in increased LGTV 

replication but had no effect on POWV infectious titers suggesting a strategy to antagonize 

PERK-mediated antiviral effect [14]. TBEV was shown to induce the ATF6 and IRE1 pathways 

with IRE1 favoring viral replication [24].  

Analysis of UPR signaling between different viral strains and between closely related viruses 

(e.g. different DENV serotypes, WNV NY99 versus WNVKUN, WNV versus USUV and POWV 

versus LGTV) clearly illustrates how viruses of various pathogenicity differentially activate and 

utilize UPR pathways [13, 14, 19, 20, 22]. One reason for this diverse outcome may lay in the 

manipulation of the host cell machinery to a different extent by viruses of different pathogenicity 

but also in the design of the studies itself. Most of the studies have been conducted in non-

relevant and varying cell lines that do not coincide with the naturally observed tropisms of 

flaviviruses [13, 14, 17-19, 22-24] complicating a comprehensive comparison of UPR activation 

between viruses. The aim of our study was to analyze and compare the activation as well as the 

role of UPR pathways in TBFV infections of different pathogenicity in relevant viral target cells. 

 

2. Materials and Methods 

Cell culture 

Human astrocytoma cells (SNB19, ATCC® HTB-14™, American Type Culture Collection, 

Manassas, Virginia, USA), human intestinal epithelial cells (CaCo2, ATCC® HTB-37™, 

American Type Culture Collection, Manassas, Virginia, USA), human lung epithelial cells (A549, 

ATCC® CCL-185™, American Type Culture Collection, Manassas, Virginia, USA), and African 

green monkey epithelial kidney cells (Vero E6, ATCC® CRL-1586™,American Type Culture 
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Collection, Manassas, Virginia, USA ) were maintained in high-glucose Dulbecco’s modified 

Eagle’s medium (DMEM) (Sigma-Aldrich) supplemented with 10% fetal calf serum (FCS), 1% 

penicillin (10,000 U/ml) / streptomycin (10 mg/ml) solution, as well as 2 mM L-glutamine solution 

(all purchased from Sigma-Aldrich) at 37°C in 5% CO2. Human neuroblastoma cells (SH-SY5Y, 

ATCC® CRL-2266™, American Type Culture Collection, Manassas, Virginia, USA) were 

proliferated in high-glucose DMEM containing 15% FCS, 1% pen/strep solution, and 4 mM L-

glutamine at 37°C in 5% CO2. For differentiation, SH-SY5Y cells were incubated with high-

glucose DMEM supplemented with 1% pen/strep solution, 1 mM L-glutamine, 1 mM sodium 

pyruvate and 10 µM retinoic acid at 37°C in 5% CO2 for 6 days. 

 

Virus strains 

All virus strains were obtained from the collection of the Department of Microbiology of the 

German Armed Forces in Munich, Germany. TBEV strains Neudoerfl (GenBank accession 

number U27495) and HB171 (GenBank accession number KX268728) were propagated in 

A549 cells. LGTV (GenBank accession number AF253419) was propagated in Vero E6 cells. 

SNB19 cells were seeded 1 day prior to infection at a density of 1 – 2 x 105 cells/ml depending 

on the culture format. SH-SY5Y were seeded 7 days prior to infection at a density of 0.2 – 1 x 

106 cells/ml in proliferation medium and differentiated for 6 days starting from 1 day post 

seeding. CaCo2 cells were seeded 4 days prior to infection at a density of 0.5 – 2 x 105 cells/ml 

depending on the culture format.  

 

Antibodies for immunoblotting 

The antibodies used for immunoblotting were rb anti-BiP (Cell Signaling, #3177), rb anti-XBP1s 

(Cell Signaling, #40435), rb anti-ATF6 (Cell Signaling, #65880), rb anti-eIF2α (Cell Signaling, 

#5324), rb anti-PeIF2α (Cell Signaling, #9721), rb anti-GAPDH (Cell Signaling, #5174) and HRP-

conjugated goat anti-rb-IgG secondary antibody (Biozol, #SBA-4030-05).  

 

Protein analysis  

Cells were washed with PBS and lysed for 1 h at room temperature (RT) in lysis buffer (25 mM 

Tris, 50 mM NaCl, 0.5% Triton X-100, 0.5% sodium deoxycholate, pH 7.4, protease inhibitor 

cocktail 1:50, all purchased from Carl Roth). After addition of 2 x loading buffer (50 mM Tris HCl 

(pH 6.8), 10% glycerol, 2% SDS, 0.02% bromophenol blue, 100 mM DTT), the samples were 

denatured for 5 minutes at 95°C. Proteins were separated by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a nitrocellulose 

membrane (Carl Roth) using a wet-blotting chamber (Bio-Rad, Munich, Germany). Membranes 

were blocked in 5% low fat milk powder in PBS + 0.05% Tween 20 for one hour at RT and 

incubated with primary antibodies (BiP, ATF6, XBP1s, eIF2α, p-eIF2α, GAPDH) at 1:5,000 
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dilution and 4°C overnight, followed by the appropriate HRP-conjugated secondary antibody 

(1:5,000 dilution) for one hour at RT. The chemiluminescent signal was developed using 

SuperSignal™ West Femto Maximum Sensitivity Substrate (Thermo Fisher) and detected in the 

Chemidoc system (Bio-Rad, Munich, Germany). For stripping, membranes were washed with 

PBS-T for 15 minutes and incubated in 200 mM glycine, 3.5 mM SDS, 1% Tween 20, pH 2.2 for 

one hour.  

 

Intracellular mRNA analysis  

Infected cells were lysed by Trizol (Invitrogen) and cellular RNA was extracted using the Direct-

zol RNA kit (Zymo Research), followed by reverse transcription to cDNA (ProtoScript II, NEB). 

PCR detection of unspliced and spliced XBP1 was performed as described by Samali et al. [25]: 

forward primer 5’-TTACGAGAGAAAACTCATGGCC-3’ and reverse primer 5’-

GGGTCCAAGTTGTCCAGAATGC-3’. The housekeeping gene glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) was used as a loading control as described by Kurisaki et al. [26]: 

forward primer 5’-CCCATGTTCGTCATGGGTGT-3’ and reverse primer 5’-

TGGTCATGAGTCCTTCCACGATA-3’. The amplified gene products were separated by 

electrophoresis on a 2 % agarose gel and visualized by the Chemidoc system (Bio-Rad, Munich, 

Germany).  

 

IRE1 Inhibition  

To inhibit IRE1, cells were treated with the inhibitors KIRA6, STF083010 and GSK2850163 (all 

purchased from Sigma-Aldrich).  SNB19 and SH-SY5Y cells were pre-treated for 4 h with 100 

nM KIRA6, 50 µM STF083010 or 500 nM GSK2850163. To inhibit IRE1 in CaCo2 cells 300 nM 

KIRA6, 100 µM STF083010 and 1 µM GSK2850163 were used. Subsequently, cells were 

incubated with virus at MOI 0.1 for another hour, before they were washed with PBS to remove 

unbound virus particles and further incubated with DMEM containing 2% FCS and the respective 

inhibitor. Every 24 hours, starting directly after removing the virus inoculum and ending at 72 

hours post infection (hpi), cells were either lysed in lysis buffer for subsequent protein analysis 

or resuspendend in Trizol (Invitrogen) for mRNA extraction (see methods above). Further, cell 

culture supernatant containing virus particles was collected at all time points for viral RNA 

extraction (Qiagen Viral RNA Mini kit) and quantification by probe-based quantitative RT-PCR 

as described for TBEV by Schwaiger and Cassinotti [27] and for LGTV by Kurhade et al. [28].  

 

Cell viability  

IRE1 inhibitors were titrated on each cell line to determine the non-toxic range in which cell 

viability is not affected by the inhibitor. Cell viability in the presence of inhibitor was measured 

using the CellTiter Glo assay kit (Promega) and a multiwell plate reader (Tecan). 
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Statistical analysis 

The results were statistically analyzed by Graph-Pad Prism 9.0.0. Two-way ANOVA with 

Tukey’s multiple comparison test was performed to compare the virus replication within different 

cell lines whereas a multiple unpaired t-test was used to compare the virus replication between 

untreated and treated cells. 

 

3. Results 

3.1. Viral replication efficiency in CNS or intestinal cells varies by TBFV strain 

To compare the replication efficiencies of TBEV-Neudoerfl, TBEV-HB171 and LGTV in the three 

different cell lines SH-SY5Y, SNB19 and CaCo2, cells were infected with the three viruses at 

MOI 1 and monitored for genomic viral RNA in culture supernatants for up to 72 hours post 

infection. The neurotropic TBEV strain Neudoerfl replicated to significantly higher titers in the 

neuronal SH-SY5Y cells than the other TBFV (Fig.1A). In contrast, TBEV strain HB171, which 

is associated with gastrointestinal symptoms, replicated to significantly higher titers in the 

intestinal cell line CaCo2 when compared to the other TBFV (Fig.1C). The data reflect the 

observed natural tropism of the two TBEV strains. In the astrocytoma cell line SNB19 and the 

neuronal SH-SY5Y cells, LGTV grew to significantly lower titers than the more pathogenic TBEV 

strains (Fig.1A and B). Differences between Neudoerfl and HB171 in astrocytoma cells were 

less clear (Fig.1B). It was also apparent that TBEV strain Neudoerfl replicated faster in CNS-

resident cells than in intestinal cells (Fig.1A-C). In contrast, LGTV replication was delayed in 

neuronal SH-SY5Y cells (Fig.1A). 

 

 
Figure1. Comparison of the replication efficiencies of the different TBFV in neuronal (A), astrocyte (B) and intestinal 
(C) cell lines. Cells were infected at MOI 0.1 and supernatants were collected at 0, 24, 48 and 72 hours post infection. 
Viral RNA was extracted from culture supernatants and quantified by qRT-PCR. Genome copy numbers of Neudoerfl 
are shown in green, HB171 in blue and LGTV in pink. All infections were performed in triplicates and repeated three 
times. Statistical analyses were performed by Tukey’s multiple comparison test, *p < 0.1, **p < 0.01, ***p < 0.001, 
****p < 0.0001 
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3.2. The UPR is activated by TBFV infection of CNS and intestinal cells 

Next, we analyzed the lysates of infected cells for the expression of different cellular factors that 

are associated with the three different UPR pathways, namely GRP78/BiP as a general ER 

stress marker, XBP1 for the IRE1 pathway, ATF6 for the ATF6 pathway and eIF2α or p-eIF2α 

for the PERK pathway. While UPR induction with drugs, such as tunicamycin or thapsigargin, 

led to similar levels of XBP1 expression in the tested cell lines, the kinetics were much faster 

than for TBEV infection, leading to high levels of XBP1 expression within hours rather than days 

(data not shown). For this reason, drug treatments have not been included as positive control in 

the infection experiments. Interestingly, very little BiP could be detected in neuronal SH-SY5Y 

cells upon infection with any of the viruses (Fig. 2A). The neuronal SH-SY5Y cells did not survive 

infection with either TBEV strain for up to 72 hours, whereas infection with LGTV was tolerated 

for longer time frames due to the delayed replication kinetics. Thus, UPR-associated prtein 

expression in SH-SY5Y cells upon TBEV infection was only measured up to 48 hours post 

infection (Fig. 2A). The IRE1 activation marker XBP1 was strongly induced in neuronal SH-

SY5Y and intestinal Caco-2 cells upon infection with all three TBFV and in astrocytoma SNB19 

cells upon infection with TBEV Neudoerfl (Fig. 2A). In contrast, the ATF6 and PERK pathways 

appear to play only a minor role in TBFV infection of the tested cell lines. Both pathways were 

not activated in neuronal SH-SY5Y cells upon infection with TBEV Neudoerfl or LGTV, but were 

induced at 24 hours in TBEV HB171 infected cells with ATF6 and p-eIF2α levels detectable 

even earlier than XBP1 in these cells (Fig. 2A). A late induction of the ATF6 pathway could be 

observed for TBEV Neudoerfl infected astrocytoma SNB19 cells at 72 hours post infection. 

However, proteolytically activated ATF6 was not detected in any of the samples. Low-level 

phosphorylation of eIF2α was detectable in SNB19 cells infected with TBEV HB171 and LGTV 

starting at 24 hours post infection (Fig. 2B). Finally, in intestinal CaCo2 cells a low-level induction 

of ATF6 was detectable in LGTV infected cells (Fig. 2C). Our data indicate that IRE1 activation, 

leading to the expression of the active transcription factor XBP1, may be the most distinct UPR 

pathway in TBFV infection of relevant target cells. 
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Figure 2. Induction of three different pathways of the UPR by the different TBFV in neuronal (A), astrocyte (B) and 
intestinal (C) cells. Cells were infected at MOI 0.1 and cell lysates were collected at 0, 24, 48 and 72 hours post 
infection. The lysates were analyzed by SDS-PAGE and Western blot probed for proteins of the IRE1 pathway 
(GRP78/BiP, XBP1), the ATF6 pathway (ATF6) or the PERK pathway (eIF2α, p-eIF2α). The experiments were 
repeated three times and a representative blot is shown. GAPDH was included as a housekeeping control. Asterisks 
(*) indicate unspecific bands in GAPDH controls for eIF2α due to incomplete stripping of the membrane and presence 
of residual eIF2α signal. (D) Quantification of XBP1 Western blot signal intensities of three independent experiments 
and comparison of XBP1 protein levels in the three tested cell lines for each TBFV. *p < 0.05 

 

3.3. TBFV-induced IRE1 activation differs between cell types and viral strains 

When we compared IRE1 activation between cell types and viral strains, we found that the 

kinetics of the induction of this pathway in SH-SY5Y cells varied substantially between different 

TBFV strains. While XBP1 is readily detectable after 24 hours in TBEV Neudoerfl infected cells 

and peaks at 48 hours post infection, XBP1 becomes apparent only at 48 hours post infection 

in TBEV HB171 infected cells (Fig. 2A). LGTV induces XBP1 expression even later at 72 hours 

post infection, which can be explained by the delay in replication (Fig. 1A). In astrocytoma 

SNB19 cells, differences between viral strains become even more apparent. BiP is strongly 

induced by infection with TBEV Neudoerfl, but to a lesser extent with the other two TBFV (Fig. 

2B). Similarly, the IRE1 activation marker XBP1 is expressed at high levels in SNB19 cells at 24 

and 48 hours post infection with TBEV Neudoerfl, but is only mildly induced in cells infected with 

the other two TBFV (Fig. 2A). The strong reactions of neuronal SH-SY5Y and astrocytoma 

SNB19 cells to infection with the neurotropic TBEV Neudoerfl suggests a possible role of these 

CNS-resident cells in viral pathogenesis. The induction of the IRE1 activation marker XBP1 in 

intestinal Caco-2 cells appears earlier after infection with TBEV HB171 with a protein band 

becoming visible already at 24 hours post infection (Fig. 2C), which correlates with the naturally 
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observed tropism of this virus strain. Quantification of XBP1 Western blot signal intensities from 

three independent experiments revealed differences between the three tested cell lines (Fig. 

2D). While TBEV HB171 and LGTV induced significantly lower levels of XBP1 expression in 

SNB19 cells compared to CaCo2 cells at 48 hours post infection, no such difference was 

observed for TBEV Neudoerfl. 

 

 

Figure 3. Analysis of XBP1 mRNA splicing by IRE1 
after infection of neuronal (A), astrocyte (B) and 
intestinal (C) cells with the different TBFV. Cells were 
infected at MOI 0.1 and cell lysates were collected at 
0, 24, 48 and 72 hours post infection. Cellular RNA 
was extracted from lysates, quantified by RT-PCR and 
analyzed on an agarose gel. Spliced XBP1 (XBP1s) 
can be distinguished from unspliced XBP1 (XBP1u) 
by a shift towards a lower molecular weight. GAPDH 
was used as a housekeeping control. The experiment 
was repeated three times and a representative gel is 
shown. 

 

 

3.4. Unconventional splicing of XBP1 confirms activation of IRE1 signaling by TBFV infection 

As IRE1 activation was found to be important in TBFV infection, we sought to confirm our 

observation on the level of XBP1 mRNA. The infection of all three cell lines with the three TBFV 

was performed as before, but cell lysates were harvested at different time points for extraction 

of mRNA, RT-PCR and subsequent detection of spliced and unspliced forms of XBP1 cDNA. 

Our PCR data are consistent with an induction occurring at the protein level. While XBP1 mRNA 

unconventional splicing in neuronal SH-SY5Y cells is similar after infection with both TBEV 

strains, it is faster and more pronounced in CaCo2 cells upon infection with TBEV HB171 (Fig.3). 

Interestingly, despite the low level of XBP1 protein induction in astrocytoma SNB19 cells after 

infection with TBEV HB171 and LGTV, XBP1 mRNA splicing seems to occur at a similar level 

compared to TBEV Neudoerfl infected cells, though with slower kinetics for LGTV (Fig. 3). 
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Figure 4. Infection experiments with the neuronal cell line SH-SY5Y were repeated as described in Fig. 1, but 
cells were pre-treated with IRE1 inhibitors KIRA6 (KIRA), STF083010 (STF) and GSK2850163 (GSK) for four 
hours prior to infection as well as after infection or left untreated. Viral RNA was extracted from culture 
supernatants and cell lysates were collected at 0, 24, 48 and 72 hours post infection. Infections of untreated 
cells with Neudoerfl are shown in green (A), HB171 in blue (B) and LGTV in pink (C). Infections of cells 
pretreated with KIRA are shown in light brown, STF in light grey and GSK in dark grey, respectively. All infections 
were performed in triplicates and repeated three times. Statistical analyses were performed by multiple unpaired 
t-test, *p < 0.1, **p < 0.01, ***p < 0.001, ****p < 0.0001. Cell lysates were analyzed for XBP1 expression after 
infection with Neudoerfl (D), HB171 (E) or LGTV (F). GAPDH expression was analyzed as a housekeeping 
control. A representative blot is shown. 

 

3.5. Inhibition of the IRE1 pathway leads to a reduction of virus replication in astrocytoma cells 

To investigate the role IRE1 induction may play for virus replication in the three different cell 

lines, we used three IRE1 inhibitors with different mechanisms blocking either the kinase activity 

of IRE1 (KIRA6) or the endonuclease activity (STF083010) or both (GSK2850163). Non-toxic 

concentrations of the inhibitors were independently determined for each cell line by incubation 

with serial dilutions of the inhibitors for up to 72 hours and subsequent measurement of cell 

viability (data not shown). Cells were pre-treated for four hours prior to infection to ensure the 

inhibitors took effect by the time of infection. In neuronal SH-SY5Y cells, the inhibitors KIRA6 

and STF083010 were able to completely block the induction of XBP1, while residual protein was 

detected after treatment with GSK2850163 (Fig. 4D-F). Inhibition of IRE1 in neuronal SH-SY5Y 

cells led to a reduction of viral replication for all three viruses, though differences were not 

significant (Fig. 4A-C). In contrast, in astrocytoma SNB19 cells, viral replication was reduced 

significantly with the most pronounced effects observed for GSK2850163, despite the detection 

of residual XBP1 at later time points (Fig. 5A-F). The dual inhibitor also had an effect on viral 

replication in CaCo2 cells, though the differences in viral titers were lost at later time points (Fig. 

6A-C). Despite the use of higher inhibitor concentrations in the more robust CaCo2 cell line, 

more residual XBP1 protein was detected after inhibitor treatment than with the other cell lines, 
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especially at later time points, indicating a limited half-life of the compounds (Fig. 6C-F). Our 

data indicates a supporting role of the IRE1 pathway fir TBFV infection in CNS and intestinal 

cells as evidenced by a reduction in viral replication upon complete or partial inhibition of this 

UPR pathway. 

 

 
Figure 5. Infection experiments in the astrocyte cell line SNB19 were performed as described in Fig. 4. Infections 
of untreated cells with Neudoerfl are shown in green (A), HB171 in blue (B) and LGTV in pink (C). Infections of 
cells pretreated with KIRA are shown in light brown, STF in light grey and GSK in dark grey, respectively. All 
infections were performed in triplicates and repeated three times. Statistical analyses were performed by 
multiple unpaired t-test, *p < 0.1, **p < 0.01, ***p < 0.001, ****p < 0.0001. Cell lysates were analyzed for XBP1 
expression after infection with Neudoerfl (D), HB171 (E) or LGTV (F). GAPDH expression was analyzed as a 
housekeeping control. A representative blot is shown. 

 

 

 

4. Discussion 

In the present study, we describe a differential pattern of UPR activation by two strains of TBEV 

in CNS cells. This suggests that UPR activation may be involved in the immune response 

against viral infection and neuroinflammation observed in TBEV infection of the CNS. Different 

observations have been made in previous studies on UPR activation by TBEV and related 

flaviviruses [14, 16, 18-21, 23, 24]. While all studies supported a role of the UPR in flavivirus 

infection, the signaling pathways implicated differed. Thus, the PERK pathway has been 

associated with cell survival and extended viral replication in DENV-2-infected canine kidney 

MDCK or mosquito C6/36 cells [29, 30]. By contrast, this pathway mediates apoptosis in JEV-

infected mouse neuronal Neuro-2a cells [31] and restriction of LGTV replication in human 

embryonal kidney 293T cells [14]. This suggests a virus- and cell-type dependent activation of 

the three arms of the UPR. Additionally, a time-dependent activation of the different pathways 



69 
 

throughout consecutive stages of DENV-2 infection has been demonstrated [17], adding another 

layer of differential regulation of cellular stress responses by flaviviruses. In the present study, 

we found little evidence of PERK induction upon TBFV infection of relevant target cells with only 

a minor increase in phosphorylated eIF2 in astrocytoma cells. 

 

 
Figure 6. Infection experiments in the intestinal cell line CaCo2 were performed as described in Fig. 4. Infections 
of untreated cells with Neudoerfl are shown in green (A), HB171 in blue (B) and LGTV in pink (C). Infections of 
cells pretreated with KIRA are shown in light brown, STF in light grey and GSK in dark grey, respectively. All 
infections were performed in triplicates and repeated three times. Statistical analyses were performed by 
multiple unpaired t-test, *p < 0.1, **p < 0.01, ***p < 0.001, ****p < 0.0001. Cell lysates were analyzed for XBP1 
expression after infection with Neudoerfl (D), HB171 (E) or LGTV (F). GAPDH expression was analyzed as a 
housekeeping control. A representative blot is shown. 

 

 
The two other arms of the UPR, the IRE1 and ATF6 pathways, have mostly been implicated 

in the restoration of cellular homeostasis under stress conditions [32] and, in the context of 

infection, may play a supportive role in viral protein production. While ATF6 has mainly been 

implicated in ER quality control, IRE1 has been described to have an extended role in protein 

synthesis and transport [32]. A knock-out of ATF6 had no effect on DENV replication [17]. In 

contrast, WNV production decreased in the absence of ATF6 [13]. ATF6 has been shown to be 

upregulated in nervous tissue in a mouse model for ZIKV infection and likely contribute to 

neuropathogenesis [16]. Moreover, Yu et al. observed the proteolysis and translocation of ATF6 

during TBEV infection of human embryonic kidney cells [24]. In our study, the ATF6 signaling 

pathways seemed to play a minor role in TBFV infection. An increase of full-length ATF6 protein 

was detected at late time points in neurotropic TBEV Neudoerfl infection of astrocytoma cells 

and throughout the course of LGTV infection of intestinal cells. However, no proteolytic cleavage 

or translocation of activated ATF6 could be observed. Furthermore, based on our data, ATF6 

does not play a role in UPR induction in neuronal cells. 
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Our study of TBFV-mediated UPR activation in relevant viral target cells identified the IRE1-

XBP1 axis as the dominant pathway. The strongest indicator of IRE1 pathway activation is 

unconventional splicing and expression of the active XBP1s transcription factor [33]. XBP1s in 

turn regulates processes associated with modulation of ER function, organelle expansion, and 

energy metabolism [34]. Additional XBP1s target genes include ERAD components that reduce 

the protein burden by targeted proteolysis and cellular factors required for protein trafficking to 

the Golgi [35]. Besides XBP1, IRE1 cleaves also other mRNAs to limit translocation to the ER 

through regulated IRE1-dependent decay (RIDD) [36]. By association with TRAF2, IRE1 

activation further channels into innate immune pathways via NFB and JNK signaling leading to 

inflammation and apoptosis [37]. Situated at the crossroads between mRNA and protein 

degradation, maintenance of cellular homeostasis and innate immune signaling, the IRE1 arm 

of the UPR dictates cell fate. Therefore, it is not surprising that viruses interact with and 

manipulate this pathway. For many flaviviruses, IRE1 pathway activation has been described to 

play a supportive role by promoting biogenesis and secretion of virions [13, 16, 17, 21, 23, 24]. 

In fact, the characteristics of a flavivirus infected cell with largely expanded ER, activated IRE1 

and upregulated XBP1s, resemble the environment of secretory cells, such as plasma cells, 

whose increased production of large amounts of IgG induces ER stress and activates the UPR 

[33, 38]. This may be explained by the similar demands put on the biosynthetic and secretory 

pathways of the infected cell by viral replication, assembly, budding and release of virions. In 

the CNS, dysregulation of IRE1 signaling is implicated in a number of neurodegenerative 

disorders [39]. It has been suggested that neuroinflammation following infection with neurotropic 

viruses may play a role in these mechanisms [40-44]. Our observation that IRE1 activation in 

astrocytoma cells was exclusive for the neurotropic pathogenic TBEV strain Neudoerfl, suggests 

that immune-mediated pathomechanisms may contribute to the severe form of the disease that 

is not observed for the other two viruses. Furthermore, the different kinetics of virus replication 

and IRE1 activation in neuronal cells indicate a heavier protein biosynthesis burden in cells 

infected with TBEV strain Neudoerfl. This goes in line with IRE1 inhibition having the strongest 

effect on viral replication in astrocytoma cells. The lack of a full inhibition of viral replication by 

any of the tested inhibitors suggests a supporting but non-essential role of IRE1 signaling for 

viral replication.  

Differences in UPR signaling between diverse viral strains and closely related viruses 

demonstrate how viruses of varying pathogenicity activate and exploit UPR pathways in distinct 

ways [2, 7, 14, 31, 45]. In our study, we focused on TBFV with differing pathogenic potential and 

performed our analysis of UPR pathways in relevant human target cells of TBEV infection. The 

replication efficiency and ability to induce the UPR in these cells seem to correlate with the 

naturally observed tropism of the virus strains. This hints at the UPR as an important mechanism 

for TBFV replication that could be used to judge the pathogenic potential of different virus strains 
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and represents a possible target for therapeutic intervention. In fact, ER stress responses are 

targeted in a number of completed and ongoing clinical trials for metabolic diseases, such as 

diabetes, cancer, vascular disease and immune function in yellow fever virus infection (e.g. 

https://clinicaltrials.gov: NCT02368704, NCT00773747, NCT04001647, NCT04267809). Based 

on our data, the impact of TBEV-mediated IRE1 induction in astrocytes on immune signaling 

and protection of neurons presents an interesting objective for further studies. 
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Abstract  

Tick-borne encephalitis virus (TBEV), a member of the Flaviviridae family, is typically transmitted 

upon tick bite and can cause meningitis and encephalitis in humans. In TBEV infected mice, 

mitochondrial antiviral signaling protein (MAVS), the downstream adaptor of retinoic acid 

inducible gene I-like receptor (RLR)-signaling, is needed to induce early type I interferon (IFN) 

responses and to confer protection. To characterize the brain resident cell subset that produces 

protective IFN-β in TBEV infected mice, we isolated neurons, astrocytes and microglia from mice 

and exposed these cell subsets to TBEV in vitro. Under such conditions, neurons showed the 

highest percentage of infected cells, whereas astrocytes and microglia were infected to a lesser 

extent. In the supernatant (SN) of infected neurons, IFN-β was not detectable, while infected 

astrocytes showed high and microglia low IFN-β expression. Transcriptome analyses of 

astrocytes implied that MAVS-signaling was needed early after TBEV infection. Accordingly, 

MAVS-deficient astrocytes showed enhanced TBEV infection and significantly reduced early 

IFN-β responses. Nevertheless, at later time points, moderate amounts of IFN-β were detected 

in the SN of infected MAVS-deficient astrocytes. Transcriptome analyses indicated that MAVS-

deficiency negatively affected the induction of early anti-viral responses, which resulted in 

significantly increased TBEV replication. Treatment with MyD88 and TRIF inhibiting peptides 

reduced only late IFN-β responses of TBEV infected WT astrocytes and blocked entirely IFN-β 

responses of infected MAVS-deficient astrocytes. Thus, upon TBEV exposure of brain-resident 

cells, astrocytes are important IFN-β producers showing biphasic IFN-β induction that initially 

depends on MAVS- and later on MyD88/TRIF-signaling. 

Graphical abstract  
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Significance statement 

Tick-borne encephalitis virus (TBEV) is a zoonotic pathogen constantly spreading in Europe and 

Asia. TBEV is mostly transmitted by the bite of infected ticks and the infection can lead to the 

development of encephalitis. Although an approved vaccine is available, due to the poor 

understating of disease pathogenesis treatment options are limited and ineffective. Here we 

uncovered that upon TBEV infection of brain-resident cells, astrocytes are important IFN-β 

producers, thus contributing to innate antiviral responses. Moreover, we found that IFN-β 

induction in astrocytes by TBEV infection has a biphasic kinetics that initially depends on MAVS- 

and later on MyD88/TRIF-signaling.  
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Introduction  

Tick-borne encephalitis virus (TBEV) is a neurotropic positive-strand RNA virus belonging to the 

Flaviviridae family, genus Flavivirus. This virus is closely related to other flaviviruses such as 

West Nile virus (WNV), Japanese encephalitis virus (JEV), dengue virus (DENV) and others 

(Kuno et al., 1998). TBEV is a constantly spreading zoonotic pathogen in Europe and Asia. The 

virus is transmitted via tick bites or consumption of infected milk (Dumpis et al., 1999; Kerbo et 

al., 2005). Between 2012 and 2016, a total of 12,500 cases of TBEV infection were reported in 

Europe (Beaute et al., 2018) and more recently this number increased up to 13,000 per year 

worldwide (Lindquist and Vapalahti, 2008). Mostly, TBEV infection is associated with moderate 

disease, whereas in 10% of the cases a severe disease course is observed that culminates in 

the development of neurological syndromes such as encephalitis, meningitis and paralysis 

(Gritsun et al., 2003; Heinz and Kunz, 2004; Lindquist and Vapalahti, 2008; Mansfield et al., 

2009). The mortality rate ranges between 0.5 and 30%, depending on the virus strain. 30 to 60% 

of patients who recovered from TBEV induced encephalitis develop neurological sequelae 

(Gritsun et al., 2003; Heinz and Kunz, 2004; Lindquist and Vapalahti, 2008; Mansfield et al., 

2009). The increasing numbers of cases of TBEV induced encephalitis and the expansion of 

TBEV-affected areas in Europe enhance the medical relevance of TBEV. A vaccine is available, 

however, it is often not recommended outside of known endemic areas (Hellenbrand et al., 

2019). Treatment options are not causative and limited to supportive care. This is due to the 

limited understanding of TBEV pathogenesis and immunity (Lani et al., 2014). 

Upon bites by TBEV infected ticks, the virus is able to reach the central nervous system (CNS). 

While, multiple CNS entry routes have been described for flaviviruses (Koyuncu et al., 2013), 

TBEV was shown to gain access by direct infection of brain microvascular endothelial cells 

(Palus et al., 2017). Within the CNS, TBEV productively infects neurons and astrocytes, which 

leads to the development of neuropathology (Bílý et al., 2015; Palus et al., 2014; Růžek et al., 

2009). CNS-resident cells are able to sense virus RNA through pattern recognition receptors 

(PRRs) and then mount anti-viral responses (Goubau et al., 2013). The PRRs mainly involved 

in the sensing of RNA viruses include the endosomal Toll-like receptors (TLR) and the 

cytoplasmic retinoid acid-inducible gene-I (RIG-I)-like receptors (RLR) (Carty et al., 2014; 

Goubau et al., 2013; Kawai and Akira, 2011). While TLRs are differentially expressed on CNS 

resident cell subsets, RLRs were shown to be ubiquitously expressed (Furr et al., 2008; 

McCarthy et al., 2017; Trudler et al., 2010). Upon sensing of virus RNA within the cytosol, RLRs 

including RIG-I, LGP2 and MDA5 trigger downstream signaling through the adaptor molecule 

mitochondrial antiviral signaling protein (MAVS) (Hou et al., 2011). Triggering of MAVS induces 

activation of the transcription factors IRF3 and NF-B, which leads to the induction of protective 

type I interferon (IFN) responses and expression of anti-viral genes (Sharma et al., 2003). 
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Studies on TBEV pathogenesis revealed a crucial role of RLR signaling in the initiation of anti-

viral immune responses. Upon infection with TBEV or Langat virus (LGTV), a low-virulent 

relative of TBEV, MAVS deficient mice (MAVS ko) showed enhanced susceptibility to lethal 

infection (Kurhade et al., 2016). Moreover, it was shown that LGTV infected MAVS ko animals 

presented with enhanced viral loads in the CNS. The lack of the MAVS adaptor molecule was 

correlated with an increased LGTV replication within neurons and astrocytes (Kurhade et al., 

2016). Recently, it became evident that astrocytes actively participate in generating protective 

immunity upon TBEV infection. Cytokines and chemokines were shown to be released from 

astrocytes, thus contributing to the induction of an anti-viral state (Lindqvist et al., 2016; Pokorna 

Formanova et al., 2019). Nonetheless, the astrocytic intrinsic mechanisms that initiate anti-viral 

responses upon TBEV infection are not well understood. Here we showed that murine neurons, 

astrocytes and microglia are productively infected upon in vitro exposure to TBEV, whereas 

astrocytes are the main producers of IFN-β protein. Transcriptome analyses revealed that the 

mechanisms underlying astrocytic responses to TBEV were strictly dependent on MAVS-

signaling at early stages of infection, as MAVS ko astrocytes showed increased infection and 

reduced IFN-β production. Nevertheless, at later stages of infection, MAVS ko astrocytes 

mounted moderate IFN-β responses indicating the contribution of MAVS-independent 

mechanisms, which turned out to be MyD88/TRIF-signaling. 

 

Materials and Methods 

Ethics approval and consent to participate: All mice were bred and kept under specific 

pathogen-free conditions in the central mouse facility of the Helmholtz Centre for Infection 

Research, Brunswick, and at TWINCORE, Centre for Experimental and Clinical Infection 

Research, Hanover, Germany. Mouse experimental work was carried out in compliance with 

regulations of the German Animal Welfare Law. 

 

Virus propagation and quantification 

TBEV strain Neudoerfl (GenBank accession number U27495) was originally isolated from a tick 

in Austria in 1971 (Mandl et al., 1989). The virus is a gift from the collection of the Department 

of Microbiology of the German Armed Forces in Munich, Germany and was passaged twice in 

A549 cells (RRID:CVCL_0023) by infection at MOI 0.01 in high-glucose Dulbecco’s modified 

Eagle’s medium (DMEM) supplemented with penicillin (10,000 U/mL), streptomycin (10 mg/mL) 

and L-glutamine (200 mM) (Sigma). After one hour of incubation, the inoculum was removed 

and exchanged by DMEM supplemented with 2% fetal calf serum (FCS), penicillin and 

streptomycin, and L-glutamine. The supernatant was collected after five days and virus titration 
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was performed on A549 cells (RRID:CVCL_0023). Viral RNA was extracted from culture 

supernatants with Qiagen Viral RNA Mini kit and quantification of genome copies was performed 

by probe-based quantitative RT-PCR as previously described (Schwaiger and Cassinotti, 2003). 

 

Mice 

C57BL/6 (Wild type or WT, Envigo, RRID:IMSR_JAX:000664) and B6.STOCK-Mavs(tm1Tsc) 

(MAVS ko, RRID:MGI:3802510) (Michallet et al., 2008) mice were bred under specific pathogen-

free conditions in the central mouse facility of the Helmholtz Centre for Infection Research, 

Brunswick, and at TWINCORE, Centre for Experimental and Clinical Infection Research, 

Hanover, Germany. Mouse experimental work was carried out in compliance with regulations of 

the German Animal Welfare Law. 

 

Murine primary CNS resident cell isolation and culturing  

Mice were euthanized by cervical dislocation and embryos extracted under sterile conditions. 

Neurons were isolated and cultivated from mouse embryos at embryonic day 12.5, for each 

preparation a total of 5-7 embryos were used. The cortex was freed of meninges and dissected 

on ice-cold PBS using a stereomicroscope (Nikon, SMZ45T), then it was collected in ice-cold 

Hanks Balanced Salt Solution (HBSS, Gibco) and minced using fine dissection scissors. Next, 

the minced tissue was incubated in 500 μL of trypsin-EDTA (Biochrome) and 2 μl of DNase 

(Roche) for 8 minutes at 37°C. 4 mL of DMEM medium (Gibco) was then added and mechanical 

dissociation with a 1 mL pipet was performed. The solution containing the dissociated cortex 

was then resuspended in 2 mL of neurobasal complete medium (Gibco) containing media 

supplements (1x B-27, Gibco; 1x N2, Gibco; 1% Pen/Strep, Capricorn; 1% GlutaMax, Gibco) 

and neurons were seeded in poly-L-lysine (Sigma) coated 24-well plates or on poly-L-lysine 

coated glass coverslips at a density of 2.5 x 105 cells per well. Cells were cultured in neurobasal 

complete medium (1x B-27, Gibco; 1x N2, Gibco; 1% Pen/Strep, Capricorn; 1% GlutaMax, 

Gibco) at 37°C in 5% CO2. Neuronal purity was between 75 and 80% and it was determined by 

immunocytochemistry and microscopy. Cells were immunolabelled with NeuN and Dapi and the 

ratio of NeuN and Dapi double-positive cells on the total number of Dapi positive cells was used 

to determine the purity of neuronal culture was between 72 and 80%. Neurons were kept in 

culture for 7 days before infection and fresh neurobasal complete media was added every 

second day.  
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Microglia and astrocytes were isolated as previously described (Prajeeth et al., 2018). In brief, 

6- 8 newborn mice for each cell isolation procedure were decapitated at day 3 post birth, brains 

were dissected and meninges and blood vessels were removed using a stereomicroscope 

(Nikon, SMZ45T). Next, the brains were minced and digested with 0.1% trypsin (Sigma-Aldrich) 

and 0.25% DNAse (Roche), single cell suspensions were seeded in precoated poly-L-lysine 

flasks in DMEM with 1% penicillin / streptomycin (Gibco) supplemented with 10% FCS and 

cultivated at 37°C in 5% CO2. Medium was changed on day 1 and subsequently every 3 days. 

Microglia were collected after 9-11 days of culturing by shaking the flasks at 37°C (180 rpm) in 

an orbital shaker for 40 minutes and plated the microglia at a density of 2.5 x 105 cells per well 

into a 24-well plate or on glass coverslips and kept at 37°C in 5% CO2. Microglia were used the 

following day for experiments. Microglia purity was between 94 and 97% and it was determined 

by flowcytometry, as previously described (Prajeeth et al., 2018). Astrocytes were isolated after 

removing remaining microglia and oligodendrocytes by over-night shaking at 37°C (170 rpm), 

followed by cytosine β-D-arabinofuranoside (AraC, Sigma-Aldrich) treatment for 3 days at 37°C 

in 5% CO2. Astrocytes were detached by trypsin-EDTA (bio-sell) treatment and plated into a 24-

well plate or on glass coverslips at a density of 2.5 x 105 cells per well and kept at 37°C in 5% 

CO2. Medium was changed 24 hours after seeding and then used for infection. Astrocytes purity 

was 95 to 98% and it was determined by flowcytometry, as previously described (Prajeeth et al., 

2018).  

 

Infection and treatment of CNS primary cells  

All cell types were inoculated with a MOI of 1 of TBEV in serum- and antibiotic free DMEM 

medium for 1 hour at 37°C in 5% CO2, then washed with warm PBS and incubated with the 

respective culture media at 37°C in 5% CO2. MyD88 and TRIF inhibition experiments were 

performed by pre-treating astrocytes with 5 µM of Pepinh-MYD and Pepinh-TRIF (Invivogen) for 

8 hours. At 12 and 24 hours post infection, cell-free SN was collected and stored at -80°C for 

IFN- analysis and TBEV copy number determination. The adhering cells for RNA analyses 

were then harvested and lysed by TRIzol (Thermo Fischer) and stored at -80°C.  

 

Immunocytochemistry and microscopy  

Coverslips were fixed in 4% paraformaldehyde for 20 minutes at RT, then washed and stored in 

PBS. Non-specific binding of antibodies was inhibited by incubation for 1 hour at room 

temperature with blocking buffer containing 3% donkey serum (Sigma-Aldrich) and 0.3% Triton 

(Sigma-Aldrich) in PBS. Next, the primary antibodies in blocking buffer were added for 2 hours 

at 4°C. Excess antibodies were removed through 3 washing steps with PBS before incubation 
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for 1 hour at room temperature with the secondary antibodies in blocking buffer. After washing, 

nuclei were counterstained with DAPI (4’,6-diamino-2-phenylindole, 1:10.000, Thermo Fisher 

Scientific, RRID:AB_2307445) and the coverslips were mounted with mounting medium (DAKO) 

on glass slides. Pictures were taken on a Leica microscope SP8 using LAS-X software and 

analyzed by Fiji (RRID:SCR_002285). Primary antibodies: rabbit anti-mouse -III tubulin (Tuj1) 

(Biolegend; 1:400; RRID:AB_2313773), rabbit anti-mouse GFAP (Millipore; 1:400, 

RRID:AB_2109645), rabbit anti-mouse Iba-1 (Wako; 1:200, RRID:AB_839506) and mouse anti-

dsRNA (J2, Scicons English and Scientific Consulting, TBEV replication foci; 1:500, 

RRID:AB_2651015). Secondary antibodies: donkey anti-rabbit AF555 (Invitrogen; 1:500, 

RRID:AB_162543), donkey anti-mouse AF594 (Invitrogen; 1:500, RRID:AB_141633), and 

donkey anti-mouse AF 647 (Invitrogen; 1:500, RRID:AB_162542).  

 

IFN- analysis 

IFN-β protein levels were determined from cell-free SNs of mock treated and TBEV infected 

cells, using the VeriKine Mouse Interferon ELISA kits (PBL Assay Science, RRID:SCR_006852) 

and VeriKine Mouse Interferon ELISA High Sensitivity kits (PBL Assay Science, 

RRID:SCR_006852) according to the manufacturer’s handbook. 

 

Determination of viral titer by TCID50 

Quantification of infectious viral particles from SNs of infected astrocytes was performed by 

Medium Tissue Culture Infectious Dose (TCID50) method as previously described (REED and 

MUENCH, 1938). Briefly, SNs of infected primary astrocytes were collected and stored at -80°C, 

SNs were thawed and 10-fold serial dilutions were transferred onto a monolayer of BHK-21 cells 

(RRID:CVCL_1915). At five days post infection, the cytopathic effect of virus replication was 

analyzed by microscopy and the TCID50 value as well as the corresponding plaque forming 

units per milliliter (PFU/ml) was calculated using the method by Reed and Muench (REED and 

MUENCH, 1938).  
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Table 1: Antibody information 

 

Name Supplier ID RRID Immunogen, host Dilution 

Tuj1 
BioLegend; 
Cat# 801201 

RRID:AB_2313773 

Purified anti-Tubulin 
beta 3 (TUBB3) 
antibody, Mouse 
monoclonal 

1:400; IF 

GFAP 
Millipore; Cat# 
AB5804 

RRID:AB_2109645 

Anti-Glial Fibrillary 
Acidic Protein 
(GFAP) antibody, 
Rabbit polyclonal 

1:400; IF 

Iba-1 

FUJIFILM 
Wako 
Shibayagi; 
Cat# 016-
20001 

RRID:AB_839506 
Anti Iba1 antibody, 
Rabbit monoclonal 

1:200; IF 

dsRNA 
SCICONS; 
Cat# 10010200 

RRID:AB_2651015 
J2 monoclonal 
antibody (mAb), 
Mouse monoclinal 

1:500; IF 

Donkey 
IgG 
AF555 

Thermo Fisher 
Scientific; Cat# 
A-31572 

RRID:AB_162543 

Donkey anti-Rabbit 
IgG (H+L), 
Polyclonal, Alexa 
Fluor 555 

1:500; IF 

Donkey 
IgG 
AF594 

Thermo Fisher 
Scientific Cat# 
A-21203 

RRID:AB_141633 

Donkey anti-Mouse 
IgG (H+L), 
Polyclonal, Alexa 
Fluor 594 

1:500; IF 

Donkey 
IgG 
AF647 

Thermo Fisher 
Scientific Cat# 
A-31571 

RRID:AB_162542 

Donkey anti-Mouse 
IgG (H+L), 
Policlonal, Alexa 
Fluor 647 

1:500; IF 

DAPI 
Thermo Fisher 
Scientific Cat# 
D3571 

RRID:AB_2307445 Monoclonal 1:10000; IF 

 

 

RNA isolation and sequencing 

RNA was isolated from WT and MAVS ko astrocytes either untreated or TBEV infected for 12 

or 24 hours. RNA was extracted using Direct-zol RNA Miniprep Plus Kit (Zymo Research) 

according to the manufacturer’s instructions. RNA quality and integrity were assessed with 
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Bioanalyzer 2100 (Agilent) and samples with RIN value > 8.0 were selected for further 

processing. Sequencing libraries were constructed and processed on Illumina NovaSeq-600 

platform with 50 bp paired-end reads configuration. Quality control of the sequenced raw 

FASTQ-files was performed with FastQC software (version 0.11.9) and mapped to Ensembl 

mouse genome reference version GRCm38 (mm10) using STAR (Dobin et al., 2013) (version 

2.5.4b). Gene abundance was also determined by STAR, and differential expression analysis 

was performed with the DESeq2 package (Love et al., 2014) in the R environment 

(RRID:SCR_000432), setting the FDR to 0.05. Functional annotation and enrichment analysis 

was performed, as previously described (Beissbarth and Speed, 2004), on the sets of 

differentially regulated genes using the Gene Ontology and Reactome databases. 

 

Statistical analysis  

Data are represented as mean  standard deviation (SD). Statistical analysis was performed 

with GraphPad Prism Version 9.0a (RRID:SCR_002798) for Mac OS X adopting unpaired 

Student´s t test, two tailed Mann–Whitney U test, one-way ANOVA with Tukey´s multiple 

comparison test or ordinary 2way ANOVA with Sidak´s multiple comparisons test; ns= not 

significant (P> 0.05), *P< 0.05**P< 0.01; ***P< 0.001; ****P< 0.0001. RNA-seq data analysis 

and the principal component analysis were performed with the statistical software RStudio 

(RRID:SCR_000432). 

 

Results 

Among brain-resident cell subsets, astrocytes are major IFN- producers upon in vitro 

TBEV infection 

To investigate the permissiveness of murine CNS-resident cell subsets to TBEV infection, 

primary neurons, microglia and astrocytes isolated from C57BL/6 (WT) mice were exposed to 

TBEV Neudoerfl strain in cell culture at MOI 1. After 12 hours of incubation, all three cell subsets 

showed TBEV infection, as indicated by replication foci that were detected in perinuclear regions 

of the cytoplasm of infected cells (Fig. 1a, Supplementary Fig. 1). Approximately 40% of the 

neurons displayed such replication foci, whereas amongst astrocytes and microglia only 26% 

and 18% of the cells were infected, respectively (Fig. 1b). Quantification of IFN- protein levels 

in the SNs revealed that at 12 hours post infection (hpi) astrocytes produced significantly higher 

amounts of IFN- than neurons and microglia (Fig. 1c). Thus, upon TBEV exposure, neurons 

showed a high percentage of infected cells and produced less IFN-, whereas astrocytes 
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showed lower percentages of infected cells and produced the highest amounts of IFN- of the 

analysed cell subsets. 

 

MAVS-signaling drives early innate responses in TBEV infected astrocytes 

Transcriptome analyses of TBEV infected primary astrocytes verified the astrocytic identity of 

the analysed cells (Supplementary Fig. 2). At 12 hpi 458 differentially regulated transcripts were 

identified, of which 439 were up- and 19 down-regulated when compared with mock treated cells 

(Fig. 2a). The upregulated transcripts encoded mostly interferons as well as interferon 

stimulated genes, while the downregulated transcripts were none immunoregulatory genes. A 

gene enrichment analysis of the 458 regulated genes indicated that TBEV infected astrocytes 

strongly upregulated genes involved in IFN-signaling pathways, including IFN genes as well as 

genes involved in the RLR-signaling pathway (Fig. 2b). Furthermore, normalized gene counts 

for Ddx58, Eif2ak2, and Ifih1 confirmed the induction of RLR-signaling related genes (Fig. 

2c,d,e). Collectively, these data indicated that astrocytes respond to TBEV infection by 

upregulation of IFN-dependent antiviral genes, and that RLR-signaling presumably is of key 

relevance for virus sensing and the induction of anti-viral responses. 

 

MAVS-signaling is required to restrict TBEV replication in infected astrocytes 

To further address the role of RLR-signaling, we analysed murine astrocytes isolated from mice 

that were deficient of MAVS, the adaptor of RLR-signaling. Upon exposure to TBEV strain 

Neudoerfl at MOI 1, approximately 30% of WT and more than 50% of MAVS ko astrocytes were 

infected at 12 hpi (Fig. 3a), respectively, as indicated by the presence of replication foci (Fig. 

3b). Quantification of the replication foci by determining their overall mean fluorescence intensity 

(MFI) revealed that 12 hpi WT astrocytes displayed low dsRNA signals, while MAVS ko 

astrocytes showed significantly higher signal intensities (Fig. 3c). These data indicated that 

MAVS ko astrocytes showed higher TBEV replication than WT astrocytes. Similarly, 24 hpi WT 

astrocytes were significantly less infected than MAVS ko astrocytes (Fig. 3d), with 50% of WT 

and 85% of MAVS ko astrocytes being infected, respectively (Fig. 3e). Moreover, quantification 

of TBEV replication foci 24 hpi revealed an overall higher virus replication than at 12 hpi, and 

MAVS ko astrocytes showed significantly higher numbers of TBEV replication foci than WT 

astrocytes (Fig. 3f). At 12 hpi, similar numbers of TBEV copies were detected in the SN of 

infected WT and MAVS ko astrocytes, whereas at 24 hpi the number of TBEV copies was 

significantly enhanced in the SN of MAVS ko astrocytes compared with the SN of WT astrocytes 

(Fig. 3g). Quantification of TBEV plaque forming units (PFU) in the SN of infected WT and MAVS 

ko astrocytes revealed no major differences at 12 hpi and 24 hpi, while at 48 hpi higher virus 



86 
 

titres were detected in the SN of MAVS ko astrocytes than in WT astrocytes (Fig. 3h). Moreover, 

infected WT astrocytes produced high amounts of IFN-β already at 12 hpi, which did not further 

increase until 24 hpi (Fig. 3i). In contrast, MAVS ko astrocytes produced very little amounts of 

IFN-β at 12 hpi, whereas at 24 hpi IFN-β levels increased to moderate levels (Fig. 3i). These 

data supported the hypothesis that in TBEV infected astrocytes initially MAVS-signaling and 

later other mechanisms drive IFN-β expression. 

 

Functional MAVS signaling by astrocytes is required for the induction of early IFN and 

ISG responses 

Principal component analysis of transcriptome data of infected and uninfected WT and MAVS 

ko astrocytes showed that the transcriptomes of uninfected WT and MAVS ko astrocytes 

clustered closely together, whereas infection led to an increased variance at 12 hpi as well as 

24 hpi (Fig. 4a). While uninfected controls displayed comparable gene counts independently of 

whether the analysed astrocytes were MAVS competent or deficient, 12 and 24 hpi WT 

astrocytes showed substantially higher gene counts than MAVS ko astrocytes (Supplementary 

Fig. 3a). TBEV infection induced upregulation of several genes in WT and MAVS ko astrocytes 

at 12 and 24 hpi (Supplementary Fig. 3b). Comparative analysis of differentially expressed 

genes (DEGs) at 12 hpi revealed 437 DEGs in WT astrocytes and only 212 DEGs in MAVS ko 

astrocytes. 206 transcripts were common between WT and MAVS ko infected astrocytes, while 

267 DEGs were only found in infected WT astrocytes (Fig. 4b). Similarly, 24 hpi WT and MAVS 

ko astrocytes displayed 632 and 314 DEGs, respectively, of which 274 were common (Fig. 4b). 

To investigate the impact of MAVS-signaling on antiviral genes, a direct comparison of the 

transcriptomes of WT and MAVS ko infected astrocytes was performed. At 12 hpi, WT astrocytes 

showed higher induction of Ifnb1, Ifnab, Ifna2-4-5 and ISGs than MAVS ko astrocytes (Fig. 4c). 

Similarly, at 24 hpi IFN genes and cytokines were found to be more abundantly induced in WT 

than in MAVS ko astrocytes (Fig. 4d). Furthermore, MAVS ko astrocytes showed decreased 

induction of various cytokines and chemokines at 12 and 24 hpi (Supplementary Fig. 3c). 

Interestingly, Il1b and Cxcl5 were upregulated only in infected MAVS ko astrocytes, but not in 

WT astrocytes (Supplementary Fig. 3c). Since lower IFN-β protein levels were detected at 12 

and 24 hpi in the SNs of MAVS ko astrocytes than in WT astrocytes, and at 24 hpi MAVS ko 

astrocytes produced similar amounts of IFN-β as WT astrocytes at 12 hpi (Fig. 3i), we next 

investigated whether MAVS ko astrocytes showed delayed induction of IFN genes. Indeed, 12 

hpi MAVS ko astrocytes showed less abundantly induced Ifnb1, Ifna2 and Ifna4 genes than WT 

astrocytes (Fig. 4e), whereas the induction of IFN genes was stronger in MAVS ko astrocytes 

24 hpi than 12 hpi (Fig. 4e). Similarly, at 12 hpi interferon stimulated genes such as Isg15, Mx1 

and Rasd2 were less abundantly induced in MAVS ko astrocytes than in WT astrocytes, while 
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at 24 hpi these gene were also induced in MAVS ko astrocytes (Fig. 4e). In line with these 

observations, the number of TBEV transcripts was significantly higher in MAVS ko astrocytes 

than in WT astrocytes at 24 hpi (Fig. 4f). Together, these data indicate that the lack of MAVS-

signaling is associated with reduced induction of IFN-β, IFN-s and ISGs, which allows 

enhanced viral replication that further impairs the intrinsic response of astrocytes to TBEV 

infection. 

 

IFN-β induction in infected astrocytes is dependent on sequential MAVS- and 

MyD88/TRIF-signaling 

To further elucidate to what extent MAVS-signaling contributes to the induction of innate immune 

responses, pathways that were upregulated upon TBEV infection in WT, but not in MAVS ko 

astrocytes were investigated. This analysis revealed that at 12 hpi multiple pathways related to 

innate immunity were dependent on functional MAVS-signaling, including cytokine-mediated 

signaling, immune effector processes, regulation of innate immune responses, and the JAK-

STAT cascade (Fig. 5a). At 24 hpi, MAVS-dependent signaling pathways were associated with 

adaptive immunity such as cell-cell adhesion, adaptive immune responses and lymphocyte 

differentiation (Fig. 5a). Interestingly, 24 hpi pathways related to innate immune responses were 

not dependent on MAVS-signaling, pointing towards the activation of MAVS-independent 

signaling. To investigate whether MyD88/TRIF-signaling contributed to the induction of 

protective IFN-β at later stages of in vitro TBEV infection, WT and MAVS astrocytes were treated 

with MyD88 and TRIF inhibitors, then infected with TBEV and IFN-β protein levels in the SNs 

were determined by ELISA. SNs of infected WT astrocytes that were not treated with inhibitors 

contained IFN-β at 12, 24 and 48 hpi (Fig. 5b), whereas SNs of infected MAVS ko astrocytes 

showed significantly lower IFN-β levels at 12 and 24 hpi than WT astrocytes and similar levels 

as WT astrocytes at 48 hpi (Fig. 5b). Upon treatment with MyD88 and TRIF inhibitors, infected 

WT astrocytes showed reduced IFN-β levels at 12 hpi that were further decreased at 24 hpi and 

undetectable at 48 hpi (Fig. 5c), whereas in the SNs of infected MAVS ko astrocytes no IFN-β 

was detectable at any of the tested time points (Fig. 5c). Since MAVS-independent pathways 

conferred the induction of late IFN-β, we hypothesized that TLR stimulation via MyD88/TRIF-

signaling pathways might be relevant. Previous studies showed that astrocytes do not express 

the single stranded RNA sensor TLR7 (Trudler et al., 2010). In contrast, Tlr3 was upregulated 

upon TBEV infection of astrocytes, whereas this effect was stronger in WT than in MAVS ko 

astrocytes at 12 hpi (Fig. 5d). Furthermore, TRIF (Ticam1), the adaptor of Tlr3, was moderately 

upregulated in both infected WT and MAVS ko astrocytes (Fig. 5d). Similarly, MyD88 was 

upregulated in infected WT and MAVS ko astrocytes with a significantly higher induction in WT 

astrocytes at 12 hpi than in MAVS ko astrocytes (Fig. 5d). In conclusion, our data are compatible 
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with the model of a bi-phasic induction of anti-viral responses in TBEV infected astrocytes, while 

at early time points MAVS-signaling and at later time points MyD88/TRIF-signaling is critically 

needed. 

 

Discussion 

Astrocytes are major IFN-β producers during CNS infection with a whole variety of RNA encoded 

viruses, including WNV (Lindqvist et al., 2016), vesicular stomatitis virus (VSV (Detje et al., 

2015)) and rabies virus (RABV (Pfefferkorn et al., 2016)). Here, we observed that upon in vitro 

TBEV infection of murine brain-derived cell subsets, neurons showed the highest extent of 

infection and little IFN-β production. In contrast, astrocytes and microglia were less permissive 

to TBEV infection and produced significantly higher levels of IFN-β. Since astrocytes turned out 

to be the strongest IFN-β producers after TBEV infection, we further investigated the underlying 

mechanisms. Transcriptome analyses revealed that early after infection signaling of MAVS, the 

adaptor of RLRs, is needed to induce IFNs and anti-viral responses in astrocytes. Consistently, 

astrocytes isolated from MAVS deficient mice showed increased TBEV replication as well as 

substantially decreased IFN-β induction early after infection. Interestingly, at later time points 

MAVS-independent and MyD88/TRIF-dependent mechanisms triggered almost normal anti-viral 

responses. These data support the hypothesis that TBEV infected murine astrocytes mount anti-

viral responses in a bi-phasic manner that initially is driven by MAVS- and later by MyD88/TRIF-

signaling. 

In case of flavivirus infection, in vivo as well as in vitro experiments indicated that IFN responses 

are important to limit virus replication and to support recovery from the infection (Best et al., 

2005; Diamond et al., 2000; Lin et al., 2004; Robertson et al., 2009). Accordingly, TBEV infected 

murine astrocytes mount rapid IFN responses (Lindqvist et al., 2018; Lindqvist et al., 2016), 

whereas IFNAR-deficient murine astrocytes showed increased virus replication and cytopathic 

effects (Lindqvist et al., 2016). As a consequence of the induction of IFN responses and 

activation of JAK-STAT signaling, ISGs are induced (Ihle, 1995; Platanias, 2005). Amongst ISGs 

that confer anti-viral effects during flavivirus infection, Oas1 was shown to cleave viral mRNA 

(Perelygin et al., 2002). Similarly, viperin was reported to be induced in astrocytes, and to be 

involved in proteasome-dependent degradation of TBEV and Zika virus (ZIKV) NS3, thus 

restricting TBEV replication and spread (Lindqvist et al., 2018; Panayiotou et al., 2018; 

Upadhyay et al., 2017). We found that TBEV showed sustained replication in MAVS ko 

astrocytes and that substantially reduced RNA levels of IFNs and ISGs, including Oas1 and 

viperin, were induced. TRIM5a has previously been shown to contribute to the restriction of 

infection with TBEV and other flaviviruses in murine astrocytes (Chiramel et al., 2019). 

Interestingly, in our experiments Trim12a, which is the truncated murine homologue of human 
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TRIM5a (Chang et al., 2015), was induced in TBEV infected WT astrocytes at early and late 

time points, whereas its induction was not detectable in MAVS ko astrocytes.  

Earlier studies already suggested a key role of MAVS during LGTV infection, as indicated by 

MAVS ko mice that succumbed to systemic infection and showed higher viral loads and 

accelerated virus spread within the CNS (Kurhade et al., 2016). However, in these experiments, 

cytokine levels in brain homogenates of LGTV-infected MAVS ko mice were similar as in WT 

animals at 4 dpi (Kurhade et al., 2016), suggesting that by that time MAVS-independent 

mechanisms must have been in place triggering cytokine induction within the CNS. Upon RNA 

virus infection, the viral RNA is recognized by TLRs or RLRs including RIG-I and MDA5 (Loo 

and Gale, 2011). RLR-signaling has previously been shown to play a key role in initiating 

immune responses upon flavivirus infection such as WNV, DENV and others (Fredericksen et 

al., 2008; Nasirudeen et al., 2011; Perry et al., 2009). Indeed, in case of in vitro WNV infection, 

RIG-I and MDA5 were shown to be engaged by viral PAMPs that arose during virus replication 

(Fredericksen and Gale, 2006; Shipley et al., 2012). In line with these studies, we showed here 

that in astrocytes induction of early anti-viral responses relies on MAVS-signaling, whereas at 

later stages of infection also MyD88/TRIF-signaling was important. Amongst TLRs, TLR3 and 

TLR7 have previously been shown to be involved in flavivirus sensing, which for downstream 

signaling deploy the adaptors TRIF and MyD88, respectively (Suthar et al., 2013a). However, 

from these TLRs astrocytes only express TLR3 (Trudler et al., 2010). Whereas TLR3 signals via 

the adaptor molecule TRIF (Yamamoto et al., 2003), MyD88 is the adaptor for all other TLRs 

and IL-1 receptor signaling (Adachi et al., 1998; Kawai and Akira, 2010). While it is still unclear 

which viral PAMPs trigger TLR3 during flavivirus infection, previous studies showed that in the 

case of WNV and DENV, TLR3 is involved in the induction of anti-viral responses (Nasirudeen 

et al., 2011); Suthar et al. (2013b); (Tsai et al., 2009). Also, the inflammasome has been shown 

to contribute to the induction of antiviral-responses during WNV and DENV infection (Guerrero 

et al., 2013; Ramos et al., 2012; Wu et al., 2013). However, the signal triggering IL-1β expression 

still has not been uncovered, yet. Here we found that MAVS ko astrocytes show reduced and 

delayed responses to TBEV infection. Nonetheless, TBEV infected MAVS ko astrocytes 

upregulate Tlr3, Ticam1 and Myd88 genes as well as the gene encoding for IL-1β thus 

highlighting a possible explanation for the involvement of MyD88/TRIF signaling during the 

induction of late anti-viral responses. Further studies are needed to reveal whether late anti-viral 

responses of MAVS ko astrocytes involve the TLR3-TRIF and/or the IL-1β-MyD88 axis.  

Similar to the mouse system, within TBEV infected human neurons, the virus replicates, spreads 

and induces cytopathic effects (Bílý et al., 2015; Růžek et al., 2011). Human astrocytes show 

sustained TBEV infection and virus replication without the induction of cytopathic effects or cell 

death until 14 dpi (Palus et al., 2014; Potokar et al., 2014). Recently it was shown that human 
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neurons and astrocytes differentially respond to TBEV infection. While neurons were more 

susceptible to the infection and showed reduced immune responsiveness, astrocytes were more 

resistant to the infection and mounted stronger anti-viral responses. Moreover, astrocytes 

contributed to neuronal protection against TBEV infection (Fares et al., 2020; Pokorna 

Formanova et al., 2019). During TBEV infection of human astrocytes, the RLRs RIG-I and 

MDA5, but not TLR3, sense TBEV NS5 and activate IRF-3 signaling, which leads to the 

production of CCL5 (Zheng et al., 2018). A recent study analysing RNA expression profiles of 

TBEV infected human neuro-glia cultures, i.e., neuron and astrocyte cocultures, showed that in 

astrocytes the transcripts of Ddx58, Oas2, IFN-β, Mx1, Trim5a and Rasd2 were even more 

abundantly induced than in neurons (Fares et al., 2020). We also observed upregulation of these 

transcripts in TBEV infected WT astrocytes, whereas in MAVS ko astrocytes the induction of the 

respective transcripts was significantly decreased.  

Fares et. al. showed that at early stages of the infection, human TBEV infected astrocytes show 

TLR3 expression that is close to basal levels, whereas at 24 hpi TLR3 expression is significantly 

enhanced (Fares et al., 2020). We also observed induction of TLR3 upon infection of both, WT 

and MAVS ko astrocytes. Interestingly, a previous study showed that in humans a functional 

TLR3 is a risk factor for the development of encephalitis during TBEV infection (Kindberg et al., 

2011). In contrast, mouse studies with other flaviviruses such as WNV and ZIKV revealed a 

protective role of TLR-signaling (Sabouri et al., 2014; Vanwalscappel et al., 2018), highlighting 

the need of additional studies to define the role of TLR-signaling during TBEV infection. 

The sequential role of MAVS- and TLR-signaling in inducing early antiviral immunity as 

described here, is in accordance with a study form Hotz et. al., where a reprogramming 

mechanism of TLR and RLR-signaling upon viral infection was described (Hotz et al., 2015). 

Indeed, the authors found that upon Sendai virus infection of murine APCs, RLR-mediated IFN 

responses were abolished within 24 h but an increased TLR-dependent response was observed 

suggesting the presence of reprogramming mechanism in favour of TLR over RLR-signaling 

(Hotz et al., 2015). Thus, it is possible that TLR and RLR-signaling undergo a reprogramming 

mechanism also during the antiviral response to TBEV infection, however, further studies are 

needed to clarify of this phenomena. 

Taken together, upon in vitro TBEV infection of mouse-derived brain resident cell subsets, 

astrocytes are the main IFN-β producers. Early after infection, astrocytes are stimulated in a 

MAVS-dependent manner, presumably via RLR signaling, whereas at later time points 

MyD88/TRIF-signaling was needed. These observations indicate that sensing of single 

pathogens involves multiple mechanisms not only in different tissues during the course of an 

infection (Spanier et al., 2014; Tegtmeyer et al., 2019), but that even in one and the same cell 

subset distinct sensing mechanisms can be relevant at different times after infection.  
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Figure legends: 

 

Figure 1: CNS-resident cell subsets show diverse responses to in vitro TBEV infection. Primary murine 
neurons, astrocytes and microglia isolated from C57BL/6 (WT) mice were infected with TBEV Neudoerfl strain at MOI 
1. a, At 12 hpi cells were immunolabelled with either anti-Tuj1 (neurons), anti-GFAP (astrocytes), or anti-Iba1 
(microglia) and anti-dsRNA (J2, Scicons English and Scientific Consulting, TBEV replication foci) and counterstained 
with DAPI. Lower-left corner shows enlarged picture of region of interest (white square). Scale bar 20 µm. b, 
Quantification of TBEV infected neurons, astrocytes and microglia at 12 hpi displayed as percentage of infected cells 
(n=6, combined data from 3 independent experiments). c, IFN- protein levels in the SN of cultured primary neurons, 
astrocytes and microglia at 12 hours post TBEV infection was determined by ELISA (n≥ 5, combined data from 3 
independent experiments). DL= Detection limit (0.94 pg/ml), error bars indicate mean ± SD; ns= not significant; *P< 
0.05, **P< 0.01; ***P< 0.001; ****P< 0.0001; One-way ANOVA with Tukey´s multiple comparison test; b, F(2, 15)= 
21.55 ,P< 0.0001; c, F (2, 15)= 141.5 ,P< 0.0001. 
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Figure 2: TBEV-infected astrocytes show MAVS-dependent induction of early anti-viral responses. Primary 
murine astrocytes were either infected with TBEV Neudoerfl strain at MOI 1 or mock treated. At 12 hours post 
treatment, RNA-seq analysis was performed. a, Heatmaps showing relative expression of transcripts obtained from 
transcriptome analysis of mock treated () or 12 h TBEV infected astrocytes (columns represent biological replicates). 
b, Enrichment analysis of significantly expressed genes in TBEV infected versus mock treated astrocytes, showing 
the top 5 enriched reactome pathways. On the x-axes, the gene counts associated with each pathway are shown. On 
the right side, the single genes associated with each pathway with the relative fold-induction in 12 h TBEV infected 
astrocytes compared to mock treatment. c-e, Graphs showing normalized reads of genes associated with IFN-related 
pathways in uninfected and 12 h TBEV infected astrocytes (each square represents a biological replicate, n=3; error 
bars indicate mean ± SD; **P< 0.01; ***P< 0.001; ****P< 0.0001; Two tailed Unpaired t test with Welch´s correction). 

  



99 
 

 

Figure 3: MAVS-deficient astrocytes fail to curtail TBEV replication. Primary murine astrocytes isolated from WT 
or MAVS ko mice were infected with TBEV Neudoerfl strain at MOI 1. a, c, At 12 and 24 hpi WT and MAVS ko 
astrocytes were immunolabelled with anti-GFAP, anti-dsRNA antibody and counterstained with DAPI and 
immunofluorescence microscopy was performed, scale bar 20 µm. b, e, Quantification of WT and MAVS ko TBEV 
infected astrocytes at 12 and 24 hpi, graphs displayed percentage of infected cells (n=6, combined data from 3 
independent, bar plot indicates mean + SD). c, f, dsRNA mean fluorescence intensity (MFI) within infected cells as a 
measure of TBEV replication foci at 12 and 24 hpi (n=6, combined data from 3 independent experiments, bar plot 
indicates mean + SD). g, TBEV copies per ml in the SN of WT and MAVS ko astrocytes at 0, 1, 12 and 24 hpi 
quantified by RT-qPCR (n≥ 5, combined data from 3 independent experiments). h, Viral titre from SNs of WT and 
MAVS ko TBEV infected astrocytes at 12. 24 and 48 hpi shown as plaque forming unit (PFU) per ml (n=3, combined 
data from 2 independent experiments). i, IFN- protein expression in the SN of WT and MAVS ko astrocytes at 12 
and 24 hours post TBEV infection determined by ELISA (n≥ 5, combined data from 3 independent experiments) DL= 
Detection limit (16 pg/ml). Error bars indicate mean ± SD; *P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001; (b, c, e, 
f, g, i) Two-tailed Mann-Whitney test, (h) One-way ANOVA with Tukey´s multiple comparison test, F(5, 12)= 6021 
,P< 0.0001.  
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Figure 4: MAVS-deficient astrocytes show impaired anti-viral responses to TBEV infection. Primary murine 
astrocytes from WT or MAVS ko mice were either mock treated or infected with TBEV Neudoerfl strain at MOI 1. At 
12 and 24 hours post treatment, cells were collected and RNA-seq analysis was performed. a, Principal component 
(PC) analysis of WT and MAVS ko astrocytes mock treated or TBEV infected for 12 and 24 hours (each dot represents 
one individual sample). b, Venn diagram showing the number of differentially expressed genes (DEGs) between the 
transcriptomes of WT and MAVS ko astrocytes at 12 and 24 hpi. c, Heatmap showing relative expression of 
statistically significant transcripts obtained from transcriptome analysis of WT and MAVS ko astrocytes at 12 hpi 
(cutoffs: absolute log2 fold change > 2, each column represents transcripts obtained from one individual sample). d, 
Heatmap showing relative expression of statistically significant transcripts obtained from transcriptome analysis of 
WT and MAVS ko astrocytes at 24 hpi (cutoffs: absolute log2 fold change > 2, each column represents transcripts 
obtained from one individual sample). e, Dot plot display Ifnb1, Ifna2, Ifna4 Isg15, Mx1 and Rasd2 gene expression 
in MAVS ko TBEV infected astrocytes at 12 and 24 hpi in comparison to TBEV infected WT 12 hpi. Gene count values 
were normalized to TBEV infected WT 12 hpi with an assigned value of 1 (n= 3). f, Graph depicts transcripts of TBEV 
in WT and MAVS ko astrocytes at 0, 12 and 24 hpi (n=3 combined data). TPM= transcript per million. ****P < 0.0001, 
ordinary 2way ANOVA with Sidak´s multiple comparisons test (interaction F(3, 40)= 28.52 ,P< 0.0001). 
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Figure 5: TBEV-induced IFN- responses of astrocytes initially depend on MAVS- and later on MyD88/TRIF-
signaling. a, Pathway analysis showing top 20 downregulated GO terms imported from a gene set enrichment 
analysis (GSEA) of infected MAVS ko astrocytes compared with WT astrocytes at 12 and 24 hpi. The dot size 
indicates gene ratio, the number of genes within this GO term in comparison to the total number of upregulated genes. 
b, WT and MAVS ko astrocytes were infected with TBEV and IFN- protein level were determined by ELISA at 0, 12, 
24 and 48 hpi. c, WT and MAVS ko astrocytes were pre-treated with MyD88 and TRIF inhibitors (5 µM) for 8 h, then 
infected with MOI 1 of TBEV. At 0, 12, 24 and 48 hpi IFN- protein level were determined by ELISA (Untreated sample 
are the same depicted in Fig.3h, for (b,c) n≥ 4, combined data; DL= Detection limit (16 pg/ml); error bars indicate 
mean ± SD; ns= not significant, *P< 0.05, **P< 0.01; Two-tailed Mann-Whitney test). d, Graphs showing Tlr3, Ticam1 
and Myd88 normalized gene counts in uninfected and 12 and 24 h TBEV infected WT and MAVS ko astrocytes (each 
square represents mean value of 3 biological replicates; error bars indicate mean ± SD; ns= not significant; *P< 0.05; 
**P< 0.01; ***P< 0.001; ****P< 0.0001; ordinary 2way ANOVA with Sidak´s multiple comparisons test; Tlr3 interaction 
F(2, 12)= 13.13 ,P= 0.0010; Ticam1 interaction F(2, 12)= 1.318 ,P= 0.3038; Myd88 interaction F(2, 12)= 21.27 ,P= 
0.0001). 
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Supporting information 

 

Supplementary Figure 1: Morphological analysis of untreated murine primary CNS resident cells. Primary 
murine neurons, astrocytes and microglia from C57BL/6 (WT) mice were mock-treated and at 12 h post treatment, 
cells were immunolabelled with either anti-Tuj1 (neurons), anti-GFAP (astrocytes), or anti-Iba1 (microglia) and anti-
dsRNA (J2, Scicons English and Scientific Consulting, TBEV replication foci) and counterstained with DAPI. Scale 
bar 20 µm.  
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Supplementary Figure 2: Verification of astrocyte identity by evaluation of astrocyte-specific transcripts. 
Relative expression of transcripts obtained from uninfected WT astrocytes compared with transcriptome from the total 
CNS, highlighting specific transcripts for astrocytes based on a previously published database (Haimon et al., 2018), 
(each column represents an individual sample).  
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Supplementary Figure 3: Upon TBEV infection, MAVS-deficient astrocytes show lower induction of 
transcripts than WT astrocytes. a, Comparison of total gene counts in uninfected (ctrl) and TBEV infected WT and 
MAVS ko astrocytes at 12 and 24 hpi. b, Heatmaps showing relative expression of transcripts obtained from 
transcriptome analysis of WT and MAVS ko astrocytes either uninfected or infected for 12 and 24 hours with TBEV 
(each column represents an individual sample). c, Log2 fold change of significantly altered cytokine and chemokine 
transcripts of infected MAVS ko astrocytes relative to WT astrocytes. Cutoffs: absolute log2 fold change>2. 
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5  General discussion  

5.1  The expression of TBEV proteins and their molecular interactions 

5.1.1 The obstacles of expressing individual TBEV proteins  

During TBEV infection the genome is translated into a precursor polyprotein that is co-and post-

translationally cleaved into ten individual proteins. The presence of signal peptides in the 

adjacent proteins are recognized by cellular and viral proteases that cleave the polyprotein and 

determine the orientation of the individual proteins in the ER membrane, thus influencing further 

processing, trafficking, and function. In our study, we designed primers targeting the individual 

TBEV protein sequences with an epitope tag to be fused to the target protein. Epitope tags were 

used for the detection, because antibodies against most TBEV proteins are not commercially 

available. The flag-and HA-tags are small tags of 8 amino acids and 9 amino acids, respectively. 

The small sizes of both tags minimize interfering effects associated with the inclusion of tags in 

the sequence of a recombinant protein. There have been contradictory reports regarding the 

potential effects of tags. While Bucher et al. reported no damaging effects when including a flag-

tag, Pajecka et al. observed an altered spatial structure and functional activity, when a flag-tag 

was added to the C-terminus of the protein379,380. Additionally, it was shown that an HA-tag may 

influence the proteins trafficking, folding, and function381,382.  

For flavivirus proteins, the influence of preceding on the proper expression and modification of 

individual proteins needs to be considered. This includes hydrophobic transmembrane domains 

of preceding proteins acting as signal peptides for the following protein within the polyprotein. 

Even after processing of the polyprotein into the individual flavivirus proteins, some adjacent 

proteins remain non-covalently attached to form functional complexes. In the case of E, it was 

suggested that prM has a chaperone-like role in the folding process of E and accordingly prM 

should be co-expressed with E to ensure proper folding109. Although our results allow no 

conclusion whether E is folded correctly, we can state that the mere expression of E does not 

require the presence of prM. This is further demonstrated by the same molecular weights of the 

protein constructs E and SP-E, which includes the 20 C-terminal amino acids of M. However, 

we observed different molecular weights for NS1 and SP-NS1, which includes the 20 C-terminal 

amino acids of E. While NS1 had a size of approximately 45 kDa, SP-NS1 was slightly larger 

with about 50 kDa. Each, NS1 monomer has two N-glycosylation sites, where mannose residues 

and higher order glycan moieties are added during protein biosynthesis in the ER and Golgi 383. 

The glycosylation might account for the observed size difference between the two forms of NS1 

as the C-terminal domain of E acts as a signal peptide for NS1 trafficking to the ER and 

subsequent glycosylation of NS1. In accordance with our results, Falgout et al. observed that 

the C-terminus of E contains the signal peptide for the cleavage of DENV NS1 from the 
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polyprotein138. Another hurdle for the expression of individual TBEV proteins is the correct 

orientation of the proteins in the ER membrane. Within the polyprotein the sequence of 

hydrophobic transmembrane domains dictates the orientation of the single proteins.  

However, when expressing them individually, signal sequences might get lost or fulfill a different 

function. A wrong localization outside the ER or the opposite orientation of these proteins within 

the ER membrane may result in incorrect glycosylation, folding, and trafficking, which further 

complicates investigations of interactions between viral and cellular proteins.  

5.1.2 The subcellular localization of individually expressed TBEV proteins depends on 

correct trafficking signals and protein interaction  

After the expression of individual proteins was confirmed, the protein’s localization in cells was 

analyzed. In the context of the polyprotein prM, E, and NS1 are localized in the ER lumen, C 

(after removal of the membrane anchor), NS3, and NS5 are soluble proteins in the cytoplasm, 

and NS2A, NS2B, NS4A, and NS4B are situated integrally in the ER membrane. Often viral 

proteins exert their functions in a specific subcellular localization where they interact with other 

viral or host proteins to manipulate cellular signaling pathways and facilitate virus replication. To 

visualize TBEV protein subcellular localization, individual proteins were transfected into cells, 

followed by immunofluorescence staining, and confocal microscopy analysis. We observed that 

C, NS1, NS3, and NS5 were distributed in the cytoplasm, whereas SP-E, SP-NS1, NS2A, NS2B, 

NS4A, and NS4B co-localized with the ER membrane marker calnexin. The TBEV proteins prM 

and E were localized in the cytoplasm and associated with the ER membrane. Except for prM, 

E, and NS1, these results mirrored the expected orientation of the individual proteins in the 

context of the polyprotein. Both, prM and E, showed a mixed cytoplasmic and ER membrane 

localization, but within the polyprotein these proteins are situated on the luminal side of the ER 

membrane. Similarly, Hou et al. showed the co-localization of ZIKV prM and E with the ER lumen 

marker calreticulin384. For the TBEV proteins E and NS1, the addition of a signal peptide 

consisting of the 20 C-terminal amino acids of M (SP-E) or 20 C-terminal amino acids of E (SP-

NS1), respectively, changed their localization to be exclusively ER-associated, confirming the 

need of signal peptides for proper trafficking of these viral proteins. The subcellular localization 

of TBEV prM was less easily corrected. Attempts to include signal sequences at the N-terminus 

of prM did not produce the desired results. In addition to the mixed localization observed by 

immunofluorescence staining, prM accumulated in perinuclear sites, which we speculated to be 

caused by the overexpression of this protein. The TBEV C protein was observed to be mainly 

distributed in the cytoplasm which is contradictory to the localization of C proteins from other 

flaviviruses. The C protein from DENV, WNV, JEV, and ZIKV were found to localize with the 

nucleus384–387.  
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Regarding the subcellular localization of NS3, there have been inconsistent reports for different 

flaviviruses. While the NS3 proteins of JEV and LGTV were found to localize to the nucleus, 

ZIKV NS3 co-localized with alpha tubulin (a component of microtubule from the cytoskeleton) 

and, in another study, with mitochondria182,384,388,389. In DENV-infected cells, NS3 was rapidly 

translocated to the nucleus, but was later found to be mainly distributed in the cytoplasm390. In 

our study, we did not observe a nuclear localization, but rather a cytoplasmic distribution of 

individually expressed TBEV NS3. Besides, a study by Palacios-Rápalo at al. illustrates that the 

subcellular localization of viral proteins can change in the course of infection, which could have 

been missed in our analysis the proteins’ localization at a single time point of 48 hours post 

transfection390. Furthermore, the localization of some viral proteins can be affected by the 

interaction with other viral proteins. In the case of NS3, the interaction with its viral co-factor 

NS2B is crucial for protein function and, in the context of the virus, productive infection. Xing et 

al. demonstrated a change in the mitochondrial localization of individually expressed NS3 to a 

localization at the ER upon co-expression with NS2B389. In addition to its cytoplasmic 

localization, we found a distinct phenotype of individually expressed TBEV NS3, forming vesicle 

packet-like domains that were engulfed by the ER. Whether this phenotype is induced by the 

overexpression or represents an intrinsic property of the protein needs further investigation. 

WNV NS5 has been found to be exclusively distributed in the cytoplasm, whereas ZIKV NS5 

showed a nuclear localization384,391. DENV2 NS5 has been shown to localize to the nucleus in 

its phosphorylated form and the unphosphorylated form was exclusively found in the 

cytoplasm392. Here, we found TBEV NS5 to be exclusively distributed in the cytoplasm when 

individually expressed outside the context of the viral polyprotein.  

Hou et al. reported a cytoplasmic distribution of ZIKV NS1 and a co-localization with the 

autophagosome marker protein MAPLC3384. A more recent study by Chi et al. demonstrated a 

cytoplasmic distribution of ZIKV NS1 when expressed without a signal peptide, and a localization 

to the ER lumen when expressed with a signal peptide393. Our results replicate with the ones of 

Chi et al. (2020), as TBEV NS1 was distributed in the cytoplasm, whereas TBEV SP-NS1 

showed a co-localization with the ER. In addition, when TBEV NS1 was expressed without a 

signal peptide, some aggregates in the cytoplasm with higher fluorescent intensity were 

observed, which looked similar to the ones found by Hou et al. indicating a potential interaction 

with autophagosomes384.  

The hydrophobic integral membrane proteins NS2A, NS2B, NS4A, and NS4B of TBEV were all 

found to co-localize with calnexin. The same observation was made for ZIKV NS2A, whereas 

ZIKV NS2B and NS4B were shown to co-localize with the Golgi marker giantin384. As we only 

included calnexin as a marker for the ER, a possible co-localization with the Golgi apparatus 

might have been overlooked. Therefore, a screening including marker proteins from additional 
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organelles might be useful to define protein localization more precisely. Furthermore, it was 

demonstrated that for some flaviviruses, such as YFV, the 2K peptide is required for NS4B ER 

membrane association, while it was shown to be dispensable for DENV NS4B integration into 

the ER membrane185,186. Interestingly, the addition of the 2K peptide changed the localization of 

TBEV NS4B from ER-association to distribution throughout the cytoplasm. Therefore, TBEV 

NS4B may be more comparable to DENV NS4B with respect to its subcellular localization. 

Similarly, for NS4A there have been different observations for different flaviviruses. ZIKV NS4A 

has been shown to co-localize with the Golgi apparatus, whereas DENV NS4A co-localizes with 

NS4B and NS3 in an ER-like staining pattern193,384.  

Moreover, SP-NS1 and NS4A transfected cells, respectively, showed an altered phenotype of 

the ER. This might hint to a possible role of these TBEV proteins in ER remodeling. ZIKV NS1 

has been reported to induce ER remodeling and participate in the formation of replication 

compartments393. The same function was confirmed for DENV NS1393. However, the majority of 

studies has focused on the NS4A protein as a central organizer of flavivirus replication 

complexes, forming the typical vesicle packets189. Roosendaal et al. reported that the formation 

of the characteristic membrane structures required the co-expression of WNV NS4A-NS4B 

construct with NS2B-NS3hel187. This   was not confirmed in our study, as characteristic ER 

membrane rearrangements were also observed in cells expressing TBEV NS4A. 

5.1.3 Protein-protein interactions of individually expressed TBEV proteins correlate 

with their function in the viral replication cycle  

Following the successful expression of individual TBEV proteins, the constructs were used to 

analyze their intraviral interactions with either the same or different viral proteins. Viruses pursue 

the strategy of encoding rather small protein units that can oligomerize into larger protein 

complexes to achieve a higher level of diversity in protein architecture and function394. These 

complexes in turn can interact with other viral or host proteins to exert more sophisticated 

functions. The strategy of oligomerization was evolutionary successful, as the lack of complex 

heterologous proteins allowed viruses to limit their genome size. Additionally, proteins that can 

assemble into differently organized oligomers lead to variable functional outputs394. Accordingly, 

homo- and hetero-oligomerizations of viral proteins can play important roles in the viral life cycle, 

such as contributing to structural and enzymatic functions or being involved in the formation of 

replication complexes.  

To investigate protein-protein interactions between TBEV proteins, non-reducing SDS-PAGE, 

co-IP, and PLA assays were performed. Our results showed homo-oligomerization for all TBEV 

proteins except for C. Dimerization has been found for prM, E, SP-E, NS1, SP-NS1, NS2A, 

NS2B, NS3, NS4A, NS4B, 2K-NS4B, and NS5. Additionally, the formation of oligomers of higher 
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order have been observed for NS2A, NS2B, and NS4A. Heterotypic interactions between TBEV 

proteins were demonstrated for C and prM, prM and SP-E, NS2B and NS3, NS4A and 2K-NS4B, 

NS3 and NS5, as well as between NS2B, NS3, NS4A, 2K-NS4B, NS5 and SP-NS1, respectively.  

For encapsidation, the C protein dimerizes and is further arranged in higher oligomeric 

structures, which facilitates RNA packing97. In our study, we could not observe any 

oligomerization of C, which might be explained by weak protein-protein interactions that were 

not sustained during cell lysis and subsequent non-reducing SDS-PAGE or by an altered protein 

structure and subcellular localization of the protein. The M protein has been described to form 

oligomers of different orders, depending on the flavivirus species. DENV M was demonstrated 

to form higher order oligomers whereas TBEV M forms dimers after the cleavage of prM107,108. 

We observed a dimerization of prM, which correlates with the study of Stadler et al.108. At 

different stages of the viral replication cycle, the E protein can occur in two oligomeric forms. E 

dimers build the surface of mature virions, whereas trimers appear during membrane fusion and 

as part of the surface of immature virus particles219. In the present study, we identified the 

dimeric form of E. In the presence of a signal peptide, the dimeric form was expressed at higher 

levels, which fits previous observations that the signal peptide is required for proper trafficking, 

N-glycosylation and protein folding and thus, also impacts protein-protein interactions. 

Moreover, we could show heterotypic interactions between C and prM as well as prM and E. 

The interaction between prM and E correlates with the formation of E-M-M-E heterotetramers 

that are arranged in a herringbone pattern on the surface of virions395. Furthermore, the 

interactions C-prM, and prM-E might reflect the protein interactions in unprocessed C-prM-E 

complexes that are recruited to the virion assembly sites166. Generally, our results on the 

interactions of M and E are consistent with the structural arrangements on flavivirus particles 

and during the virion assembly process.  

The NS1 protein is a multifunctional protein existing either as intracellular dimers that are 

associated with ER membranes or as soluble hexamers that are secreted by infected cells394. 

As our analysis exclusively focused on cell lysates, we could only detect NS1 dimers. We did 

not observe any difference in expression levels in the absence or presence of the signal peptide. 

These results indicate that the signal and the resulting ER localization are not required for homo-

oligomerization. Besides the formation of homo-dimers, NS1 interacts with several other non-

structural proteins to form the replication complex. Youn et al. showed a direct interaction 

between NS1 and NS4B143. In our study, we demonstrated an interaction between SP-NS1 and 

NS2B, NS3, NS4A, 2K-NS4B, and NS5. While we are not aware of any other studies showing 

the direct interaction between NS1 and the other non-structural proteins, it is reasonable to 

assume that these interactions occur within the context of replication complexes. NS4A 

participates in the induction of ER membrane rearrangements, whereas the viral protease 
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NS2B-NS3 and the polymerase NS5 are involved in viral genome replication. In addition, the 

results obtained by co-IP were verified by PLA. NS2A oligomerization has been described to 

play a role in the induction of ER membrane curvatures to form vesicle packets for virus 

replication and during the assembly process, by bringing together the different complexes C-

prM-E, NS2B-NS3, and viral RNA141,166. As far as we know, NS2A oligomerization has not been 

studied as of yet. In the work presented here, we found TBEV NS2A dimers as well as higher 

order oligomers that correspond to the molecular weight of trimers and tetramers. NS2A is a 

small hydrophobic protein with five transmembrane domains.  Due to the hydrophobic nature of 

NS2A, its analysis required an adapted lysis protocol preceding non-reducing SDS-PAGE. 

Hence, the interactions could not be verified by co-IP and no additional interactions with other 

TBEV proteins were investigated. Besides NS2A, other viral proteins involved in the formation 

of vesicle packets include NS4A and NS4B. NS4A has been shown to form dimers and higher 

order oligomers, while NS4B forms dimers only186,197. Additionally, NS4A and NS4B interact with 

each other at the interior side of vesicle packets, inducing membrane curvature193. We could 

confirm dimerization and trimerization for NS4A, dimerization for NS4B, and a direct interaction 

between both proteins. We already observed that the 2K peptide is dispensable for the 

localization of TBEV NS4B to the ER. Accordingly, we observed no differences between the 

homo-oligomerization of NS4B and 2K-NS4B or hetero-oligomerization of NS4A/NS4B and 

NS4A/2K-NS4B (data not shown). Taken together, we could demonstrate a multitude of 

intraviral protein interactions that may occur during the formation of vesicle packets and 

flavivirus replication complexes.  

NS3 is one of the proteins that exhibit enzymatic activity to govern viral replication and 

polyprotein processing. The enzymatic functions have been shown to be modulated by 

oligomerization and by interacting with other viral non-structural proteins. While the protease 

activity has been shown to depend on the interaction of NS3pro with NS2B as a cofactor, the 

helicase activity was reported to be enhanced by the interaction of NS3hel with NS4B, while the 

NTPase activity was modulated by the interaction with NS4A171,176,178. Moreover, the helicase 

activity was attributed to the dimerization of NS3hel396. We confirmed NS3 dimerization as well 

as interaction with NS2B, suggesting that individually expressed TBEV NS3 was able to interact 

with known intraviral protein interaction partners outside the context of the viral polyprotein.   

NS5 is the second flavivirus protein with enzymatic activity that acts as RdRp and MTase. We 

could demonstrate a dimerization of NS5 as well as the interaction with SP-NS1 as discussed 

above. In addition, we analyzed the interaction of NS5 with NS3, but could not observe a protein 

band in the co-IP nor any signal in the PLA assay. Although this interaction has previously been 

described by others, we could not show an interaction between the two viral enzymes.392,397.  
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5.1.4 Recombinant TBEV proteins as tool to screen for potential therapeutic targets  

During the last decades, numbers of clinical TBE cases have been increasing across Europe, 

despite the availability of two licensed vaccines against TBEV. This emphasizes the need for 

therapeutic agents, as the treatment of TBE patients is currently limited to supportive care. 

Unfortunately, no approved drugs for treating flavivirus infections are available and most 

potential antiviral therapies are at an early stage of development398. Detailed knowledge of TBEV 

protein structures and interactions with host proteins are necessary to allow the identification of 

compounds that either target viral or cellular proteins at various stages of the virus life cycle. 

Depending on the target, two different classes of antivirals can be distinguished: direct acting 

antivirals (DAAs) and host acting antivirals (HAAs)399. DAAs directly interfere with viral proteins, 

typically either structural ones or enzymes. HAAs interfere with host factors and metabolic 

pathways that are required for efficient virus propagation.  

Important steps towards developing efficient DAAs were advances made in the structural 

characterization of flavivirus protein. The atomic resolution structures of the structural proteins 

(C, prM, E) of different flaviviruses have been solved by X-ray crystallographic analyses and 

nuclear resonance (NMR) spectroscopy96,106,400–404. Flavivirus virions occur in different states 

(immature, mature, and fusion-active) that are accompanied by structural rearrangements and 

much effort has been made to solve the structure of the E protein in different conformations405–

409. The different virion states rely on the conformational flexibility of E, which is necessary for 

the protein to fulfill its function in the viral life cycle. Accordingly, antiviral compounds can target 

this structural flexibility to inhibit conformational changes of E, trapping the virus in a specific 

state410.  

Among viral enzymes, proteases make efficient antiviral targets and inhibitors against the 

protease of HIV and HCV have been successful411,412. Likewise, the flavivirus protease is of 

considerable interest for antiviral drug discovery due to its multiple roles during the virus life 

cycle. For many MBFV potent protease inhibitors have been discovered in structure-based 

studies, but so far none of them have entered clinical trials, because they lack activity in cell-

based assays or show poor pharmacokinetics413–415. The poor activity of protease inhibitors that 

mimic substrate peptides might stem from their poor membrane permeability due to high 

molecular weights and high charge or polarity, resulting in low bioavailability and limiting their 

potential as effective therapeutics. Furthermore, the development of inhibitors that focus on the 

protease active site is often complicated, because this site is quite flat and highly charged416. 

Therefore, besides designing inhibitors that compete with NS3 substrate binding, identifying 

compounds that disrupt the association of NS2B and NS3 presents an alternative strategy417. 

Similarly, it has been demonstrated that viruses with defective NS3hel genes showed impaired 

viral replication, indicating an essential role of NS3hel and thus, making it another promising 
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target for antiviral development. As reviewed by Lim et al., NS3hel inhibitors have the potential 

to serve as pan-flavivirus antiviral therapeutics417. In contrast, a the lack of specific sites within 

the viral NS3 RNA- and NTP-binding domains indicates that compounds binding to these sites 

will also interact with cellular helicases and NTPases, leading to cytotoxicity418.  

NS5 is another flavivirus protein with enzymatic activity, playing multiple roles during the virus 

life cycle. Among others, NS5 acts as RdRp and as such is essential for viral genome replication. 

Detailed knowledge about its structure would allow the identification of cavities that correspond 

to allosteric inhibitor binding sites419. Antiviral compounds that interfere with NS5 function might 

either directly inhibit polymerase activity or target interactions with other proteins. For example, 

the interaction between NS5 RdRp and NS3hel has been shown to be essential for flavivirus 

replication. A precise mapping of the interaction area might allow the development of inhibitors 

that target this interaction419.   

While the E, NS3, and NS5 proteins are the most successful targets for antiviral drug discovery 

and design, some studies focused on NS1 and NS4B as therapeutic targets, as these proteins 

play important roles during virus replication. Some antivirals targeting NS1 interfered with its N-

glycosylation, which is required for its biological activity. Therapeutic antibodies directed against 

NS1 offered protection against NS1-induced pathology420,421. It was suggested that an anti-NS1 

antibody might have potential as a pan-flavivirus treatment421,422. Multiple studies have identified 

compounds that target NS4B and inhibited DENV or YFV replication423. The known functions of 

NS4B that involve its dimerization, the interaction with NS3 and NS4A, the NS4B-mediated 

antagonism of IFN-signaling, as well as NS4B stability are possible targets for antiviral drugs.  

The development and identification of antiviral compounds against the above mentioned 

flavivirus proteins have mainly been focused on MBFV. In contrast, many of the studies focusing 

on antiviral treatments against TBEV are rather old424–426 and more recent studies are quite 

limited compared to the effort made for the development of MBFV drugs427,428. A similar 

discrepancy is seen in studies revealing atomic structures of viral proteins. For many MBFV 

proteins, crystal structures have been solved and used for the structure-based screening of 

potential inhibitors. The available information is used to draw conclusions on the protein 

structures of TBFV, which might be misleading, as these viruses are adapted to different vector 

species that require different structural and functional protein adaptations. The importance of 

independent structure analyses of TBFV proteins was recently illustrated by Yang et al., who 

solved the NS5 crystal structure of TBEV, revealing a unique motif with assumed relevance in 

RNA virus-host interactions429. The recombinant individually expressed TBEV proteins 

characterized in this study can therefore be seen as useful tools towards the discovery of TBEV 

antivirals. The information about protein-protein interactions obtained in this work can be used 
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to identify compounds that either interfere with the complex formation of TBEV proteins or that 

directly target interacting cellular proteins. 

5.1.5 Using mass spectrometry to reveal the TBEV-host cell protein interaction network 

After investigating protein interactions among TBEV proteins, interactions between viral and 

host proteins were analyzed. Due to the small size of viral genomes, viruses need to exploit 

cellular signaling pathways and enzymes to facilitate their own replication. In response to viral 

infection, host cells activate various antiviral mechanisms to counteract the infection. 

Simultaneously, viruses have evolved strategies to suppress these host responses and to 

escape the recognition and clearance by the immune system. The balance between these virus-

host interactions determines the clinical course and the outcome of the infection. Identifying and 

characterizing these interactions supports the development of new HAA.  

Currently, a comprehensive analysis of the TBEV-host cell protein interaction network is still 

lacking. Thus, our work represents the first report of an interactome, comprising the host cell 

interactions of all individual TBEV proteins (all significantly enriched host proteins are listed in 

the appendix 1-10). In the following, some examples of host proteins that were identified to 

interact with TBEV proteins by mass spectrometry of co-precipitated proteins will be discussed 

in respect to their role in cellular metabolism and flavivirus replication.  

5.1.5.1 Interaction of TBEV proteins and ribosomal proteins 

To translate the viral proteins, flaviviruses utilize the cellular translation machinery, and hence 

compete for ribosomes and translation factors. Cellular mRNA translation initiation is cap-

dependent and begins with the recognition of the 5’ cap by the eukaryotic initiation factor (eIF) 

4E. Subsequently, eIF4E interacts with eIF4G and eIF4A, forming the cap binding complex 

(eIF4F)430. After the 40S ribosomal subunit is recruited and reaches the start codon, the 60S 

subunit is recruited, forming the elongation competent 80S complex431. Viruses that are lacking 

a 5’ cap structure, recruit ribosomes in a cap-independent manner, which is mediated by the 

internal ribosome entry site (IRES) that is localized in the 5’ UTR of viral genomes432. 

Flaviviruses encode their own methyltransferase (NS5 MTPase) that creates an m7G cap at the 

5’ end of the viral genome. Accordingly, the translation of flavivirus genomes is initiated by cap-

dependent ribosomal screening. However, it has been reported that DENV-2 genome translation 

can either be initiated in a cap-dependent or cap-independent manner and that the latter does 

not involve the function of IRES433. But the mechanisms of cap-independent translation are 

contradictory, as another study demonstrated that the 5’ UTRs of DENV-2 and ZIKV display 

IRES functions434. Several cellular ribosomal proteins (RP) have been described as potential 

critical host factors required for flavivirus replication. A screening for DENV NS1-interacting host 
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factors, identified RPS25  and RACK1 as binding partners435. RPS25 and RACK1 have been 

associated with the viral genome translation that involves IRES436,437 and a knockdown of RPS25 

resulted in decreased translation of YFV, DENV, WNV, and ZIKV, whereas RPS25 knockdown 

led to decreased DENV, WNV, and ZIKV translation435,438. The need for RACK1 and RPS25 

points towards an IRES-mediated translation initiation mechanisms in flaviviruses. In the present 

study, we did not identify RACK1 or RPS25 to interact with TBEV proteins. Hence, we cannot 

draw a conclusion about the role of IRES for TBEV replication. RPS3 and RPL19 have been 

shown to be important for YFV and WNV protein translation, as knockdown of these proteins 

resulted in decreased translation rates438.  Furthermore, RPL18 and RPL7 were identified to 

interact with DENV NS1, whereby RPL18 is required for DENV translation and replication149. In 

addition, RPS27 regulates fatal DENV infection439. The role of the ribosomal stalk proteins 

phosphorylated ribosomal protein P1 (RPLP1) and RPLP2 was demonstrated by reduced early 

translation of DENV-2 upon P1 and P2 depletion without affecting global cellular translation440. 

Our data revealed the interaction of TBEV proteins with several ribosomal proteins. TBEV C, 

NS1, and NS2A exhibited the highest shares in ribosomal proteins in descending order. 

Especially for TBEV C, approximately 40% of the interacting host factors were found to be 

ribosomal proteins, suggesting some degree of unspecific binding. Nonetheless, some of the 

ribosomal proteins that have previously been described to play a role in the translation of other 

flaviviruses were among the identified TBEV interaction partners. Accordingly, RPL18, RPL19, 

RPS27, RPLP1, and RPLP2 were identified to bind to TBEV C. Since various RPs have been 

demonstrated to play important roles in flavivirus life cycles, they represent potential targets for 

the development of antiviral drugs. Especially, RPs that can be depleted without affecting the 

ribosomal functions require to maintain cellular protein translation, such as RPLP1 and 2, should 

be the main focus. 

5.1.5.2 Interaction of TBEV C and DEAD-box helicases 

DEAD-box helicases (DDX) are a large family of RNA-binding proteins that have several 

functions in cellular RNA metabolism and are involved in the recognition of foreign nucleic acids. 

Although they display some ATP-dependent RNA helicase function, the processive helicase 

activity of these proteins is rather weak441. In addition, some DDX proteins regulate nucleic acid 

binding, like modulating RNA-DNA and DNA-DNA interactions, and remodeling of RNA-protein 

complexes442,443. Moreover, DDXs are involved in innate immune sensing as the cytoplasmic 

RNA sensors RIG-I and MDA5 contain DExD/H-box helicase domains444. Thus, DDXs contribute 

to viral RNA sensing and channel into respective immune signaling pathways, promoting type I 

IFN induction. Some DDX proteins have been identified to interfere with flavivirus replication 

and can have positive or negative effects on the course of infection. While DDX21 has an 

antiviral role in DENV infection by inducing IFN-β production, its interaction with DENV NS2B-
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NS3 mediates its proteasomal degradation to counteract this antiviral signaling445. Moreover, 

some DDXs are themselves ISGs, such as DDX60, which exhibits antiviral activity and 

contributes to the degradation of hepatitis C virus (HCV)446,447. The nuclear-resident DDX5 plays 

various roles in transcription, splicing, miRNA biogenesis, mRNA export, and ribosome 

biogenesis and was thus identified to be crucial for the replication of many viruses448. For JEV it 

was shown that DDX5 knockdown resulted in attenuated replication and that DDX5 is recruited 

to the virus replication sites where it binds to JEV 3’ UTR449. Other DDX proteins have opposite 

effects on viral replication with regard to the virus species. The association of DDX3X with the 

HCV 3’ UTR promotes virus replication by activating the transcription of NF-κB, stimulating 

lipogenesis450, whereas DDX3X inhibits DENV replication  by stimulating IFN-β transcription451. 

In the present study, we identified three DDX proteins, namely DDX18, DDX31, and DDX55 to 

associate with TBEV C. Except for the interaction of DDX18 with porcine reproductive and 

respiratory syndrome virus (PRRSV), little is known about the role of these DDX proteins. 

Nonetheless, it can be assumed that they play similar roles in virus replication as the ones 

already described.  

5.1.5.3 Interaction of TBEV NS5 and MAP1LC3B 

Autophagy is a process, in which nutrients are recycled for the regeneration of organelles and 

energy by sequestering intracellular components within vesicle-like structures that are then 

degraded in an lysosome-dependent manner452. Diverse cellular stressors, including the 

accumulation of unfolded proteins and virus infection have been demonstrated to result in 

autophagy453. The process of vacuole biogenesis in autophagy is initiated by rearrangement of 

intracellular membranes which results in the formation of an isolated membrane, a 

phagophore454. Subsequently, an autophagosome is formed by elongation of the phagophore, 

followed by enclosure, to form a double-membranous vacuole455. Lastly, the autophagosome 

fuses with lysosomes to create mature autolysosomes in which the sequestered cargo is 

degraded by acidic proteases456. Autophagosome biogenesis requires the interaction of several 

host factors, including the microtubule-associated protein 1 light chain 3 (MAP1LC3) which is 

integrated in membranes of autophagosomes and is the most common marker of autophagy457. 

Multiple flaviviruses trigger stress responses during their replication and have been described 

to activate autophagic pathways. With a few exceptions, autophagy is generally regarded as 

proviral, benefitting viral growth458. Accordingly, the activation of autophagy has been 

demonstrated to promote DENV, JEV, and ZIKV replication, as interference with this cellular 

pathway resulted in strongly reduced virus propagation459–461. More precisely, DENV NS1, 

NS4A, and NS4B and likewise ZIKV NS4A and NS4B were shown to participate in autophagy 

induction, whereas for JEV, the viral proteins C, prM and NS3 were identified to activate 

autophagy via immunity-related GTPase family M protein (IRGM)461–463. In contrast, inhibition of 
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autophagy did not alter WNV replication and hence, is not required for WNV infection464. 

Moreover, a meta-analysis of multiple studies be Ke suggested that autophagy might even play 

an antiviral role, restricting WNV infection465. Bilý et al. visualized autophagic vacuoles in TBEV-

infected neurons and suggested a proviral role by demonstrating decreasing virus replication 

upon autophagy inhibition and increasing replication upon autophagy stimulation69. However, 

the underlying mechanisms of these virus-host interactions are not known so far. In the present 

study, we identified TBEV NS5 to interact with the autophagosome marker MAP1LC3B. 

Recently, the direct interaction between JEV and MAP1LC3 has been demonstrated466. To our 

knowledge, the flavivirus protein NS5 has not been shown to be involved in autophagy 

activation, but has rather been described as antagonist of IFN-signaling467. The interaction of 

TBEV NS5 and MAP1LC3B was further verified by us using co-IP. Thus, our data contribute to 

the understanding of underlying mechanisms of TBEV-induced autophagy, although the 

biological relevance of our results still needs to be validated. Characterizing the interplay of 

TBEV with autophagy may benefit the development of antiviral drugs, as pharmacological 

inhibition of autophagy was shown to decrease DENV replication in mice468.  

The work summarized in this thesis has contributed substantial knowledge to our understanding 

of the processes involved in TBEV protein translation and interaction. It includes the first report 

of a complete TBEV-host protein interaction network that will support future efforts in therapeutic 

interference with TBEV replication. The results presented here shed light on the effects of TBEV 

infection on cellular stress pathways and innate immune sensing in relevant TBEV target cells 

of the CNS. The experimental data presented in this thesis provides evidence for a proviral role 

of the IRE1 pathway of the UPR and elucidates the biphasic nature of IFN-β induction by TBEV 

in astrocytes, which will form the fundament for future research into TBEV pathogenesis. 

5.2 Activation of the UPR in human CNS and intestinal cells by TBFV 
infection  

5.2.1 The replication of different tick-borne flaviviruses in relevant target cells 
correlates with their naturally observed tropism 

During the last decades, various tick-borne encephalitis virus strains have been phylogenetically 

identified across Europe. Besides the characteristic differences in pathogenic potential between 

the known TBEV subtypes, different TBEV strains that belong to the same subtype can also 

show different levels of virulence that are accompanied by varying clinical symptoms and 

disease outcomes. Genetic comparison of diverse TBEV strains revealed differences in virus 

proteins that were demonstrated to contribute to the varying degrees of pathogenicity. The 

determinants for virulence of different tick-borne flavivirus strains were reviewed in detail 

elsewhere469. In particular, variations in the E and the NS5 protein as well as sequence 
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differences in the 3’ UTR were identified to contribute to diverse pathogenicity. In the present 

study, two TBEV strains that belong to the European subtype were characterized. TBEV strain 

Neudoerfl is often referred to as the European prototype strain and can overcome the BBB to 

invade the CNS, causing neuroinflammation470. TBEV strain MucAr HB171/11 (short TBEV 

HB171) was isolated from ticks in a natural focus in Southeastern Germany471. Within the same 

natural focus, human TBEV infections were detected that led to the development of 

uncharacteristic gastrointestinal symptoms without showing any neurological symptoms. This 

suggested that TBEV HB171 infection results in a different clinical outcome with an altered tissue 

tropism when compared to TBEV Neudoerfl. Besides the two TBEV strains, LGTV represented 

a low pathogenic TBFV that is a naturally occurring attenuated member of the TBE serogroup 

and shares 82-88% amino acid homology with TBEV472. LGTV was isolated from ticks in 

Malaysia9 and no natural human infections have been recorded. In the 1970s, LGTV was used 

as a vaccine against TBEV in Russia, but was found to cause neurological symptoms in one of 

18,500 vaccinees that resembled TBE following infection with TBEV of the European 

subtype472,473. The three TBFVs, TBEV Neudoerfl, TBEV HB171, and LGTV were used in this 

thesis to infect permanent cell lines from relevant human tissues, namely SNB19 (astrocytoma 

cells), SH-SY5Y (neuroblastoma cells), and CaCo2 (intestinal epithelial cells). Following 

infection, the genomic viral RNA in the cell supernatant was monitored and revealed different 

levels of TBFV replication in the different cell lines. The neurotropic strain TBEV Neudoerfl 

replicated to significantly higher titers in the neuronal cells, while TBEV HB171, which is 

associated with gastrointestinal symptoms, grew to significantly higher titers in the intestinal 

cells. LGTV could replicate in all three cell lines, but showed delayed replication kinetics and 

significantly lower titers, especially within the CNS cells. Thus, the virus replication observed in 

this study correlated with the naturally occurring tropism and virulence of these viruses. The use 

of permanent cell lines in monocultures instead of primary tissues that contain a composite of 

multiple cell types may limit the interpretation of our data. However, previous studies 

characterized different TBEV strains in highly artificial systems using permanent cell lines from 

irrelevant tissues (e.g. A549 lung cells) or irrelevant host species (e.g. African green monkey 

Vero cells). The use of cell lines with preserved differentiated phenotype, morphology and 

immune competence in our study allows observations that are more refined and improves the 

quality of data obtained in these experiments. Our data illustrate the importance to include 

relevant target cell lines while considering clinical symptoms and cell tropism of the used virus 

strains within a given study. The choice of experimental system has great impact on the outcome 

of a study and may manipulate the results in a way that do not reflect the naturally occurring 

events during an infection, such as the activation of cellular pathways as discussed below. 
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5.2.2 TBFV infection activates the unfolded protein response with strain-specific 
differences  

Flaviviruses utilize the cellular machinery for their replication, which among other things leads 

to increased protein translation. The condition, in which the protein folding load in the ER lumen 

exceeds the folding capacity, is referred to as ER stress and results in the accumulation of 

unfolded and misfolded proteins. To overcome this stress condition and to restore the 

homeostatic state, host cells trigger an adaptive response by activating intracellular signaling 

pathways that are collectively termed “the unfolded protein response” (UPR). Several studies 

have demonstrated a role of the UPR in flavivirus infection, but with differentially activated 

signaling pathways. This might influence how the UPR affects the course of infection, as it can 

favor or limit viral replication, and thus, it contributes to the physiological consequences of the 

infection for the host. In this thesis, we demonstrated a differential pattern of UPR activation by 

three TBFV in three human target cell lines.  

5.2.3 BiP expression upon TBFV infection  

The ER chaperone BiP (also known as 78-kDa glucose-regulated protein, GRP78) is described 

as master regulator of the UPR474, as its association with the ER stress sensors maintains them 

in an inactive state. Besides, the upregulation of BiP expression is described as one hallmark of 

flavivirus infection308. The results obtained in the present study cannot fully confirm this general 

conclusion. BiP was upregulated in infected astrocytoma and intestinal cells, but no significant 

increase was detected in infected neuroblastoma cells, suggesting a cell type dependent BiP 

expression. Furthermore, TBEV Neudoerfl and TBEV HB171 infection resulted in higher levels 

of BiP than LGTV infection, implying that the extent of BiP upregulation further depends on the 

virus strain. LGTV infection resulted in no or low detectable BiP expression in neuroblastoma 

and astrocytoma cells, respectively. However, a strong upregulation of BiP was observed in 

intestinal cells at 48 and 72 hours post infection (hpi). The expression pattern in human intestinal 

CaCo2 cells resembles the one found in LGTV infected human embryonal kidney 293T cells by 

Lewy et al. (2020)329.  

5.2.4 Activation of the PERK pathway in flavivirus infection  

Upon dissociation of BiP, PERK becomes activated and phosphorylates eIF2α which leads to 

globally attenuated protein translation in the host cell287. This pathway is associated with 

apoptosis and is generally described to exert an antiviral role during infection. Accordingly, 

PERK signaling was found to restrict DENV-2 replication in mouse fibroblasts and LGTV 

replication in infected human embryonal kidney 293T cells329,475. Additionally, this pathway 

mediates apoptosis in JEV-infected mouse neuronal Neuro-2a cells322 and contributes to ZIKV-

associated microcephaly in mouse embryos476. In contrast, it was demonstrated that PERK 
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signaling promotes cell survival and extended viral replication in DENV-2 infected mosquito 

C6/36 cells311. These results suggest a virus-and cell type dependent activation of the PERK 

pathway with diverse effects on the outcome of the infection. Furthermore, DENV-2 infection 

was described to activate the different UPR pathways in a time-dependent manner475, adding 

another layer of differential regulation of cellular stress responses by flaviviruses. The role of the 

PERK pathway in TBEV infection is still unknown. In our study we used p-eIF2α as a marker 

protein for the induction of this pathway. We could not observe significant changes in the protein 

levels in infected cells, providing no clear evidence of PERK activation upon TBFV infection in 

the investigated cell lines. Our results show no PERK induction in LGTV infected cells which is 

contradictory to the results of Lewy et al329, who demonstrated a restrictive role of PERK for 

LGTV replication. This discrepancy could be explained on the one hand by the use of different 

marker proteins to demonstrate PERK activation. In our study, we used phosphorylated eIF2α, 

whereas Lewy et al. used CHOP, an effector that is upregulated downstream of the transcription 

factor ATF4. Although it was shown that CHOP is also induced upon ATF6 activation, this 

pathway was not activated during LGTV infection475. Accordingly, the observed upregulation of 

CHOP was interpreted to result from the activation of the PERK pathway. In addition, both 

studies used different cell lines. While Lewy et al. infected human embryonal kidney 293T cells, 

we used human neuroblastoma SH-SY5Y, human astrocytoma SNB19, and human intestinal 

epithelial CaCo2 cells. We observed a cell type dependent upregulation of marker proteins (e.g., 

BiP and XBP1s), which may further explain the contradictory results between the two studies.  

5.2.5 Activation of the ATF6 pathway in flavivirus infection  

Unlike the other stress sensors, upon activation, ATF6 translocates to the Golgi apparatus 

where it is proteolytical cleaved. The resulting cytosolic ATF6 fragment acts as a transcription 

factor that upregulates genes, aiming to restore the cellular homeostasis under stress 

conditions297. This pathway has mainly been implicated in ER quality control. In the context of 

infection, it may play a supportive role in viral protein production297. This supportive role was 

demonstrated by a decrease in WNV replication in the absence of ATF6315. In contrast, a knock-

out of ATF6 had no effect on DENV production475. ZIKV infection has been observed to 

upregulate ATF6 expression in nervous tissue in a mouse model which is likely to contribute to 

neuropathogenesis326. Furthermore, ATF6 has been shown to be proteolytically cleaved and 

translocated to the Golgi apparatus in TBEV strain K23 infected African green monkey Vero E6 

kidney cells328. In the present study, the ATF6 signaling pathway seemed to play a minor role in 

TBFV infection. Infection with the neurotropic TBEV Neudoerfl led to an increase in full-length 

ATF6 protein in astrocytoma cells whereas LGTV increased ATF6 protein levels in intestinal 

cells throughout the course of infection. However, unlike data reported by Yu et al. (2013), no 

proteolysis nor translocation of activated ATF6 could be observed328. Thus, our data do not 



120 
 

indicate a major role of ATF6 in UPR signaling in neuronal cells upon TBFV infection. The 

different outcomes between our results and the one from Yu et al. might be explained again by 

the use of different cell types (see above). While Yu et al. used African green monkey Vero E6 

kidney cells, our investigation was performed in CNS and intestinal cell lines. Another difference 

is the use of the different TBEV strains K23 versus Neudoerfl and HB171. Although all strains 

belong to the European subtype, they might still display different tissue tropism, pathogenicity, 

and levels of induction of cellular signaling pathways. More sensitive methods for the detection 

of ATF6 activation, such as a luciferase-based reporter assay and fluorescence microscopy-

based translocation analysis in an ATF6 overexpression system have been described477 and 

could be used in further investigation to verify the results obtained in this study.  

5.2.6 Activation of the IRE1 pathway in flavivirus infection  

When IRE1 is activated, its RNase domain splices the mRNA that encodes for XBP1, thereby 

removing an intron and leading to a frameshift. This enables the translation of the full-length 

transcription factor XBP1s that in turn upregulates genes that increase the folding capacity of 

the ER by enhancing the expression of chaperones as well as the synthesis of 

phospholipids264,266. Thus, IRE1 has an enhancing role in protein synthesis and transport to 

reestablish the homeostatic state within the host cell. The IRE1-mediated splicing of XBP1 

mRNA has been described to be a hallmark of UPR activation during flavivirus infection308. 

Moreover, it has been hypothesized that the outcomes of this pathway that include the increased 

amount of host chaperones that regulate protein folding together with the expansion of the ER, 

create an optimal environment for viral replication474. This proviral role of IRE1 was 

demonstrated experimentally in IRE1 knock-out mouse embryonic fibroblasts (MEF) that yielded 

significantly lower infectious DENV-2 titers compared to wildtype MEF475. Furthermore, ZIKV 

replication was reduced in IRE1 and XBP1 knock-out MEF cells and upon chemically inhibition 

of the enzymatic function of IRE1327. In addition, the chemical inhibition of the RNase function 

of IRE1 resulted in reduced production of infectious TBEV strain K23 particles328. In contrast, 

knocking out XBP1 in MEFs and reducing XBP1s expression in mouse neuroblastoma N18 cells 

by siRNA had no effect on infectious WNV levels or JEV production, respectively312,316. This 

suggests that the IRE1 signaling pathway is dispensable for the replication of these viruses. The 

outcomes of these studies illustrate that the activation of IRE1 does not always have a 

supporting role for flavivirus infection. Although this pathway was found to be activated upon 

infection with several flaviviruses, it is dispensable for the replication of WNV and JEV. 

Therefore, IRE1 activation might be a hallmark for flavivirus infection, but it does not generally 

promote the replication of all flaviviruses.  

By infecting relevant viral target cells with TBFV, we identified the IRE1-XBP1 axis as the 

dominant UPR pathway. The most pronounced indicator of IRE1 pathway activation is the 
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unconventional splicing of the XBP1 mRNA and the expression of the active XBP1s transcription 

factor478. While XBP1s is also expressed upon activation of the ATF6 pathway, XBP1 mRNA is 

exclusively spliced by the RNase domain of the IRE1 sensor. Therefore, we analyzed the 

expression of XBP1s as well as the splicing of the XBP1 mRNA. We showed a TBFV strain-

dependent induction of the XBP1s transcription factor in relevant viral target cells. In neuronal 

cells, both TBEV strains upregulated XBP1s at earlier time points in the course of infection than 

LGTV, which corresponds to their higher virulence and faster replication kinetics. In astrocytes, 

TBEV Neudoerfl infection resulted in the highest levels of XBP1s, whereas TBEV HB171 

upregulated XBP1s earlier and to higher levels in intestinal cells compared to TBEV Neudoerfl. 

In addition to the strain-dependent XBP1 expression, the activation of the UPR differed between 

the different cell types. Especially, the XBP1s upregulation in CNS cells by TBEV Neudoerfl and 

in intestinal cells by TBEV HB171 correlates with the naturally observed tropism of these strains. 

Though conclusions from infection experiments in immortalized cell lines should be drawn with 

care, the use of relevant virus target cell lines to investigate the UPR activation upon TBFV 

might present a useful tool to assess the tropism and the virulence of different TBEV strains in 

vitro.  

5.2.7 The activation of the IRE1 pathway promotes the replication of TBFVs by 
converting host cells into “virus-producing factories” 

The activation of the IRE1 pathway can result in various outcomes such as the modulation of 

ER function, organelle expansion, and energy metabolism479. In addition, XBP1s regulates the 

expression of ERAD components that reduce the protein burden by targeting them for 

proteolysis and cellular factors that are involved in protein trafficking to the Golgi apparatus480. 

Besides XBP1 mRNA, IRE1 cleaves also other mRNAs to limit translocation to the ER and 

translation of new proteins through regulated IRE1-dependent decay of mRNA (RIDD)272. RIDD 

has been identified to be beneficial for JEV replication321. Upon activation, RIDD degrades 

cellular mRNAs, but has no effect on JEV RNA levels, which results in a preferential translation 

of the JEV genome. IRE1 activation further channels into innate immune signaling. By 

association with TRAF2, NF-κB and JNK are activated, which leads to the induction of 

inflammatory and apoptotic processes481. As IRE1 signaling is involved in various other 

pathways and is situated at the crossroads between mRNA and protein degradation, 

maintenance of cellular homeostasis and innate immune signaling, its activation has a major 

impact on cell fate. Due to its central role in ER-associated signaling, it is not surprising that 

many flaviviruses interact and manipulate this pathway to promote their own replication. While 

the proviral role of IRE1 has been described for DENV-2, ZIKV, and TBEV (see above), it is 

dispensable for JEV and WNV replication. Therefore, this arm of the UPR is utilized differently 

by related flaviviruses and plays diverse roles in their life cycle. Where IRE1 has a supportive 
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role for virus replication, it was shown to promote biogenesis and secretion of virions315,321,326–

328,475. The characteristics of a flavivirus infected cell include activated IRE1, upregulated XBP1s, 

and a largely expanded ER which resemble the physiological state of secretory cells, such as 

plasma cells478,482. It has been shown that XBP1 is essential for the differentiation of B cells into 

secretory plasma cells, because the absence of XBP1 resulted in complete ablation of IgG 

secretion482,483. Therefore, it was discussed that the secretory demand of IgG synthesis causes 

a basal stress condition that activates the UPR483. The UPR then regulates the protein folding 

capacity of the cell according to the need, enabling an efficient secretory phenotype. Similar 

demands as such put on biosynthetic and secretory pathways of plasma cells are also found in 

infected cells during production and release of newly assembled virions. Accordingly, the 

supportive role of IRE1 for flavivirus replication by increasing the folding capacity of the ER 

enables a high level of virus replication and hence the secretion of high amounts of virions. One 

might speculate that flaviviruses that activate and utilize the IRE1 arm of the UPR transfer their 

host cells into a secretory state generating efficient “virus-producing factories”.  

5.2.8 Flavivirus infection promotes UPR-associated neuroinflammation with a 
potential role in neurodegenerative disorders  

The UPR signaling pathways intersect at various levels with inflammatory pathways such as the 

production of ROS, the release of calcium from the ER, and the activation of NF-κB and JNK. 

The generation and accumulation of ROS which are important mediators of inflammation, has 

been linked to ER stress. ROS is produced during protein folding in the course of the formation 

of disulfide bonds and during reactions that reduce improperly formed disulfide bonds484,485. 

Consequently, ROS accumulates due to increasing protein-folding loads in the ER. In response 

to this oxidative stress, cells induce the IRE1 pathway. Activated IRE1 then forms a complex 

with TRAF2, resulting a JNK- or NF-κB-dependent inflammatory response481. Pathological 

conditions that disturb ER homeostasis can lead to chronic activation of the UPR and 

inflammation. UPR-associated inflammatory pathways might play a central role in the 

pathogenesis of inflammatory diseases of metabolic, neurodegenerative, and infectious origin. 

The UPR has been shown to play an important role in maintaining intestinal epithelial 

homeostasis but can also promote intestinal inflammation in the context of Crohn’s disease and 

ulcerative colitis, collectively known as inflammatory bowel disease (IBD). XBP1 has been 

identified as a risk factor for IBD and has been shown to link ER stress to intestinal inflammation 

in the context of IRE1- NF-κB signaling486. In the condition of type 2 diabetes, pancreatic β-cells 

increase protein synthesis to produce sufficient amount of insulin. The IRE1 arm of the UPR 

seems to play a crucial role in this process as the deletion of IRE1 or XBP1 results in defective 

proinsulin synthesis and processing, and decreased insulin secretion487. Furthermore, IRE1 has 

been found to be activated in the liver and adipose tissue of obese animals488. Activated IRE1 
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forms a complex with TRAF2, triggering JNK activation, leading to JNK-mediated 

phosphorylation of insulin-receptor substrate 1 (ISR1), and results in the development of insulin 

resistance489 Another well studied metabolic disease is cancer, where the activation of the UPR 

can upregulate transcriptional programs that allow tumor cells to sustain unfavorable conditions 

like hypoxia or oxidative stress and that shape a tumorigenic proinflammatory environment490,491. 

In the CNS, dysregulation of IRE1 signaling is implicated in the pathology of a number of 

neurodegenerative diseases, like Alzheimer’s disease and Parkinson’s disease492. Although the 

IRE1-XBP1 axis has neuroprotective effects, IRE1 signaling has also been associated with 

autophagy and apoptosis contributing to neuronal cell death492–494. The complex formation of 

IRE1 and TRAF2 separates TRAF2 from pro-caspase-12, which leads to the activation of 

caspase-12 and to ER stress-induced apoptosis. In addition, the IRE1-TRAF2 complex activates 

JNK, which either inhibits the anti-apoptotic factors BCL-2 and BCL-xL or activates the 

proapoptotic factors BIM and BID492. Moreover, the activation of the UPR might contribute to the 

expression of pro-inflammatory cytokines, causing neuroinflammation and further contributing 

to pathogenesis. In the context of infectious diseases, it has been observed that 

neuroinflammation often follows the infection with neurotropic viruses.  Furthermore, infections 

with neurotropic viruses often lead to long-lasting neurological sequelae with patients showing 

Parkinson-like symptoms (called viral parkinsonism)495. Various studies have demonstrated that 

virus infections activate the UPR and induce altered protein expression comparable to that 

involved in neurological diseases, thus linking neurotropic viral infections with 

neurodegenerative pathology496–500.  

In our study, we demonstrated that XBP1 was expressed to the highest levels in astrocytoma 

cells infected with the neurotropic pathogenic TBEV strain Neudoerfl. Astrocytes have been 

shown to actively participate in the immune response in the CNS, secreting inflammatory 

cytokines and chemokines75,501. This observation suggests that immune-mediated mechanisms 

in the CNS may contribute to the pathology of the severe form of TBE that occurs upon TBEV 

Neudoerfl infection, but has not observed upon TBEV HB171 or LGTV infection. In addition, 

virus replication and IRE1 activation followed different kinetics in neuronal cells which indicates 

a higher burden of protein synthesis in cells infected with TBEV Neudoerfl. When inhibiting the 

enzymatic function of IRE1, the strongest effect on viral replication occurred in astrocytoma 

cells. However, none of the tested inhibitors could fully inhibit virus replication, suggesting a 

supportive but non-essential role of IRE1 signaling for TBFV replication. Considering the use of 

established cell lines, the inhibitory effects, along with the reduced viral replication, may be 

underestimated in these monocultures.  
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5.2.9 Controversial reports - towards a better comparability between studies and the 
importance of using relevant viral target cell lines  

Several studies have documented the activation of one or more signaling pathways of the UPR 

upon flavivirus infection and their effects on virus replication. However, contradictory reports 

exist, even for the same virus species. Blázquez et al. suggested the observed discrepancies 

were caused by differences in the virus strains or serotypes used, or by using subgenomic 

replicons, isolated proteins or complete viruses458. Indeed, the comparison of the studies of 

Medigeshi et al. versus Ambrose and Mackenzie revealed a strain-specific activation of 

apoptotic factors downstream of PERK by WNV315–317. Medigeshi et al. showed an early 

phosphorylation of eIF2α and a strong upregulation of downstream apoptotic factors like CHOP, 

GADD34, and caspase-3 by the highly neurovirulent strain WNV NY99317. In contrast, Ambrose 

and Mackenzie demonstrated only minimal phosphorylation of eIF2α and minor CHOP 

expression by the naturally attenuated strain WNVKUN
315,316. Moreover, the study of Umareddy 

et al. demonstrated a DENV serotype-specific activation of different UPR pathways with different 

intensities314. While DENV-1 induced a stronger upregulation of GADD34 than DENV-2, DENV-

2 infection resulted in slightly higher eIF2α phosphorylation and higher XBP1s expression levels 

than DENV-1. In addition to the use of different virus strains and serotypes, different cell types 

and MOIs were employed in these independent investigations, which further complicates the 

comparison of their results. Medigeshi et al. infected human neuroblastoma SK-N-MC cells and 

primary rat hippocampus neurons with an MOI of 10317, while Ambrose and Mackenzie infected 

African green monkey Vero C1008 kidney cells and mouse embryonic fibroblasts (MEF) with 

MOIs of 3 and 10, respectively315,316. Studies with such highly variable parameters and cellular 

system should be interpreted as independent studies and any comparison of their results should 

be done with great caution.  

In our study, we compared the virus replication and UPR activation upon three TBFV infection 

in three relevant viral target cell lines. We compared TBFV with varying levels of pathogenicity 

(TBEV vs. LGTV) as well as with different tissue tropisms (TBEV strain Neudoerfl vs. HB171). 

We observed TBFV-specific replication kinetics within the different cell types that correlated with 

their naturally observed tropism. The different replication kinetics also results in distinct amounts 

of viral protein that are translated in the host cells and thus, variable degrees of ER stress 

activation. Our results confirm the assumption of a differentially activated TBFV-dependent 

UPR. The strain-specific activation was most distinctive for the expression of BiP and XBP1s. 

Our data indicate only a weak upregulation of ATF6 and thus, a minor role of this pathway in 

TBFV infection. These results are contradictory to the ones obtained by Yu et al., who showed 

an activation of the ATF6 pathway upon TBEV strain K23 infection. These opposite results might 

be explained by the use of different TBEV strains as discussed above328. Another factor 

contributing to the different outcomes might be the use of different cell lines. While Yu et al. used 
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African green monkey Vero E6 kidney cells, we used relevant virus target cell lines that reflect 

the naturally observed tropism. In addition, contradictory results were obtained regarding the 

activation of the PERK pathway upon LGTV infection. While we could not observe an 

upregulation of p-eIF2α in CNS and intestinal cells, Lewy et al. demonstrated a restrictive role 

of PERK for LGTV replication in human embryonal kidney 293T cells329.  

Overall, we could show a differential cell-type dependent activation of UPR signaling pathways 

that are virus strain-specific. The virus replication and the activation of the IRE1 axis of the UPR 

in the different cell lines correlates with the naturally observed tropism of the investigated virus 

strain, illustrating the importance of choosing relevant cell types. Based on our results, we 

suggest the use of relevant virus target cells as a tool to assess and compare the tropism and 

virulence of different TBEV strains. Relevant virus target cells might give a more realistic picture 

of virus-host interactions and deliver more reproducible results in the identification of possible 

targets for therapeutic intervention.  

5.2.10 Inhibition of UPR signaling pathways – a promising target for antiviral therapy 
upon flavivirus infection? 

Several studies have demonstrated that different flaviviruses activate and manipulate UPR 

signaling pathways to facilitate their own replication. Moreover, the interplay between ER stress 

and inflammatory pathways might contribute to pathomechanisms observed in severe cases of 

neurotropic flavivirus infections. Together, these observations render the UPR an attractive 

target for therapeutic intervention upon flavivirus infection.  

As the stress sensors IRE1, PERK, and ATF6 are at the top of the UPR signaling pathways, 

they present targets for pharmacologically inhibition. Various small molecules that modulate the 

enzymatically active sites of IRE1 and PERK have been identified. The PERK inhibitors 

GSK2606414 and GSK2656157 were developed by a team at GlaxoSmithKline and inhibit the 

thapsigargin-induced autophosphorylation of PERK502–504. Additionally, salubrinal acts on the 

PERK-eIF2 axis, inhibiting the dephosphorylation of eIF2 via the GADD34/PP1 and CREP/PP1 

complexes505. Besides, there are several molecules that inhibit different enzymatic activities of 

IRE1. One group of inhibitors directly bind and inhibit the RNase domain of IRE1 by covalently 

binding to the active site. Salicylaldehyde is among the most common compounds including 

STF083010, and 4µ8c506–508. Another inhibitor which is called kinase-inhibiting RNase-

attenuator (KIRA) 6, disrupts the oligomerization of IRE1 suppressing its kinase activity268. When 

screening for new IRE1 inhibitors, GSK2850163 was identified that suppresses both RNase and 

kinase functions509. For inhibiting ATF6, a serine protease inhibitor 4-(2-aminoethyl) 

benzenesulfonyl fluoride (AEBSF) prevented the cleavage of ATF6, blocked its nuclear 

localization and thus the transcriptional induction of target genes510. Another class of compounds 
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inhibit the upstream signaling in all three branches of the UPR and comprises 

tauroursodeoxycholic acid (TUDCA) which is a derivate of an endogenous bile acid511.  

In this study we used KIRA6, STF083010, and GSK2850163 for the treatment of viral target 

cells prior to infection to inhibit different enzymatic functions of IRE1. In IRE1-inhibted cells, we 

observed an overall reduction of TBFV replication with the strongest effects occurring in 

astrocytoma cells. Furthermore, the different inhibitors showed different efficacies of modulating 

virus propagation in the different cell lines. While GSK2850163 was identified to be the most 

potent compound to reduce TBFV replication in astrocytoma cells and intestinal cells, KIRA6 

and STF083010 treatment resulted in the strongest effects on virus replication rates in neuronal 

cells. Some other studies have analyzed the effect of chemical inhibition of UPR sensors on 

flavivirus replication. Yu et al. showed decreased TBEV strain K23 replication when inhibiting 

the upstream signaling of all three UPR branches and more specifically the RNase activity of 

IRE1328. These findings are consistent with the ones observed in our study. Additionally, 

inhibiting the kinase or RNase activity of IRE1 results in reduced ZIKV-induced cytotoxicity and 

viral replication327. Besides, salubrinal treatment significantly reduced DENV growth314. The 

mentioned studies were performed exclusively in vitro and thus, the inhibitory effects and the 

observed reduction of viral replication do not allow to assess how the disease progression is 

impacted by the treatment. More recently, it has been shown that the neurogenic defects and 

excessive cell death observed in mouse brains upon ZIKV infection can be prevented by 

inhibiting the PERK or IRE1 arms of the activated UPR with GSK2656157 or 4µ8c, 

respectively476,512. Moreover, another group identified PERK to be involved in JEV-induced 

encephalitis in mice. Treatment of the animals with GSK2606414 reduced JEV-induced mortality 

as well as brain cell damage322. Taken together, the results obtained in vitro and especially in 

vivo impressively demonstrate that the pharmacological inhibition of different UPR branches has 

promising therapeutical potential to treat clinical symptoms of flavivirus infections. This is further 

underlined by several studies that investigate pharmacological UPR inhibitors as therapeutics 

for neurodegenerative diseases and cancer. While the inhibition of IRE1 has mostly been 

studies in the context of cancer, STF083101 has been shown to be an effective anti-cancer 

agent in multiple myeloma, and breast cancer508,513, positive effects of inhibiting PERK on 

Parkinson’s disease, dementia, Alzheimer’s disease, or prion disease have been described514–

517.  

5.3 Antiviral immune response in murine CNS cells upon TBEV infection 

5.3.1 Astrocytes are major IFN-β producers in the CNS upon TBEV infection  

Neurotropic flaviviruses have developed strategies to overcome the BBB enabling them to enter 

the CNS and to cause severe disease. Different CNS-resident cell subsets are susceptible to 
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infection by the neurotropic flaviviruses ZIKV518–520, WNV78,501,521, JEV522,523, and TBEV524,525. 

CNS cells like astrocytes and microglia participate in the immune response to restrict virus 

dissemination and protect neurons from irreversible damage or even cell death. In vitro and in 

vivo experiments have demonstrated the importance of interferons (IFN) in CNS-associated 

early antiviral responses against flaviviruses and subsequent recovery infection526–529. To 

identify the main producer of IFN-β in TBEV infection among murine CNS-resident cell subsets, 

neurons, astrocytes, and microglia were isolated and infected with TBEV in vitro. We could 

confirm the previous observation that neurons, microglia and astrocytes support productive 

TBEV replication60. Our data showed that neurons produced the highest TBEV titers, whereas 

astrocytes and microglia showed lower percentages of infected cells. In addition to virus titers, 

secreted IFN-β in the supernatant of infected cells was analyzed. Surprisingly, in contrast to 

virus replication, astrocytes showed the highest IFN-β production, while microglia produced low, 

and neurons no detectable IFN-β levels. In previous studies microglia, as the main CNS-resident 

immune cells, have been suggested to be a major source of proinflammatory cytokines in the 

brain530. While this may be true in sterile neuroinflammation531, other CNS-resident cell subsets 

have been shown to play major roles in IFN responses during viral CNS infection532–536. Neurons 

represent the main targets for productive replication of many neurotropic viruses, such as 

herpesviruses, rhabdoviruses and flaviviruses, and thus, have been suggested to initiate innate 

immunity upon sensing of viral PAMPs535,537,538. While our data confirm preferential replication 

of TBEV in neurons compared to microglia and astrocytes, the sensing of viral infection and 

initiation of IFN responses clearly sided with the astrocytes in our murine cell culture system.  A 

similar observation has been made in a mouse model for infection with La Crosse virus (LACV), 

a neurotropic bunyavirus. Despite neurons representing the main source of productive LACV 

replication, astrocytes contributed substantially to the production of IFN-β during viral CNS 

infection539. The identification of astrocytes as the major IFN-β producers upon TBEV infection, 

led us to further investigate the underlying mechanisms of TBEV sensing and initiation of IFN 

signaling by murine astrocytes.  

5.3.2  MAVS is essential for mounting an efficient antiviral response  

Our transcriptome data confirmed that MAVS, the adaptor molecule of RLRs, is required to 

induce early IFN-β production upon TBEV infection and therefore drives antiviral responses in 

astrocytes. This finding fits to the observation that astrocytes isolated from MAVS deficient mice 

exhibited decreased IFN-β induction early after infection. Consequently, MAVS deficiency led to 

increased TBEV replication. Similarly, MAVS has been demonstrated to be essential for an 

efficient innate antiviral immune response in WNV infection540,541. Although IFN-β production 

was significantly reduced in TBEV infected MAVS ko astrocytes at early time points, MAVS-

independent and MyD88/ TRIF-dependent antiviral responses reached nearly normal levels at 
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later time points. Therefore, we hypothesize that the IFN-β response in murine astrocytes upon 

TBE infection follows a biphasic course that is initially driven by MAVS- and later by MyD88/TRIF 

signaling. Additionally, our transcriptome analysis revealed substantially reduced ISG levels in 

MAVS ko astrocytes in comparison to WT cells. ISGs are induced following IFN induction and 

activation of the IFNAR-JAK-STAT signaling pathway. In our study, the enhanced TBEV 

replication in MAVS ko astrocytes was accompanied by reduced RNA levels of IFNs as well as 

of the ISGs Oas1 and viperin. Oas1 has been demonstrated to exhibit antiviral activity by 

cleaving viral mRNA during flavivirus infection542. Likewise, viperin limits viral spread by 

mediating the proteasome-dependent degradation of TBEV and ZIKV NS3183. Furthermore, 

Trim12a, a TRIM5 homologue, was upregulated in TBEV infected WT astrocytes, but was not 

detectable when MAVS was absent. Chiramel et al. have shown that TRIM5α targets the viral 

protease for proteasomal degradation contributing to the control of flavivirus infection in murine 

astrocytes543. Moreover, TRIM69 and TRIM79α restrict flavivirus replication by mediating the 

degradation of the viral protease and by mediating lysosome-dependent degradation of the 

TBEV polymerase, respectively372,373.  

5.3.3 Efficient IFN-β response in TBEV infected astrocytes requires sequential MAVS- 
and MyD88/ TRIF signaling  

In various studies, RLR-signaling has been demonstrated to play important roles in initiating IFN 

responses upon flavivirus infection541,544,545. Downstream of the sensors RIG-I and MDA5, the 

adaptor molecule MAVS has been shown to be equally crucial for the antiviral response against 

flavivirus infection378,540,541. TLR-signaling pathways represent additional routes that result in 

IFN-induction upon virus sensing. Flaviviruses have been shown to be sensed by TLR3 and 

TLR7 that signal downstream through the adaptor molecules MyD88 and TRIF546. While TRIF 

signals downstream of TLR3, MyD88 is activated downstream of all other TLRs and the IL-1β 

receptor547,548. Both, TLR3 and IL-1β signaling are involved in the initiation of antiviral responses 

against DENV and WNV 545,549–553. Our transcriptome data showed a delayed response in TBEV 

infected MAVS ko astrocytes. However, Tlr3, Ticam1, MyD88, and IL-1β genes were 

upregulated in infected MAVS ko cells, suggesting a contribution of MyD88/TRIF signaling 

during later stages of TBEV infection. This hypothesis is further supported by Kurhade et al., 

who showed higher viral loads in LGTV infected MAVS ko mice compared to wt mice, which 

were accompanied by systemic infection and virus invasion of the CNS378. In contrast, at 4 dpi 

the cytokine levels in brains of LGTV infected MAVS ko mice were comparable to those in WT 

mice378, pointing towards the involvement of MAVS-independent mechanisms in cytokine 

production at later stages of infection. Taken together, our results demonstrate the importance 

of MAVS-dependent IFN signaling in TBEV infected astrocytes during early time points, and 

MyD88/TRIF-dependent signaling during later time points. However, further studies will be 
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needed to determine whether late signaling involves the TLR3-TRIF pathway or IL-1β-MyD88 

signaling.  
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6 Appendix  

Appendix 1: Interactions between TBEV protein C and host proteins 

Accession No. 
Gene 
name 

Protein name 
Molecular 

weight 
[kDa] 

Sequence 
coverage 

[%] 

Log2 fold 
change 

p-value 

Q9UPT5-2; Q9UPT5-5; 
Q9UPT5-1; Q9UPT5-6; 
Q9UPT5; Q9UPT5-4 

EXOC7 Exocyst complex component 7 74,712 30 4,29611235 0,000164 

Q9H089 LSG1 Large subunit GTPase 1 homolog 75,225 25,4 2,16741235 0,004009 

Q9NX00 TMEM160 Transmembrane protein 160 19,657 12,2 7,09451235 0,00759 

Q9NQT4 EXOSC5 Exosome complex component RRP46 25,249 30,6 3,13946235 0,009969 

P47914 RPL29 60S ribosomal protein L29 17,752 14,5 2,08961235 0,011423 

P62987 UBA52 
Ubiquitin-60S ribosomal protein L40;Ubiquitin;60S ribosomal 
protein L40 

14,728 55,5 2,99261235 0,01193 

Q9NYK5; Q9NYK5-2 MRPL39 39S ribosomal protein L39, mitochondrial 38,711 41,4 1,58166235 0,012225 

Q14137; Q14137-2 BOP1 Ribosome biogenesis protein BOP1 83,629 33,2 2,85906235 0,01504 

Q02543 RPL18A 60S ribosomal protein L18a 20,762 55,1 2,39881235 0,018061 

Q14168-6; Q14168-2; 
Q14168-3; Q14168; 
Q14168-4; Q14168-5 

MPP2 MAGUK p55 subfamily member 2 60,511 18,9 7,49906235 0,023668 

Q6P5R6 RPL22L1 60S ribosomal protein L22-like 1 14,606 45,9 1,79786235 0,024796 

P84098 RPL19 60S ribosomal protein L19 23,466 38,3 2,33031235 0,02518 

Q9NVP1 DDX18 ATP-dependent RNA helicase DDX18 75,406 25,7 7,63381235 0,026529 

P62899; P62899-3; 
P62899-2 

RPL31 60S ribosomal protein L31 14,463 58,4 1,91736235 0,027387 

Q8N4T8-2; Q8N4T8 CBR4 Carbonyl reductase family member 4 18,837 24 6,91271235 0,027706 



131 
 

O75683 SURF6 Surfeit locus protein 6 41,45 17,2 5,11811235 0,030606 

Q15629-2; Q15629 TRAM1 Translocating chain-associated membrane protein 1 39,682 12,8 6,34961235 0,031264 

P46779; P46779-2; 
P46779-3; P46779-4; 
P46779-5 

RPL28 60S ribosomal protein L28 15,747 62 2,59126235 0,031679 

P42677 RPS27 40S ribosomal protein S27 9,461 41,7 2,17226235 0,032151 

Q5RKV6 EXOSC6 Exosome complex component MTR3 28,235 36 1,67126235 0,032451 

Q9NRL2; Q9NRL2-2 BAZ1A Bromodomain adjacent to zinc finger domain protein 1A 178,7 5,8 2,18961235 0,033764 

P30050; P30050-2 RPL12 60S ribosomal protein L12 17,818 64,8 2,94026235 0,034434 

Q9H8H2; Q9H8H2-2; 
Q9H8H2-4 

DDX31 Probable ATP-dependent RNA helicase DDX31 94,086 11,6 6,92781235 0,036107 

Q86TB9-2; Q86TB9-4; 
Q86TB9 

PATL1 Protein PAT1 homolog 1 70,638 7,7 5,79541235 0,036218 

P61313; P61313-2 RPL15 60S ribosomal protein L15 24,146 50,5 2,06841235 0,037199 

Q9P265 DIP2B Disco-interacting protein 2 homolog B 171,49 7 6,94761235 0,037385 

O15355 PPM1G Protein phosphatase 1G 59,271 58,1 2,49746235 0,038379 

Q9BWF3; Q9BWF3-4; 
Q9BWF3-3; Q9BWF3-2 

RBM4 RNA-binding protein 4 40,313 66,2 5,84301235 0,039522 

O00567 NOP56 Nucleolar protein 56 66,049 17,8 4,01586235 0,042229 

Q96DH6; Q96DH6-2; 
Q96DH6-3 

MSI2 RNA-binding protein Musashi homolog 2 35,196 19,8 5,38381235 0,042234 

P05386 RPLP1 60S acidic ribosomal protein P1 11,514 95,6 2,42946235 0,042634 

P62424 RPL7A 60S ribosomal protein L7a 29,995 49,2 2,37506235 0,043702 

Q9P2K5; Q9P2K5-2; 
Q9P2K5-4 

MYEF2 Myelin expression factor 2 64,121 8 5,25021235 0,044205 

O00566 
MPHOSPH
10 

U3 small nucleolar ribonucleoprotein protein MPP10 78,863 6,6 5,24676235 0,044218 

Q07020; Q07020-2 RPL18 60S ribosomal protein L18 21,634 47,9 2,36581235 0,044751 

Q8NHQ9; Q8NHQ9-2 DDX55 ATP-dependent RNA helicase DDX55 68,546 9,7 5,24476235 0,044767 
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P46778 RPL21 60S ribosomal protein L21 18,565 43,1 2,57706235 0,044808 

P05387; P05386-2 RPLP2 60S acidic ribosomal protein P2 11,665 97,4 2,56311235 0,046241 

P62701; Q8TD47; 
P22090 

RPS4X; 
RPS4Y2 

40S ribosomal protein S4, X isoform;40S ribosomal protein 
S4, Y isoform 2 

29,597 64,3 1,07996235 0,046356 

Q9H9Y6; Q9H9Y6-3; 
Q9H9Y6-4; Q9H9Y6-5; 
Q9H9Y6-2 

POLR1B DNA-directed RNA polymerase I subunit RPA2 128,23 8,2 5,54316235 0,047489 

P55209-2; P55209 NAP1L1 Nucleosome assembly protein 1-like 1 42,761 69,3 5,07386235 0,047649 

P62750 RPL23A 60S ribosomal protein L23a 17,695 51,9 2,29036235 0,048289 

Q96FX7 TRMT61A 
tRNA (adenine(58)-N(1))-methyltransferase catalytic subunit 
TRMT61A 

31,381 41,2 1,96911235 0,251863 

O94832 MYO1D Unconventional myosin-Id 116,2 33 4,96601235 0,003082 

P61254 RPL26 60S ribosomal protein L26 17,258 55,2 2,22211235 0,005978 

Q9HC36 RNMTL1 rRNA methyltransferase 3, mitochondrial 47,019 21,9 1,23591235 0,010211 

O95478 NSA2 Ribosome biogenesis protein NSA2 homolog 30,065 25,4 4,31016235 0,014138 

Q13084 MRPL28 39S ribosomal protein L28, mitochondrial 30,156 59,4 3,27066235 0,01419 

Q9BQ70 TCF25 Transcription factor 25 76,666 25,9 1,42101235 0,015091 

Q96RT7-2; Q96RT7-
3;Q96RT7 

TUBGCP6 Gamma-tubulin complex component 6 196,76 1,3 8,69441235 0,016608 

Q15005 SPCS2 Signal peptidase complex subunit 2 25,003 56,6 3,55531235 0,017154 

P27449 ATP6V0C V-type proton ATPase 16 kDa proteolipid subunit 15,736 31,6 2,26961235 0,018759 

Q9Y512 SAMM50 Sorting and assembly machinery component 50 homolog 51,976 46,1 3,73841235 0,019596 

Q96GC5-3; Q96GC5 MRPL48 39S ribosomal protein L48, mitochondrial 21,749 23,7 2,95951235 0,020024 

Q6DKI1; Q6DKI1-2 RPL7L1 60S ribosomal protein L7-like 1 29,669 42,4 2,99891235 0,022701 

Q92979 EMG1 Ribosomal RNA small subunit methyltransferase NEP1 26,72 59,8 4,13866235 0,023387 

A1X283 SH3PXD2B SH3 and PX domain-containing protein 2B 101,58 18,2 7,99191235 0,02351 

Q9H0U3; Q9H0U3-2 MAGT1 Magnesium transporter protein 1 38,036 17 3,00751235 0,024587 

P62273; P62273-2 RPS29 40S ribosomal protein S29 6,6767 48,2 2,45936235 0,02958 
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Q9NY12-2; Q9NY12 GAR1 H/ACA ribonucleoprotein complex subunit 1 20,834 33,2 3,31861235 0,030718 

P46776 RPL27A 60S ribosomal protein L27a 16,561 44,6 2,19986235 0,031372 

Q6V1X1-6; Q6V1X1-4; 
Q6V1X1-2; Q6V1X1-5; 
Q6V1X1-3; Q6V1X1 

DPP8 Dipeptidyl peptidase 8 83,397 4 4,45776235 0,032635 

Q9Y3B2 EXOSC1 Exosome complex component CSL4 21,452 32,8 3,16166235 0,034352 

P18621-3; P18621; 
P18621-2 

RPL17 60S ribosomal protein L17 26,372 49,1 2,84356235 0,036052 

P35268 RPL22 60S ribosomal protein L22 14,787 68,8 2,04181235 0,040897 

Q9H2W6 MRPL46 39S ribosomal protein L46, mitochondrial 31,705 39,1 2,24561235 0,04371 

P49406 MRPL19 39S ribosomal protein L19, mitochondrial 33,535 41,4 2,71251235 0,047823 

Q96B26 EXOSC8 Exosome complex component RRP43 30,039 45,3 1,82326235 0,049353 
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Appendix 2: Interactions between TBEV protein prM and host proteins 

Accession No. Gene name Protein name 
Molecular 

weight 
[kDa] 

Sequence 
coverage 

[%] 

Log2 fold 
change 

p-value 

Q5SRE5; Q5SRE5-2 NUP188 Nucleoporin NUP188 homolog 196,04 9 4,52598895 0,007752 

O60306 AQR Intron-binding protein aquarius 171,29 22,5 4,03848895 0,033035 

O43491; O43491-3; 
O43491-2 

EPB41L2 Band 4.1-like protein 2 112,59 59,8 4,81023895 0,000844 

Q9UJY5-4; Q9UJY5-3; 
Q9UJY5; Q9UJY5-6; 
Q9UJY5-2 

GGA1 ADP-ribosylation factor-binding protein GGA1 61,378 23 3,94083895 0,013087 

P58557; P58557-3; 
P58557-2 

YBEY Putative ribonuclease 19,298 34,1 3,63383895 0,035011 

Q4KMQ2-3; Q4KMQ2; 
Q4KMQ2-2; Q4KMQ2-4 

ANO6 Anoctamin-6 103,96 6,6 3,53873895 0,019592 

Q9UDY4 DNAJB4 DnaJ homolog subfamily B member 4 37,806 10,1 3,38883895 0,026389 

Q71RC2-5; Q71RC2-3; 
Q71RC2; Q71RC2-4; 
Q71RC2-2; Q71RC2-6; 
Q71RC2-7 

LARP4 La-related protein 4 72,399 18,5 3,81968895 0,001537 

Q8N1B4; Q8N1B4-2 VPS52 Vacuolar protein sorting-associated protein 52 homolog 82,22 18,9 4,02403895 0,003121 

P21359-2; P21359-6; 
P21359; P21359-4; 
P21359-3; P21359-5 

NF1 Neurofibromin;Neurofibromin truncated 317,03 7,3 3,72363895 0,001666 

Q01968-2; Q01968 OCRL Inositol polyphosphate 5-phosphatase OCRL-1 103,23 13,9 3,65368895 0,001466 

Q6IBW4-2; Q6IBW4; 
Q6IBW4-4; Q6IBW4-5 

NCAPH2 Condensin-2 complex subunit H2 65,715 15,8 2,87063895 0,048335 

B7ZAQ6-2; B7ZAQ6-3; 
P0CG08; B7ZAQ6 

GPR89A; 
GPR89B 

Golgi pH regulator A;Golgi pH regulator B 38,484 3,6 3,72363895 0,005816 
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Q5F1R6; Q5F1R6-3; 
Q5F1R6-2 

DNAJC21 DnaJ homolog subfamily C member 21 62,027 12,8 3,79893895 0,008754 

O75127 PTCD1 Pentatricopeptide repeat-containing protein 1, mitochondrial 78,855 2,7 3,36043895 0,001672 

P35914; P35914-3; 
P35914-2 

HMGCL Hydroxymethylglutaryl-CoA lyase, mitochondrial 34,36 18,8 2,79833895 0,039403 

Q15418-4; Q15418; 
Q15418-2; Q15418-3; 
Q15349; Q15349-3; 
Q15349-2 

RPS6KA1 Ribosomal protein S6 kinase alpha-1 81,146 32,4 3,59668895 0,005541 

Q9Y5B6; Q9Y5B6-2; 
Q9Y5B6-4; Q9Y5B6-3 

PAXBP1 PAX3- and PAX7-binding protein 1 104,8 12,8 3,83768895 0,025967 

Q8NBM4; Q8NBM4-3; 
Q8NBM4-2; Q8NBM4-
4; Q8NBM4-5 

UBAC2 Ubiquitin-associated domain-containing protein 2 38,963 26,2 3,58283895 0,012536 

P03897 MT-ND3 NADH-ubiquinone oxidoreductase chain 3 13,186 13 2,70343895 0,033262 

Q5BKZ1; Q5BKZ1-2; 
Q5BKZ1-3 

ZNF326 DBIRD complex subunit ZNF326 65,653 18,4 2,98473895 0,0048 

Q4V328; Q4V328-4; 
Q4V328-2 

GRIPAP1 GRIP1-associated protein 1 96,004 27,8 2,81528895 0,00231 

Q96EY5; Q96EY5-2; 
Q96EY5-3 

MVB12A Multivesicular body subunit 12A 28,783 23,8 2,32543895 0,032614 

Q92696 RABGGTA Geranylgeranyl transferase type-2 subunit alpha 65,071 23,6 2,90268895 0,010965 

O94973-2; O94973; 
O94973-3 

AP2A2 AP-2 complex subunit alpha-2 104,09 43,6 2,27323895 0,047324 

P78527; P78527-2 PRKDC DNA-dependent protein kinase catalytic subunit 469,08 56,4 2,24938895 0,023339 

O95140; O95140-2 MFN2 Mitofusin-2 86,401 10,3 2,77483895 0,027605 

Q9UJX6-2; Q9UJX6 ANAPC2 Anaphase-promoting complex subunit 2 93,468 6,1 2,92008895 0,044818 

Q9Y5S2 CDC42BPB Serine/threonine-protein kinase MRCK beta 194,31 10,6 2,68288895 0,025881 

Q09472 EP300 Histone acetyltransferase p300 264,16 4,6 2,84443895 0,048316 

Q9BQ67 GRWD1 Glutamate-rich WD repeat-containing protein 1 49,419 61 1,90708895 0,020696 
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Q9UKV5 AMFR E3 ubiquitin-protein ligase AMFR 72,995 22,4 2,07063895 0,005694 

O95071-2; O95071 UBR5 E3 ubiquitin-protein ligase UBR5 309,22 29 1,83868895 0,038859 

Q9H330-3; Q9H330 TMEM245 Transmembrane protein 245 48,041 3,2 1,66453895 0,015783 

Q9UPN9-2; Q9UPN9 TRIM33 E3 ubiquitin-protein ligase TRIM33 120,54 13,2 1,72608895 0,036756 

O95816; O95816-2 BAG2 BAG family molecular chaperone regulator 2 23,772 65,4 2,62733895 0,046987 

P07197; P07197-2 NEFM Neurofilament medium polypeptide 102,47 14,3 2,08413895 0,018109 

Q12872; Q12872-2 SFSWAP Splicing factor, suppressor of white-apricot homolog 104,82 12,5 1,29983895 0,013677 

P11388; P11388-2; 
P11388-3; P11388-4 

TOP2A DNA topoisomerase 2-alpha 174,38 29,5 1,01508895 0,004694 

Q96JG6; Q96JG6-3; 
Q96JG6-2 

CCDC132 Coiled-coil domain-containing protein 132 111,17 9,6 1,18783895 0,0164 

Q96S59; Q96S59-2; 
Q96S59-3 

RANBP9 Ran-binding protein 9 77,846 11,2 5,23753895 0,000526 

Q6P4A7; Q6P4A7-3; 
Q6P4A7-2 

SFXN4 Sideroflexin-4 37,998 12,2 4,95233895 0,007193 

Q709C8-4; Q709C8-2; 
Q709C8-3; Q709C8 

VPS13C Vacuolar protein sorting-associated protein 13C 403,08 6,8 4,63603895 0,001082 

O14787-2; O14787 TNPO2 Transportin-2 100,41 30,9 5,07178895 0,009624 

Q5T1M5; Q5T1M5-2; 
Q5T1M5-3 

FKBP15 FK506-binding protein 15 133,63 14,9 3,59948895 0,026186 

Q96TA1-2; Q96TA1 FAM129B Niban-like protein 1 82,682 34,4 4,89953895 0,027583 

Q8IXI1; Q8IXI1-2 RHOT2 Mitochondrial Rho GTPase 2 68,117 34,3 4,13473895 0,001765 

O43402; O43402-2 EMC8 ER membrane protein complex subunit 8 23,773 57,1 3,79563895 0,002875 

Q6PD62 CTR9 RNA polymerase-associated protein CTR9 homolog 133,5 15,1 3,82608895 0,001159 

Q9P2B2 PTGFRN Prostaglandin F2 receptor negative regulator 98,555 12,5 3,00768895 0,013913 

Q9UJC5 SH3BGRL2 SH3 domain-binding glutamic acid-rich-like protein 2 12,326 24,3 3,00498895 0,01263 

Q12769; Q12769-3; 
Q12769-2 

NUP160 Nuclear pore complex protein Nup160 162,12 14,3 4,06303895 0,042913 



137 
 

Q9H4L7-2; Q9H4L7; 
Q9H4L7-3 

SMARCAD1 
SWI/SNF-related matrix-associated actin-dependent 
regulator of chromatin subfamily A containing DEAD/H box 1 

117,6 20,6 3,63188895 0,015471 

Q8WY22 BRI3BP BRI3-binding protein 27,835 16,7 2,96383895 0,002684 

Q8TEM1; Q8TEM1-2 NUP210 Nuclear pore membrane glycoprotein 210 205,11 15,8 3,72183895 0,031989 

Q9BQ70 TCF25 Transcription factor 25 76,666 25,9 3,62313895 0,041377 

Q8TF05-2; Q8TF05 PPP4R1 Serine/threonine-protein phosphatase 4 regulatory subunit 1 105,19 8,6 2,48028895 0,007406 

O15357; O15357-2 INPPL1 Phosphatidylinositol 3,4,5-trisphosphate 5-phosphatase 2 138,6 11,7 3,10483895 0,040964 

O75976; O75976-2 CPD Carboxypeptidase D 152,93 16,8 2,57623895 0,00535 

O75116 ROCK2 Rho-associated protein kinase 2 160,9 31 2,23203895 0,032636 

Q9HC36 RNMTL1 rRNA methyltransferase 3, mitochondrial 47,019 21,9 2,10333895 0,044979 

Q9UNS1-2; Q9UNS1 TIMELESS Protein timeless homolog 138,53 20,4 1,65258895 0,036215 

Q14315-2; Q14315 FLNC Filamin-C 287,28 33,3 1,92733895 0,010242 
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Appendix 3: Interactions between TBEV protein SP-E and host proteins 

Accession No. 
Gene 
name 

Protein name 
Molecular 

weight 
[kDa] 

Sequence 
coverage 

[%] 

Log2 fold 
change 

p-value 

Q8NB25-3; Q8NB25; 
Q8NB25-4; Q8NB25-2 

FAM184A Protein FAM184A 130,33 4 10,6299183 0,013628 

Q13438; Q13438-6; 
Q13438-5; Q13438-2; 
Q13438-7; Q13438-4; 
Q13438-3; Q13438-8 

OS9 Protein OS-9 75,561 15,9 6,11336825 0,039489 

P61769 B2M Beta-2-microglobulin;Beta-2-microglobulin form pI 5.3 13,714 26,9 6,59006825 0,034238 

O14967; O14967-2 CLGN Calmegin 70,038 33,8 7,33381825 0,028191 

Q15276; Q15276-2 RABEP1 Rab GTPase-binding effector protein 1 99,289 20,1 4,99991825 0,026443 

Q9NZJ4; Q9NZJ4-2 SACS Sacsin 521,12 2,2 3,38226825 0,042735 

Q9UL15; Q9UL15-2 BAG5 BAG family molecular chaperone regulator 5 51,199 21 6,08386825 0,040383 

P16435 POR NADPH--cytochrome P450 reductase 76,689 47,9 2,23671825 0,040973 

Q7Z4R8 C6orf120 UPF0669 protein C6orf120 20,772 45 3,42266825 0,03103 

Q9BQ75-2; Q9BQ75 CMSS1 Protein CMSS1 29,964 10,7 4,72816825 0,012208 

O00165; O00165-2; 
O00165-5; O00165-3; 
O00165-4; O00165-6 

HAX1 HCLS1-associated protein X-1 31,62 41,6 2,10721825 0,035338 

Q9BVT8 TMUB1 
Transmembrane and ubiquitin-like domain-containing protein 
1 

26,261 20,7 3,42971825 0,041555 

Q9BVA0 KATNB1 Katanin p80 WD40 repeat-containing subunit B1 72,333 15,6 2,00776825 0,026196 

P62805 HIST1H4A Histone H4 11,367 52,4 1,14181825 0,038281 

Q8N2U0 TMEM256 Transmembrane protein 256 11,741 31,9 1,82281825 0,043268 

O95670; O95670-3; 
O95670-2 

ATP6V1G2 V-type proton ATPase subunit G 2 13,604 41,5 1,90631825 0,015597 
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Q9P0T7 TMEM9 Transmembrane protein 9 20,574 17,5 2,50646825 0,027603 

P57105 SYNJ2BP Synaptojanin-2-binding protein 15,928 69 2,41796825 0,046649 

Q7L523; Q5VZM2-2; 
Q5VZM2 

RRAGA; 
RRAGB 

Ras-related GTP-binding protein A;Ras-related GTP-binding 
protein B 

36,566 25,2 1,69961825 0,010074 

Q92989-2 CLP1 Polyribonucleotide 5-hydroxyl-kinase Clp1 40,695 5,8 4,74081825 0,022204 

O95182 NDUFA7 
NADH dehydrogenase [ubiquinone] 1 alpha subcomplex 
subunit 7 

12,551 15,9 1,55301825 0,006139 

Q9UBV2; Q9UBV2-2 SEL1L Protein sel-1 homolog 1 88,754 47,5 8,46586825 0,021945 

Q9BY50 SEC11C Signal peptidase complex catalytic subunit SEC11C 21,542 22,9 5,75806825 0,046143 

Q13217 DNAJC3 DnaJ homolog subfamily C member 3 57,579 29,2 7,16541825 0,036231 

Q92890-1; Q92890; 
Q92890-3 

UFD1L Ubiquitin fusion degradation protein 1 homolog 38,725 35,9 6,14736825 0,039078 

Q9H0U3; Q9H0U3-2 MAGT1 Magnesium transporter protein 1 38,036 17 3,27021825 0,044281 

Q9BVC6 TMEM109 Transmembrane protein 109 26,21 13,2 3,93151825 0,031599 

Q15005 SPCS2 Signal peptidase complex subunit 2 25,003 56,6 5,25496825 0,003391 

P69905 HBA1 Hemoglobin subunit alpha 15,257 43 1,13111825 0,045585 

Q9Y512 SAMM50 Sorting and assembly machinery component 50 homolog 51,976 46,1 4,44236825 0,006296 

P67812; P67812-4; 
P67812-3; P67812-2 

SEC11A Signal peptidase complex catalytic subunit SEC11A 20,625 44,7 4,93471825 0,044374 

Q9H3K2 GHITM Growth hormone-inducible transmembrane protein 37,205 21,4 1,38666825 0,010116 

Q15006 EMC2 ER membrane protein complex subunit 2 34,833 37 1,37826825 0,033008 

Q9UII2; Q9UII2-3; 
Q9UII2-2 

ATPIF1 ATPase inhibitor, mitochondrial 12,249 35,8 2,85121825 0,005642 

Q8TED1 GPX8 Probable glutathione peroxidase 8 23,881 43,5 4,88761825 0,046339 

Q14165 MLEC Malectin 32,233 48,6 2,52411825 0,00349 

O75915 ARL6IP5 PRA1 family protein 3 21,614 28,2 3,53331825 0,013853 

P82912; P82912-2; 
P82912-3 

MRPS11 28S ribosomal protein S11, mitochondrial 20,616 43,3 1,68996825 0,033769 
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P00403 MT-CO2 Cytochrome c oxidase subunit 2 25,565 48 1,51376825 0,001845 

Q96IU4; Q96IU4-2 ABHD14B Alpha/beta hydrolase domain-containing protein 14B 22,345 47,6 3,75116825 0,034916 

Q9BQ69 MACROD1 O-acetyl-ADP-ribose deacetylase MACROD1 35,505 31,4 2,20696825 0,044341 

Q6DKJ4; Q6DKJ4-3; 
Q6DKJ4-2 

NXN Nucleoredoxin 48,392 47,8 4,52691825 0,047648 

O75190; O75190-3; 
O75190-2; O75190-4; 
Q8WWF6; Q8NHS0; 
P25686-2; Q7Z6W7; 
P25686 

DNAJB6 DnaJ homolog subfamily B member 6 36,087 46 2,79296825 0,001127 

P52758 HRSP12 Ribonuclease UK114 14,494 40,9 1,73146825 0,032566 

P49406 MRPL19 39S ribosomal protein L19, mitochondrial 33,535 41,4 2,29776825 0,041089 

Q8N4Q1; Q8N4Q1-2 CHCHD4 
Mitochondrial intermembrane space import and assembly 
protein 40 

15,996 35,9 2,58921825 0,0093 

P62942 FKBP1A Peptidyl-prolyl cis-trans isomerase FKBP1A 11,951 73,1 2,08956825 0,014262 

P20674 COX5A Cytochrome c oxidase subunit 5A, mitochondrial 16,762 58 1,56546825 0,005822 

O14561 NDUFAB1 Acyl carrier protein, mitochondrial 17,417 21,2 1,37586825 0,046791 

Q9P0J0; Q9P0J0-2 NDUFA13 
NADH dehydrogenase [ubiquinone] 1 alpha subcomplex 
subunit 13 

16,698 52,8 2,77561825 0,04984 

P48507; P48507-2 GCLM Glutamate--cysteine ligase regulatory subunit 30,727 32,8 1,93736825 0,002754 

P04183 TK1 Thymidine kinase, cytosolic 25,468 48,7 2,33031825 0,003515 

O14925; Q5SRD1 
TIMM23; 
TIMM23B 

Mitochondrial import inner membrane translocase subunit 
Tim23;Putative mitochondrial import inner membrane 
translocase subunit Tim23B 

21,943 36,8 2,45571825 0,013417 

P51809; P51809-3; 
P51809-2 

VAMP7 Vesicle-associated membrane protein 7 24,935 53,2 2,71786825 0,018919 

P27449 ATP6V0C V-type proton ATPase 16 kDa proteolipid subunit 15,736 31,6 2,47161825 0,011984 

Q5VWZ2; Q5VWZ2-2 LYPLAL1 Lysophospholipase-like protein 1 26,316 51,9 2,39271825 0,017691 

Q99471; Q99471-3; 
Q99471-2 

PFDN5 Prefoldin subunit 5 17,328 71,4 2,53661825 0,034196 
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sp|FA35-
18_XP002713367|; 
P05976-2; P05976; 
P08590 

MYL1; 
MYL3 

Myosin light chain 1/3, skeletal muscle isoform;Myosin light 
chain 3 

22,133 8 1,96146825 0,023564 

Q13084 MRPL28 39S ribosomal protein L28, mitochondrial 30,156 59,4 2,21236825 0,040996 

O95749; O95749-2 GGPS1 Geranylgeranyl pyrophosphate synthase 34,87 32 2,36581825 0,046671 

O00217 NDUFS8 
NADH dehydrogenase [ubiquinone] iron-sulfur protein 8, 
mitochondrial 

23,705 36,2 1,98341825 0,030563 

Q8IY95-2; Q8IY95 TMEM192 Transmembrane protein 192 30,549 22,5 1,95891825 0,012777 

O75391 SPAG7 Sperm-associated antigen 7 26,034 36,1 1,17496825 0,04226 
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Appendix 4: Interactions between TBEV protein SP-NS1 and host proteins 

Accession No. 
Gene 
name 

Protein name 
Molecular 

weight 
[kDa] 

Sequence 
coverage 

[%] 

Log2 fold 
change 

p-value 

O96006 ZBED1 Zinc finger BED domain-containing protein 1 78,155 11,8 6,72961095 0,02943 

Q14669-4; Q14669; 
Q14669-2; Q14669-3 

TRIP12 E3 ubiquitin-protein ligase TRIP12 192,07 17,4 5,29961095 0,048833 

Q9Y3D3; Q9Y3D3-2 MRPS16 28S ribosomal protein S16, mitochondrial 15,345 52,6 2,32951095 0,047244 

P42566; P42566-2 EPS15 Epidermal growth factor receptor substrate 15 98,655 27,1 1,45536095 0,032892 

P25789; P25789-2 PSMA4 Proteasome subunit alpha type-4 29,483 79,3 1,25996095 0,013145 

Q96RT7-2; Q96RT7-3; 
Q96RT7 

TUBGCP6 Gamma-tubulin complex component 6 196,76 1,3 8,19451095 0,021289 

Q92989-2 CLP1 Polyribonucleotide 5-hydroxyl-kinase Clp1 40,695 5,8 6,20471095 0,013868 

O75165 DNAJC13 DnaJ homolog subfamily C member 13 254,41 13,9 3,22671095 0,036662 

Q96GC5-3; Q96GC5 MRPL48 39S ribosomal protein L48, mitochondrial 21,749 23,7 2,83191095 0,048083 

Q9NY12-2; Q9NY12 GAR1 H/ACA ribonucleoprotein complex subunit 1 20,834 33,2 3,50066095 0,028625 

O94832 MYO1D DnaJ homolog subfamily B member 6 116,2 33 4,07746095 0,039644 

O75190; O75190-3; 
O75190-2; O75190-4; 
Q8WWF6; Q8NHS0; 
P25686-2; Q7Z6W7; 
P25686 

DNAJB6 DnaJ homolog subfamily B member 6 36,087 46 2,95991095 0,003553 

Q7Z6Z7-2; Q7Z6Z7-3; 
Q7Z6Z7 

HUWE1 E3 ubiquitin-protein ligase HUWE1 480,19 17,3 3,51501095 0,026258 

Q92979 EMG1 Ribosomal RNA small subunit methyltransferase NEP1 26,72 59,8 2,25881095 0,020616 

Q14165 MLEC Malectin 32,233 48,6 1,68286095 0,038688 

Q14139; Q14139-2 UBE4A Ubiquitin conjugation factor E4 A 122,56 29,9 1,81181095 0,018093 

P69905 HBA1 Hemoglobin subunit alpha 15,257 43 1,51296095 0,000227 
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P62273; P62273-2 RPS29 40S ribosomal protein S29 6,6767 48,2 2,00171095 0,032462 

P46776 RPL27A 60S ribosomal protein L27a 16,561 44,6 1,90826095 0,036187 

P35268 RPL22 60S ribosomal protein L22 14,787 68,8 1,59396095 0,019702 

Q6DKI1; Q6DKI1-2 RPL7L1 60S ribosomal protein L7-like 1 29,669 42,4 1,45466095 0,021758 

Q9H3K2 GHITM Growth hormone-inducible transmembrane protein 37,205 21,4 1,08651095 0,000164 

Q96B26 EXOSC8 Exosome complex component RRP43 30,039 45,3 1,36741095 0,042415 

P83731 RPL24 60S ribosomal protein L24 17,779 47,1 1,38616095 0,049677 
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Appendix 5: Interactions between TBEV protein NS2A and host proteins 

Accession No. 
Gene 
name 

Protein name 
Molecular 

weight 
[kDa] 

Sequence 
coverage 

[%] 

Log2 fold 
change 

p-value 

Q5J8M3-3; Q5J8M3-2; 
Q5J8M3 

EMC4 ER membrane protein complex subunit 4 15,088 37,5 4,5576552 0,026575 

Q8N766-2; Q8N766; 
Q8N766-3; Q8N766-4 

EMC1 ER membrane protein complex subunit 1 111,63 53,2 3,3756052 0,041238 

P82664 MRPS10 28S ribosomal protein S10, mitochondrial 22,999 28,4 2,1335552 0,049812 

P32969 RPL9 60S ribosomal protein L9 21,863 70,8 2,0227052 0,040679 

Q9BQ48 MRPL34 39S ribosomal protein L34, mitochondrial 10,165 23,9 2,6314552 0,040439 

Q9Y3Y2-4; Q9Y3Y2; 
Q9Y3Y2-3 

CHTOP Chromatin target of PRMT1 protein 21,918 34,7 1,4122052 0,039403 

P24534 EEF1B2 Elongation factor 1-beta 24,763 84 1,4220052 0,035804 

Q96EY4 TMA16 Translation machinery-associated protein 16 23,864 36 1,2008552 0,046251 

Q9BYC9; Q9BYC9-2 MRPL20 39S ribosomal protein L20, mitochondrial 17,442 40,9 0,8155052 0,544757 

Q7Z6Z7-2; Q7Z6Z7-3; 
Q7Z6Z7 

HUWE1 E3 ubiquitin-protein ligase HUWE1 480,19 17,3 6,4302052 0,008494 

Q96RT7-2; Q96RT7-3; 
Q96RT7 

TUBGCP6 Gamma-tubulin complex component 6 196,76 1,3 8,0113052 0,023971 

Q92989-2 CLP1 Polyribonucleotide 5-hydroxyl-kinase Clp1 40,695 5,8 5,0403552 0,015227 

A1X283 SH3PXD2B SH3 and PX domain-containing protein 2B 101,58 18,2 7,3978052 0,034523 

O43402; O43402-2 EMC8 ER membrane protein complex subunit 8 23,773 57,1 5,3388052 0,018412 

Q9NPA0 EMC7 ER membrane protein complex subunit 7 26,47 37,2 5,1800052 0,033606 

Q9Y512 SAMM50 Sorting and assembly machinery component 50 homolog 51,976 46,1 5,1034052 0,01095 

Q92890-1; Q92890; 
Q92890-3 

UFD1L Ubiquitin fusion degradation protein 1 homolog 38,725 35,9 6,1651052 0,03658 

Q9Y6B6 SAR1B GTP-binding protein SAR1b 22,41 59,6 5,8566052 0,041244 
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Q96IU4; Q96IU4-2 ABHD14B Alpha/beta hydrolase domain-containing protein 14B 22,345 47,6 3,2920052 0,034715 

Q9NY12-2; Q9NY12 GAR1 H/ACA ribonucleoprotein complex subunit 1 20,834 33,2 4,0142552 0,027249 

Q9NVV0 TMEM38B Trimeric intracellular cation channel type B 32,509 23 4,1714552 0,006416 

Q9P0J0; Q9P0J0-2 NDUFA13 
NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 
13 

16,698 52,8 3,2503052 0,038197 

Q15006 EMC2 ER membrane protein complex subunit 2 34,833 37 3,9697552 0,033307 

P40616-2; P40616 ARL1 ADP-ribosylation factor-like protein 1 18,565 67,1 3,3148052 0,042496 

Q6V1X1-6; Q6V1X1-4; 
Q6V1X1-2; Q6V1X1-5; 
Q6V1X1-3; Q6V1X1 

DPP8 Dipeptidyl peptidase 8 83,397 4 4,8606552 0,040087 

Q15005 SPCS2 Signal peptidase complex subunit 2 25,003 56,6 3,4469552 0,023438 

Q8WY22 BRI3BP BRI3-binding protein 27,835 16,7 2,6781552 0,049251 

Q92979 EMG1 Ribosomal RNA small subunit methyltransferase NEP1 26,72 59,8 3,0310552 0,014372 

P27449 ATP6V0C V-type proton ATPase 16 kDa proteolipid subunit 15,736 31,6 2,3572052 0,025366 

P51809; P51809-3; 
P51809-2 

VAMP7 Vesicle-associated membrane protein 7 24,935 53,2 2,4443552 0,010611 

O43674; O43674-2 NDUFB5 
NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 
5, mitochondrial 

21,75 16,4 2,7038552 0,037304 

Q9BRJ2 MRPL45 39S ribosomal protein L45, mitochondrial 35,351 36,6 2,1738052 0,011148 

Q8N4V1; Q8N4V1-2 MMGT1 Membrane magnesium transporter 1 14,686 49,6 2,8690552 0,035107 

Q9H0U3; Q9H0U3-2 MAGT1 Magnesium transporter protein 1 38,036 17 3,4654552 0,040584 

P62273; P62273-2 RPS29 40S ribosomal protein S29 6,6767 48,2 2,4933052 0,032771 

Q14165 MLEC Malectin 32,233 48,6 2,5734052 0,003599 

Q9Y3B2 EXOSC1 Exosome complex component CSL4 21,452 32,8 2,1331052 0,037961 

sp|FA35-
18_XP002713367|; 
P05976-2; P05976; 
P08590 

MYL1; 
MYL3 

Myosin light chain 1/3, skeletal muscle isoform;Myosin light 
chain 3 

22,133 8 2,3107552 0,009332 
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P48729; P48729-3; 
P48729-2; Q8N752 

CSNK1A1; 
CSNK1A1L 

Casein kinase I isoform alpha;Casein kinase I isoform alpha-like 38,914 43,6 2,1496052 0,011349 

Q9UI09; Q9UI09-2 NDUFA12 
NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 
12 

17,114 66,9 2,2447552 0,000138 

Q9H2W6 MRPL46 39S ribosomal protein L46, mitochondrial 31,705 39,1 2,1149052 0,045445 

O95478 NSA2 Ribosome biogenesis protein NSA2 homolog 30,065 25,4 2,3800552 0,029225 

P82912; P82912-2; 
P82912-3 

MRPS11 28S ribosomal protein S11, mitochondrial 20,616 43,3 2,3559052 0,032178 

Q8N4Q1; Q8N4Q1-2 CHCHD4 
Mitochondrial intermembrane space import and assembly 
protein 40 

15,996 35,9 2,0126552 0,038988 

P18621-3; P18621; 
P18621-2 

RPL17 60S ribosomal protein L17 26,372 49,1 1,8021552 0,007296 

Q14657 LAGE3 EKC/KEOPS complex subunit LAGE3 14,804 50,3 1,8116052 0,020746 

Q9H3K2 GHITM Growth hormone-inducible transmembrane protein 37,205 21,4 1,9122052 0,013014 

P35268 RPL22 60S ribosomal protein L22 14,787 68,8 1,6447052 0,004406 

Q86VX2-2; Q86VX2 COMMD7 COMM domain-containing protein 7 22,412 6 1,8247552 0,013593 

P83731 RPL24 60S ribosomal protein L24 17,779 47,1 1,5126552 0,029183 

O14818; O14818-2; 
O14818-4; Q8TAA3-2; 
Q8TAA3-5; Q8TAA3 

PSMA7 Proteasome subunit alpha type-7 27,887 66,9 1,1061552 0,025458 

P61254 RPL26 60S ribosomal protein L26 17,258 55,2 1,0959552 0,024849 
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Appendix 6: Interactions between TBEV protein NS2B and host proteins 

Accession No. Gene name Protein name 
Molecular 

weight 
[kDa] 

Sequence 
coverage 

[%] 

Log2 fold 
change 

p-value 

Q15067; Q15067-2; 
Q15067-3 

ACOX1 Peroxisomal acyl-coenzyme A oxidase 1 74,423 22,9 5,80370445 0,043632 

P46379-2; P46379; 
P46379-3; P46379-5; 
P46379-4 

BAG6 Large proline-rich protein BAG6 118,69 39,7 2,31735445 0,007905 

P16383-2; P16383; 
P16383-3; P16383-4 

GCFC2 GC-rich sequence DNA-binding factor 2 84,846 18 3,23015445 0,045951 

P10253 GAA 
Lysosomal alpha-glucosidase;76 kDa lysosomal alpha-
glucosidase;70 kDa lysosomal alpha-glucosidase 

105,32 19,6 2,24980445 0,038939 

Q9C0E2 XPO4 Exportin-4 130,14 23 2,26415445 0,049701 

Q15075 EEA1 Early endosome antigen 1 162,46 32 2,25190445 0,03234 

Q92989-2 CLP1 Polyribonucleotide 5-hydroxyl-kinase Clp1 40,695 5,8 4,15700445 0,029889 

Q9UBV2; Q9UBV2-2 SEL1L Protein sel-1 homolog 1 88,754 47,5 7,79900445 0,027853 

P22392-2; P22392 NME2 Nucleoside diphosphate kinase B 30,137 82,8 6,73780445 0,032217 

P30086 PEBP1 
Phosphatidylethanolamine-binding protein 1;Hippocampal 
cholinergic neurostimulating peptide 

21,057 80,7 1,60120445 0,027978 

Q14139; Q14139-2 UBE4A Ubiquitin conjugation factor E4 A 122,56 29,9 3,12350445 0,041696 

P53701 HCCS Cytochrome c-type heme lyase 30,601 34,3 1,36115445 0,021004 

Q9H2M9; Q9H2M9-2 RAB3GAP2 Rab3 GTPase-activating protein non-catalytic subunit 155,98 38,8 1,51265445 0,022863 

Q6DKJ4; Q6DKJ4-3; 
Q6DKJ4-2 

NXN Nucleoredoxin 48,392 47,8 3,25510445 0,009774 

P40616-2; P40616 ARL1 ADP-ribosylation factor-like protein 1 18,565 67,1 2,55425445 0,046934 

Q96IU4; Q96IU4-2 ABHD14B Alpha/beta hydrolase domain-containing protein 14B 22,345 47,6 2,49870445 0,027225 

Q5VWZ2; Q5VWZ2-2 LYPLAL1 Lysophospholipase-like protein 1 26,316 51,9 2,33425445 0,011879 
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O95749; O95749-2 GGPS1 Geranylgeranyl pyrophosphate synthase 34,87 32 2,45555445 0,048533 

P51809; P51809-3; 
P51809-2 

VAMP7 Vesicle-associated membrane protein 7 24,935 53,2 2,41060445 0,002425 

P48507; P48507-2 GCLM Glutamate--cysteine ligase regulatory subunit 30,727 32,8 2,10605445 0,04747 

Q9NVV0 TMEM38B Trimeric intracellular cation channel type B 32,509 23 1,88130445 0,000759 

Q9BZX2; Q9BZX2-2 UCK2 Uridine-cytidine kinase 2 29,299 66,7 1,72820445 0,041089 

P48729; P48729-3; 
P48729-2; Q8N752 

CSNK1A1; 
CSNK1A1L 

Casein kinase I isoform alpha;Casein kinase I isoform 
alpha-like 

38,914 43,6 1,39110445 0,014739 

Q15005 SPCS2 Signal peptidase complex subunit 2 25,003 56,6 1,74755445 0,027089 

Q9UNS1-2; Q9UNS1 TIMELESS Protein timeless homolog 138,53 20,4 2,00760445 0,03991 

Q9BRJ2 MRPL45 39S ribosomal protein L45, mitochondrial 35,351 36,6 1,62410445 0,046097 

Q8N4Q1; Q8N4Q1-2 CHCHD4 
Mitochondrial intermembrane space import and assembly 
protein 40 

15,996 35,9 1,46460445 0,049966 

O14925; Q5SRD1 
TIMM23; 
TIMM23B 

Mitochondrial import inner membrane translocase subunit 
Tim23;Putative mitochondrial import inner membrane 
translocase subunit Tim23B 

21,943 36,8 1,39510445 0,026307 

O94832 MYO1D Unconventional myosin-Id 116,2 33 2,02800445 0,043101 
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Appendix 7: Interactions between TBEV protein NS3 and host proteins 

Accession No. Gene name Protein name 
Molecular 

weight 
[kDa] 

Sequence 
coverage 

[%] 

Log2 fold 
change 

p-value 

Q8WWK9-5; Q8WWK9; 
Q8WWK9-4; Q8WWK9-6 

CKAP2 Cytoskeleton-associated protein 2 76,899 13,6 6,71560495 0,015758 

Q96Q15; Q96Q15-2; 
Q96Q15-4; Q96Q15-3; 
Q6P435 

SMG1 Serine/threonine-protein kinase SMG1 410,5 1,8 3,03660495 0,005341 

O94888 UBXN7 UBX domain-containing protein 7 54,862 26,4 4,17330495 0,001767 

O76024 WFS1 Wolframin 100,29 11,2 2,61520495 0,005221 

Q14155-1; Q14155-5; 
Q14155-6; Q14155-2; 
Q14155-3; Q14155; 
Q15052-2; Q15052 

ARHGEF7 Rho guanine nucleotide exchange factor 7 73,139 11,8 5,01220495 0,009036 

Q12959-5; Q12959-3; 
Q12959-6; Q12959-4; 
Q12959; Q12959-7; 
Q12959-2; Q12959-8; 
Q12959-9; Q15700-3; 
Q15700; Q15700-4; 
Q15700-2; Q15700-5 

DLG1 Disks large homolog 1 95,165 24,6 5,02990495 0,006751 

Q7L7X3; Q7L7X3-3; 
Q7L7X3-2; Q9UL54-2; 
Q9UL54-3; Q9UL54-4; 
Q9UL54 

TAOK1 Serine/threonine-protein kinase TAO1 116,07 9,6 2,98705495 0,019025 

O75330-2; O75330; 
O75330-3; O75330-4 

HMMR Hyaluronan mediated motility receptor 82,3 15,7 4,13515495 0,001236 

Q96T37-4; Q96T37-2; 
Q96T37-3; Q96T37 

RBM15 Putative RNA-binding protein 15 99,7 14,7 3,86090495 0,003918 

Q9Y3X0 CCDC9 Coiled-coil domain-containing protein 9 59,702 4,9 6,32395495 0,038363 
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O00411 POLRMT DNA-directed RNA polymerase, mitochondrial 138,62 25,7 5,19740495 0,038766 

Q9BWH6; Q9BWH6-2; 
Q9BWH6-3 

RPAP1 RNA polymerase II-associated protein 1 152,75 8,8 3,79005495 0,005543 

Q7Z392-3; Q7Z392; 
Q7Z392-4; Q7Z392-2 

TRAPPC11 Trafficking protein particle complex subunit 11 123,37 9,1 3,14870495 0,033159 

Q13395 TARBP1 Probable methyltransferase TARBP1 181,67 10,4 3,61040495 0,026316 

Q6VMQ6-2; Q6VMQ6-5; 
Q6VMQ6; Q6VMQ6-4 

ATF7IP Activating transcription factor 7-interacting protein 1 118,65 8,8 3,51855495 0,007511 

Q969Q0 RPL36AL 60S ribosomal protein L36a-like 12,469 49,1 4,29810495 0,002359 

P42858 HTT Huntingtin 347,6 14,9 2,14025495 0,009398 

Q9UIQ6-3; Q9UIQ6-2; 
Q9UIQ6 

LNPEP 
Leucyl-cystinyl aminopeptidase;Leucyl-cystinyl 
aminopeptidase, pregnancy serum form 

115,06 5,7 2,86890495 0,029515 

Q99816; Q99816-2 TSG101 Tumor susceptibility gene 101 protein 43,944 21,5 3,66225495 0,02265 

Q9NV70-2; Q9NV70 EXOC1 Exocyst complex component 1 100,28 22,1 4,01880495 0,013335 

Q9Y6I3; Q9Y6I3-3; 
Q9Y6I3-1 

EPN1 Epsin-1 60,293 12 2,64940495 0,004657 

Q13057; Q13057-2 COASY 
Bifunctional coenzyme A synthase;Phosphopantetheine 
adenylyltransferase;Dephospho-CoA kinase 

62,328 29,6 4,53935495 0,009233 

P46199 MTIF2 Translation initiation factor IF-2, mitochondrial 81,316 17,2 3,16470495 0,001974 

O00461 GOLIM4 Golgi integral membrane protein 4 81,879 27,2 2,68250495 0,031302 

P08240; P08240-2 SRPR Signal recognition particle receptor subunit alpha 69,81 25,1 2,52835495 0,012899 

Q9UBF8; Q9UBF8-2; 
Q9UBF8-3 

PI4KB Phosphatidylinositol 4-kinase beta 91,378 16,1 3,63520495 0,027481 

Q709C8-4; Q709C8-2; 
Q709C8-3; Q709C8 

VPS13C Vacuolar protein sorting-associated protein 13C 403,08 6,8 2,79460495 0,008527 

Q96S59; Q96S59-2; 
Q96S59-3 

RANBP9 Ran-binding protein 9 77,846 11,2 4,44160495 0,003214 

Q9UJC5 SH3BGRL2 SH3 domain-binding glutamic acid-rich-like protein 2 12,326 24,3 2,99780495 0,008675 

Q8TF05-2; Q8TF05 PPP4R1 Serine/threonine-protein phosphatase 4 regulatory subunit 1 105,19 8,6 3,48555495 0,001708 
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O75165 DNAJC13 DnaJ homolog subfamily C member 13 254,41 13,9 2,55460495 0,027539 

Q8TEM1; Q8TEM1-2 NUP210 Nuclear pore membrane glycoprotein 210 205,11 14,5 5,02435495 0,011848 

O14787-2; O14787 TNPO2 Transportin-2 100,41 30,9 5,41890495 0,015005 

Q14315-2; Q14315 FLNC Filamin-C 287,28 33,3 2,06085495 0,010266 

O75116 ROCK2 Rho-associated protein kinase 2 160,9 31 2,55915495 0,031122 

Q6PD62 CTR9 RNA polymerase-associated protein CTR9 homolog 133,5 15,1 4,07705495 0,015754 

Q5T1M5; Q5T1M5-2; 
Q5T1M5-3 

FKBP15 FK506-binding protein 15 133,63 14,9 3,13835495 0,013284 

Q9P2B2 PTGFRN Prostaglandin F2 receptor negative regulator 98,555 12,5 3,80175495 0,00252 

Q8IXI1; Q8IXI1-2 RHOT2 Mitochondrial Rho GTPase 2 68,117 34,3 5,15075495 0,016348 

O75976; O75976-2 CPD Carboxypeptidase D 152,93 16,8 4,27845495 0,001537 

O15357; O15357-2 INPPL1 Phosphatidylinositol 3,4,5-trisphosphate 5-phosphatase 2 138,6 11,7 3,33415495 0,002369 

O43674; O43674-2 NDUFB5 
NADH dehydrogenase [ubiquinone] 1 beta subcomplex 
subunit 5, mitochondrial 

21,75 16,4 3,45705495 0,00145 

Q9NQP4 PFDN4 Prefoldin subunit 4 15,314 38,1 2,69540495 0,040193 

O15260; O15260-2; 
O15260-3 

SURF4 Surfeit locus protein 4 30,394 25,7 5,42255495 0,006469 

Q12769; Q12769-3; 
Q12769-2 

NUP160 Nuclear pore complex protein Nup160 162,12 14,3 2,99060495 0,004266 

Q96TA1-2; Q96TA1 FAM129B Niban-like protein 1 82,682 34,4 2,80985495 0,025689 

Q9H4L7-2; Q9H4L7; 
Q9H4L7-3 

SMARCAD1 
SWI/SNF-related matrix-associated actin-dependent 
regulator of chromatin subfamily A containing DEAD/H box 1 

117,6 20,6 3,68630495 0,036621 

Q15477 SKIV2L Helicase SKI2W 137,75 16,8 3,56505495 0,020751 
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Appendix 8: Interactions between TBEV protein NS4A and host proteins 

Accession No. Gene name Protein name 
Molecular 

weight 
[kDa] 

Sequence 
coverage 

[%] 

Log2 fold 
change 

p-value 

Q9Y394-2; Q9Y394 DHRS7 Dehydrogenase/reductase SDR family member 7 32,267 69,6 8,26117195 0,024461 

Q96S52; Q96S52-2 PIGS GPI transamidase component PIG-S 61,655 42,2 7,72302195 0,035904 

Q13445 TMED1 Transmembrane emp24 domain-containing protein 1 25,206 26,4 5,33667195 0,030781 

Q16795 NDUFA9 
NADH dehydrogenase [ubiquinone] 1 alpha subcomplex 
subunit 9, mitochondrial 

42,509 53,3 5,15152195 0,044612 

Q99720; Q99720-3; 
Q99720-4; Q99720-5; 
Q99720-2 

SIGMAR1 Sigma non-opioid intracellular receptor 1 25,127 29,6 6,17827195 0,03965 

O43505 B4GAT1 Beta-1,4-glucuronyltransferase 1 47,119 35,9 6,76922195 0,037218 

Q15363 TMED2 Transmembrane emp24 domain-containing protein 2 22,761 35,3 4,16202195 0,032144 

Q92643; Q92643-2 PIGK GPI-anchor transamidase 45,251 28,6 6,36447195 0,042978 

Q8NC56; Q8NC56-2 LEMD2 LEM domain-containing protein 2 56,974 27,2 6,53037195 0,045325 

O95298; E9PQ53; 
O95298-3; O95298-2 

NDUFC2;              
NDUFC2-
KCTD14 

NADH dehydrogenase [ubiquinone] 1 subunit C2;NADH 
dehydrogenase [ubiquinone] 1 subunit C2, isoform 2 

14,187 33,6 6,43127195 0,046716 

Q15388 TOMM20 Mitochondrial import receptor subunit TOM20 homolog 16,298 35,9 5,66907195 0,045588 

Q9Y5M8 SRPRB Signal recognition particle receptor subunit beta 29,702 63,8 4,15047195 0,046292 

Q9HC07; Q9HC07-2 TMEM165 Transmembrane protein 165 34,905 22,8 5,68967195 0,047184 

Q9Y3E0 GOLT1B Vesicle transport protein GOT1B 15,425 10,1 5,50497195 0,048924 

Q9P0B6 CCDC167 Coiled-coil domain-containing protein 167 11,459 23,7 2,65127195 0,049877 

P20340-2; P20340; 
P20340-4; P20340-3; 
Q14964 

RAB6A Ras-related protein Rab-6A 23,548 57,7 2,52067195 0,034028 

Q9Y3A6; Q9Y3A6-2 TMED5 Transmembrane emp24 domain-containing protein 5 26,005 34,9 3,16417195 0,014847 
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Q96QU8-2; Q96QU8 XPO6 Exportin-6 127,39 22,2 2,15327195 0,030648 

Q9BY43; Q9BY43-2 CHMP4A Charged multivesicular body protein 4a 25,098 47,3 2,21602195 0,044811 

Q16850; Q16850-2 CYP51A1 Lanosterol 14-alpha demethylase 56,805 57,9 2,00662195 0,045309 

O43633 CHMP2A Charged multivesicular body protein 2a 25,104 27 2,43487195 0,039023 

Q9H845 ACAD9 Acyl-CoA dehydrogenase family member 9, mitochondrial 68,76 46,7 2,07477195 0,033989 

Q9H0U4; Q92928 RAB1B Ras-related protein Rab-1B 22,171 66,2 1,37472195 0,027674 

Q8N8J7 C4orf32 Uncharacterized protein C4orf32 14,652 30,3 1,54222195 0,001635 

P62070; P62070-4; 
P62070-3; P62070-2; 
P10301 

RRAS2 Ras-related protein R-Ras2 23,399 33,3 1,40967195 0,002191 

Q13190-3; Q13190-2; 
Q13190-4; Q13190 

STX5 Syntaxin-5 29,887 33 1,67647195 0,047883 

O75306-2; O75306 NDUFS2 
NADH dehydrogenase [ubiquinone] iron-sulfur protein 2, 
mitochondrial 

51,851 49 1,30407195 0,037502 

P49427 CDC34 Ubiquitin-conjugating enzyme E2 R1 26,736 25,8 1,08587195 0,032539 

P67812; P67812-4; 
P67812-3; P67812-2 

SEC11A Signal peptidase complex catalytic subunit SEC11A 20,625 44,7 6,48027195 0,031456 

Q15005 SPCS2 Signal peptidase complex subunit 2 25,003 56,6 6,84472195 0,021067 

Q92989-2 CLP1 Polyribonucleotide 5-hydroxyl-kinase Clp1 40,695 5,8 5,39002195 0,021591 

Q9Y512 SAMM50 Sorting and assembly machinery component 50 homolog 51,976 46,1 5,88027195 0,029921 

Q13217 DNAJC3 DnaJ homolog subfamily C member 3 57,579 29,2 6,15797195 0,03907 

O43402; O43402-2 EMC8 ER membrane protein complex subunit 8 23,773 57,1 4,93622195 0,026802 

Q9BVC6 TMEM109 Transmembrane protein 109 26,21 13,2 4,31382195 0,033916 

O75915 ARL6IP5 PRA1 family protein 3 21,614 28,2 4,13517195 0,010907 

Q9NPA0 EMC7 ER membrane protein complex subunit 7 26,47 37,2 4,39667195 0,037609 

Q92890-1; Q92890; 
Q92890-3 

UFD1L Ubiquitin fusion degradation protein 1 homolog 38,725 35,9 5,90242195 0,043748 

Q8TED1 GPX8 Probable glutathione peroxidase 8 23,881 43,5 6,11327195 0,039914 
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Q9BY50 SEC11C Signal peptidase complex catalytic subunit SEC11C 21,542 22,9 6,02917195 0,047121 

Q9P0J0; Q9P0J0-2 NDUFA13 
NADH dehydrogenase [ubiquinone] 1 alpha subcomplex 
subunit 13 

16,698 52,8 4,22377195 0,035251 

Q15477 SKIV2L Helicase SKI2W 137,75 16,8 3,42157195 0,025598 

P40616-2; P40616 ARL1 ADP-ribosylation factor-like protein 1 18,565 67,1 3,44467195 0,025278 

P51809; P51809-3; 
P51809-2 

VAMP7 Vesicle-associated membrane protein 7 24,935 53,2 3,32027195 0,011985 

O43674; O43674-2 NDUFB5 
NADH dehydrogenase [ubiquinone] 1 beta subcomplex 
subunit 5, mitochondrial 

21,75 16,4 4,24597195 0,043051 

Q9UII2; Q9UII2-3;   
Q9UII2-2 

ATPIF1 ATPase inhibitor, mitochondrial 12,249 35,8 3,09572195 0,020945 

Q8IY95-2; Q8IY95 TMEM192 Transmembrane protein 192 30,549 22,5 4,17132195 0,030771 

Q7Z6Z7-2; Q7Z6Z7-3; 
Q7Z6Z7 

HUWE1 E3 ubiquitin-protein ligase HUWE1 480,19 17,3 3,40462195 0,018871 

O00217 NDUFS8 
NADH dehydrogenase [ubiquinone] iron-sulfur protein 8, 
mitochondrial 

23,705 36,2 3,38462195 0,005848 

O95749; O95749-2 GGPS1 Geranylgeranyl pyrophosphate synthase 34,87 32 2,76027195 0,035692 

Q5VWZ2; Q5VWZ2-2 LYPLAL1 Lysophospholipase-like protein 1 26,316 51,9 2,60212195 0,024299 

Q15006 EMC2 ER membrane protein complex subunit 2 34,833 37 3,33702195 0,029964 

Q8WY22 BRI3BP BRI3-binding protein 27,835 16,7 2,80977195 0,036827 

P62942 FKBP1A Peptidyl-prolyl cis-trans isomerase FKBP1A 11,951 73,1 2,57827195 0,00851 

Q9UI09; Q9UI09-2 NDUFA12 
NADH dehydrogenase [ubiquinone] 1 alpha subcomplex 
subunit 12 

17,114 66,9 2,84542195 0,000291 

O14925; Q5SRD1 
TIMM23; 
TIMM23B 

Mitochondrial import inner membrane translocase subunit 
Tim23;Putative mitochondrial import inner membrane 
translocase subunit Tim23B 

21,943 36,8 2,84507195 0,001208 

Q9BQ69 MACROD1 O-acetyl-ADP-ribose deacetylase MACROD1 35,505 31,4 1,80777195 0,105048 

O95182 NDUFA7 
NADH dehydrogenase [ubiquinone] 1 alpha subcomplex 
subunit 7 

12,551 15,9 3,23237195 0,040441 
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Q14165 MLEC Malectin 32,233 48,6 3,28122195 0,029938 

Q9H3K2 GHITM Growth hormone-inducible transmembrane protein 37,205 21,4 3,12232195 0,034195 

Q6DKJ4; Q6DKJ4-3; 
Q6DKJ4-2 

NXN Nucleoredoxin 48,392 47,8 2,07347195 0,00871 

O75190; O75190-3; 
O75190-2; O75190-4; 
Q8WWF6; Q8NHS0; 
P25686-2; Q7Z6W7; 
P25686 

DNAJB6 DnaJ homolog subfamily B member 6 36,087 46 2,61782195 0,030189 

P82912; P82912-2; 
P82912-3 

MRPS11 28S ribosomal protein S11, mitochondrial 20,616 43,3 2,02472195 0,005706 

Q8N4Q1; Q8N4Q1-2 CHCHD4 
Mitochondrial intermembrane space import and assembly 
protein 40 

15,996 35,9 2,03842195 0,024116 

sp|FA35-
18_XP002713367|; 
P05976-2; P05976; 
P08590 

MYL1; MYL3 
Myosin light chain 1/3, skeletal muscle isoform;Myosin light 
chain 3 

22,133 8 2,04847195 0,006143 

P48507; P48507-2 GCLM Glutamate--cysteine ligase regulatory subunit 30,727 32,8 2,18267195 0,014008 

Q14139; Q14139-2 UBE4A Ubiquitin conjugation factor E4 A 122,56 29,9 2,11702195 0,007746 

O14561 NDUFAB1 Acyl carrier protein, mitochondrial 17,417 21,2 2,39892195 0,031677 

P20674 COX5A Cytochrome c oxidase subunit 5A, mitochondrial 16,762 58 1,56657195 0,01647 

Q96RT7-2; Q96RT7-3; 
Q96RT7 

TUBGCP6 Gamma-tubulin complex component 6 196,76 1,3 4,86242195 0,209279 

Q9H2M9; Q9H2M9-2 RAB3GAP2 Rab3 GTPase-activating protein non-catalytic subunit 155,98 38,8 1,07752195 0,041861 
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Appendix 9: Interactions between TBEV protein 2K- NS4B and host proteins 

Accession No. 
Gene 
name 

Protein name 
Molecular 

weight 
[kDa] 

Sequence 
coverage 

[%] 

Log2 fold 
change 

p-value 

Q8WVK2 SNRNP27 U4/U6.U5 small nuclear ribonucleoprotein 27 kDa protein 18,86 17,4 1,0678311 0,010536 

Q7L5N1 COPS6 COP9 signalosome complex subunit 6 36,163 44,3 1,4825311 0,04093 

Q16595; Q16595-2; 
Q16595-3 

FXN 
Frataxin, mitochondrial;Frataxin intermediate form;Frataxin(56-
210);Frataxin(78-210);Frataxin mature form 

23,135 20 1,8480311 0,037606 

Q9Y619 SLC25A15 Mitochondrial ornithine transporter 1 32,736 41,5 1,9226811 0,037174 

Q13618; Q13618-2; 
Q13618-3 

CUL3 Cullin-3 88,929 36,2 1,0146311 0,049271 

Q96E11-3; Q96E11; 
Q96E11-8; Q96E11-2; 
Q96E11-7; Q96E11-5; 
Q96E11-6; Q96E11-4 

MRRF Ribosome-recycling factor, mitochondrial 24,115 39 2,0518811 0,027228 

Q9Y4Z0 LSM4 U6 snRNA-associated Sm-like protein LSm4 15,35 30,9 1,2054811 0,040267 

Q14696; Q14696-2 MESDC2 LDLR chaperone MESD 26,076 41 2,2834311 0,048887 

Q8IXM2-3; Q8IXM2; 
Q8IXM2-2 

BAP18 Chromatin complexes subunit BAP18 19,961 68,8 1,8641811 0,044398 

Q8NFV4-4; Q8NFV4; 
Q8NFV4-6; Q8NFV4-3; 
Q8NFV4-2; Q8NFV4-5 

ABHD11 Alpha/beta hydrolase domain-containing protein 11 33,863 41,2 1,3553311 0,023461 

Q13158 FADD FAS-associated death domain protein 23,279 35,6 1,6402311 0,041249 

Q92989-2 CLP1 Polyribonucleotide 5-hydroxyl-kinase Clp1 40,695 5,8 4,8823811 0,019192 

Q96RT7-2; Q96RT7-3; 
Q96RT7 

TUBGCP6 Gamma-tubulin complex component 6 196,76 1,3 6,7024311 0,040942 

Q86VX2-2; Q86VX2 COMMD7 COMM domain-containing protein 7 22,412 6 1,7942811 0,015055 

Q9Y6B6 SAR1B GTP-binding protein SAR1b 22,41 59,6 5,6886811 0,045451 

Q9Y512 SAMM50 Sorting and assembly machinery component 50 homolog 51,976 46,1 2,8731811 0,041064 
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Q9UII2; Q9UII2-3;   
Q9UII2-2 

ATPIF1 ATPase inhibitor, mitochondrial 12,249 35,8 2,7484811 0,011811 

Q9BQ69 MACROD1 O-acetyl-ADP-ribose deacetylase MACROD1 35,505 31,4 2,4965311 0,043099 

P22392-2; P22392 NME2 Nucleoside diphosphate kinase B 30,137 82,8 6,8502811 0,029804 

P00403 MT-CO2 Cytochrome c oxidase subunit 2 25,565 48 1,6009311 0,024826 

Q9UI09; Q9UI09-2 NDUFA12 
NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 
12 

17,114 66,9 1,7617811 0,000551 

P04183 TK1 Thymidine kinase, cytosolic 25,468 48,7 3,2305311 0,006763 

P52758 HRSP12 Ribonuclease UK114 14,494 40,9 1,7941311 0,043509 

P30086 PEBP1 
Phosphatidylethanolamine-binding protein 1;Hippocampal 
cholinergic neurostimulating peptide 

21,057 80,7 1,7555311 0,030497 

P49406 MRPL19 39S ribosomal protein L19, mitochondrial 33,535 41,4 2,9036811 0,047831 

Q14165 MLEC Malectin 32,233 48,6 1,5175311 0,013982 

P40616-2;  P40616 ARL1 ADP-ribosylation factor-like protein 1 18,565 67,1 3,4263811 0,030764 

P53701 HCCS Cytochrome c-type heme lyase 30,601 34,3 2,3143311 0,014805 

O14818; O14818-2; 
O14818-4; Q8TAA3-2; 
Q8TAA3-5; Q8TAA3 

PSMA7 Proteasome subunit alpha type-7 27,887 66,9 1,0904311 0,034031 

O14925; Q5SRD1 
TIMM23; 
TIMM23B 

Mitochondrial import inner membrane translocase subunit 
Tim23;Putative mitochondrial import inner membrane 
translocase subunit Tim23B 

21,943 36,8 2,4955311 0,000196 

P62942 FKBP1A Peptidyl-prolyl cis-trans isomerase FKBP1A 11,951 73,1 1,6694811 0,035032 

Q15005 SPCS2 Signal peptidase complex subunit 2 25,003 56,6 1,6744811 0,039337 

Q8N4Q1; Q8N4Q1-2 CHCHD4 
Mitochondrial intermembrane space import and assembly 
protein 40 

15,996 35,9 2,1329311 0,031195 

P51809; P51809-3; 
P51809-2 

VAMP7 Vesicle-associated membrane protein 7 24,935 53,2 3,0279311 0,00194 

Q14139; Q14139-2 UBE4A Ubiquitin conjugation factor E4 A 122,56 29,9 1,3394311 0,011002 

Q14657 LAGE3 EKC/KEOPS complex subunit LAGE3 14,804 50,3 1,9568811 0,015834 
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O00217 NDUFS8 
NADH dehydrogenase [ubiquinone] iron-sulfur protein 8, 
mitochondrial 

23,705 36,2 1,8985811 0,03198 

Q13084 MRPL28 39S ribosomal protein L28, mitochondrial 30,156 59,4 2,7550311 0,013264 

O75391 SPAG7 Sperm-associated antigen 7 26,034 36,1 2,3571811 0,030937 

O95749; O95749-2 GGPS1 Geranylgeranyl pyrophosphate synthase 34,87 32 2,7393811 0,045557 

P27449 ATP6V0C V-type proton ATPase 16 kDa proteolipid subunit 15,736 31,6 2,5065311 0,019835 

Q9BZX2; Q9BZX2-2 UCK2 Uridine-cytidine kinase 2 29,299 66,7 1,8360811 0,036571 

Q99471; Q99471-3; 
Q99471-2 

PFDN5 Prefoldin subunit 5 17,328 71,4 2,2460311 0,037308 

Q96GC5-3; Q96GC5 MRPL48 39S ribosomal protein L48, mitochondrial 21,749 23,7 2,4166311 0,013333 

Q9BRJ2 MRPL45 39S ribosomal protein L45, mitochondrial 35,351 36,6 1,3676311 0,030438 

Q9NVV0 TMEM38B Trimeric intracellular cation channel type B 32,509 23 1,4875311 0,031581 

O14950; P24844;  
P24844-2 

MYL12B; 
MYL9 

Myosin regulatory light chain 12B;Myosin regulatory light 
polypeptide 9 

19,779 80,2 -0,3683689 0,750446 
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Appendix 10: Interactions between TBEV protein NS5 and host proteins 

Accession No. Gene name Protein name 
Molecular 

weight 
[kDa] 

Sequence 
coverage 

[%] 

Log2 fold 
change 

p-value 

Q13426; Q13426-2; 
Q13426-3 

XRCC4 DNA repair protein XRCC4 38,286 48,8 9,8445749 0,012405 

Q14160; Q14160-3; 
Q14160-2; Q9BTT6-2 

SCRIB Protein scribble homolog 174,88 53,1 6,9287749 0,010597 

Q9NRY2; Q9NRY2-2 INIP SOSS complex subunit C 11,425 58,7 6,1346249 0,02295 

Q14554; Q14554-2 PDIA5 Protein disulfide-isomerase A5 59,594 13,7 7,0014749 0,009388 

P49454 CENPF Centromere protein F 357,52 2,9 5,7029749 0,00842 

O15258 RER1 Protein RER1 22,958 28,6 4,8196749 0,007602 

P26232-3; P26232-2; 
P26232-5; P26232 

CTNNA2 Catenin alpha-2 95,557 10,8 5,0186249 0,002918 

Q96GD0 PDXP Pyridoxal phosphate phosphatase 31,698 56,8 4,4081749 0,004036 

Q9GZQ8; A6NCE7; 
Q9H492; Q9H492-2 

MAP1LC3B; 
MAP1LC3B2; 
MAP1LC3A 

Microtubule-associated proteins 1A/1B light chain 
3B;Microtubule-associated proteins 1A/1B light chain 3 beta 
2;Microtubule-associated proteins 1A/1B light chain 3A 

14,688 22,4 4,4403749 0,00292 

Q9Y6N1; Q9Y6N1-2 COX11 
Cytochrome c oxidase assembly protein COX11, 
mitochondrial 

31,43 18,1 3,6234749 0,049311 

P61165 TMEM258 Transmembrane protein 258 9,0788 10,1 4,0182249 0,008734 

Q9H488; Q9H488-2 POFUT1 GDP-fucose protein O-fucosyltransferase 1 43,955 28,6 4,0663249 0,005401 

Q9NVM9; Q9NVM9-2 ASUN Protein asunder homolog 80,224 17,3 3,3338749 0,045755 

Q86UK7-2; Q86UK7-3; 
Q86UK7; Q86UK7-4 

ZNF598 Zinc finger protein 598 97,805 14,3 3,8828749 0,003797 

O95671; O95671-2; 
O95671-3 

ASMTL N-acetylserotonin O-methyltransferase-like protein 68,856 24,8 3,6909249 0,004827 

Q9H9Q4; Q9H9Q4-2 NHEJ1 Non-homologous end-joining factor 1 33,337 31,4 3,5067249 0,009294 
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Q9Y221; Q9Y221-2 NIP7 60S ribosome subunit biogenesis protein NIP7 homolog 20,462 35 3,6145249 0,004613 

O95166; Q9H0R8; 
Q9H0R8-2 

GABARAP; 
GABARAPL1 

Gamma-aminobutyric acid receptor-associated 
protein;Gamma-aminobutyric acid receptor-associated protein-
like 1 

13,918 15,4 3,6636749 0,006505 

Q96MW1; Q96MW1-2 CCDC43 Coiled-coil domain-containing protein 43 25,248 32,6 3,1254749 0,017476 

Q8IZ69-2; Q8IZ69 TRMT2A tRNA (uracil-5-)-methyltransferase homolog A 61,978 24,2 2,8792249 0,033579 

A4D1E9; A4D1E9-2 GTPBP10 GTP-binding protein 10 42,932 26,9 3,3057749 0,005209 

P50570-2; P50570-5; 
P50570; Q05193-5; 
Q05193-3; Q05193-2; 
Q05193 

DNM2 Dynamin-2 97,651 56,2 3,3662749 0,006143 

Q9NRG7; Q9NRG7-3 SDR39U1 Epimerase family protein SDR39U1 31,076 31,7 3,7766749 0,022867 

Q5BJD5; Q5BJD5-3; 
Q5BJD5-2 

TMEM41B Transmembrane protein 41B 32,513 14,1 3,2217249 0,005501 

Q9NSI2-2; Q9NSI2 FAM207A Protein FAM207A 23,944 28,4 3,8040249 0,030004 

Q9P016; Q9P016-2 THYN1 Thymocyte nuclear protein 1 25,697 36 3,4913249 0,016956 

P41223; P41223-2 BUD31 Protein BUD31 homolog 17 27,1 3,1465249 0,006359 

Q9GZZ1; Q9GZZ1-2 NAA50 N-alpha-acetyltransferase 50 19,398 66,3 2,3054749 0,024989 

O60220 TIMM8A 
Mitochondrial import inner membrane translocase subunit 
Tim8 A 

10,998 41,2 3,2491749 0,009539 

O60885; O60885-2; 
O60885-3 

BRD4 Bromodomain-containing protein 4 152,22 9 3,5123249 0,023032 

P60763 RAC3 Ras-related C3 botulinum toxin substrate 3 21,379 49,5 3,3388749 0,015549 

O15111; Q9UPZ9-2; 
Q9UPZ9 

CHUK Inhibitor of nuclear factor kappa-B kinase subunit alpha 84,639 17,2 2,6309749 0,011468 

Q13257; Q13257-2 MAD2L1 Mitotic spindle assembly checkpoint protein MAD2A 23,51 57,1 2,4450249 0,028867 

Q9UMX5 NENF Neudesin 18,856 57 2,5239749 0,00998 

Q9BRJ7; Q9BRJ7-2 NUDT16L1 Protein syndesmos 23,338 23,2 3,1030749 0,0484 

Q96B54 ZNF428 Zinc finger protein 428 20,48 13,3 2,5094249 0,010916 
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P52657 GTF2A2 Transcription initiation factor IIA subunit 2 12,457 46,8 2,4679749 0,010786 

O00161; O00161-2 SNAP23 Synaptosomal-associated protein 23 23,354 58,8 2,7851749 0,037317 

Q96HW7; Q96HW7-2; 
Q96HW7-3; Q96HW7-4 

INTS4 Integrator complex subunit 4 108,17 16,9 2,0272249 0,023458 

Q96HR9-2; Q96HR9 REEP6 Receptor expression-enhancing protein 6 20,733 27,2 2,6594249 0,04426 

Q5T0F9-2; Q5T0F9; 
Q5T0F9-3; Q5T0F9-4 

CC2D1B Coiled-coil and C2 domain-containing protein 1B 93,594 10,8 2,0157749 0,01391 

Q96GG9 DCUN1D1 DCN1-like protein 1 30,124 24,3 2,1006249 0,03493 

O15260; O15260-2; 
O15260-3 

SURF4 Surfeit locus protein 4 30,394 25,7 5,8363749 0,006712 

Q8N4V1; Q8N4V1-2 MMGT1 Membrane magnesium transporter 1 14,686 49,6 5,4023249 0,012049 

Q9H4L7-2; Q9H4L7; 
Q9H4L7-3 

SMARCAD1 
SWI/SNF-related matrix-associated actin-dependent regulator 
of chromatin subfamily A containing DEAD/H box 1 

117,6 20,6 4,1318749 0,03173 

Q6P4A7; Q6P4A7-3; 
Q6P4A7-2 

SFXN4 Sideroflexin-4 37,998 12,2 4,6947749 0,002609 

O43674; O43674-2 NDUFB5 
NADH dehydrogenase [ubiquinone] 1 beta subcomplex 
subunit 5, mitochondrial 

21,75 16,4 4,5199249 0,004584 

Q8IXI1; Q8IXI1-2 RHOT2 Mitochondrial Rho GTPase 2 68,117 34,3 4,1818749 0,004683 

Q9NQP4 PFDN4 Prefoldin subunit 4 15,314 38,1 4,0319249 0,013314 

Q5T1M5; Q5T1M5-2; 
Q5T1M5-3 

FKBP15 FK506-binding protein 15 133,63 14,9 2,9461249 0,007455 

Q9UJC5 SH3BGRL2 SH3 domain-binding glutamic acid-rich-like protein 2 12,326 24,3 3,0405749 0,010617 

Q12769; Q12769-3; 
Q12769-2 

NUP160 Nuclear pore complex protein Nup160 162,12 14,3 2,7542749 0,038441 
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