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1. Preface 

Flaviviruses form a diverse group of viruses, many of which are emerging human 

pathogens and global health threats. Several members of the Flavivirus genus cause severe 

outbreaks with tens of millions of people affected every year (Mackenzie et al., 2004). Many 

members of flaviviruses such as West Nile virus, yellow fever virus and dengue virus are 

medically important, however, tick-borne encephalitis virus is one of the most dangerous 

causative agents of neuroinfections concerning Europe and Asia. 

Flaviviruses share a similar genome organisation and apart from its role in the translation 

of the flaviviral proteins, the genomic RNA was recently observed to generate a small subgenomic 

RNA species, termed sfRNA. The production of this 0.3 kb to 0.5 kb long RNA was confirmed 

in all arthropod-borne flaviviruses tested to date (reviewed by Slonchak and Khromykh, 2018). 

The mechanism by which sfRNA is produced in both mammalian and arthropod cells, is a result 

of complex conserved secondary structures found in the 3’ terminal region of the genome 

(MacFadden et al., 2018). These complex sequences further undergo incomplete degradation by 

host cell mRNA decay machinery (Pijlman et al., 2008). 

sfRNA acquires several functions which has not yet been fully understood. It potentially 

plays a part in modulation of host immune response and enhancement of flaviviral pathogenicity. 

In more detail, it has been confirmed to suppress the type I interferon response in vertebrates 

(Schuessler et al., 2012) and retroactively inhibit host mRNA degradation pathways (Moon et al., 

2012). Understanding the role of sfRNA during flaviviral infection could possibly lead to 

discovering novel approaches for antiviral treatment and vaccine development. 
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2. Introduction 

2.1 Flaviviruses 

Flaviviruses are members of the Flaviviridae family which presently comprises of four 

genera – Flavivirus, Pestivirus (e.g., classical swine fever virus and border disease virus), 

Hepacivirus (e.g., hepatitis C virus; Lefkowitz et al., 2017) and Pegivirus (Lindenbach et al., 

2013). All flaviviruses are important viral pathogens which are considered 

a world-wide threat with high mortality rates. 

The Flavivirus genus belongs to arthropod-borne viruses (arboviruses) and is further 

divided into four ecological groups with more than 70 related viruses – mosquito-borne 

flaviviruses (MBFs), tick-borne flaviviruses (TBFs), insect-specific flaviviruses and  

no-known-vector flaviviruses (Kuno et al., 1998). Generally, arboviruses sustain a dual-host 

tropism as they maintain a transmission cycle between hematophagous arthropod vectors and 

vertebrate hosts. Insect-specific flaviviruses are exclusively restricted to replicate in arthropod 

populations (Elrefaey et al., 2020). As stated above, flaviviruses are closely related mainly 

because they share a similar gene organisation and conserved non-structural protein patterns. 

However, they differ in amino acid variations and in the cis-acting RNA regulatory elements 

located at their 5’ and 3’ ends. Flaviviruses share a common epitope on the envelope protein which 

results in cross-reactive reactions in serological tests and thus makes diagnostics sometimes 

difficult (Gubler, 1998).  

Moreover, flaviviruses fundamentally differ in distribution, form of transmission and 

disease manifestation (Gaunt et al., 2001). The pathogenesis of flaviviral infection can vary from 

an asymptomatic infection or a flu-like illness to jaundice, encephalitis and haemorrhagic disease. 

Some of the viruses in this genus are medically more known and studied, as they are spread all 

around the globe, cause multiple outbreaks or have high mortality rate. The genus currently 

contains 73 viruses, which are classified as 53 species, for example - yellow fever virus (YFV), 

Japanese encephalitis virus (JEV), West Nile virus (WNV), Murray Valley encephalitis virus 

(MVEV), zika virus (ZIKV), langat virus (LGTV), tick-borne encephalitis virus (TBEV) and four 

dengue viruses (DENV; Lindenbach et al., 2013). There is a vaccine available against some of 

these flaviviruses (YFV, TBEV, JEV; Barrett and Teuwen, 2009) or there are promising 

candidates in clinical trials (DENV; Troost and Smit, 2020).  
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Additionally, there are yet no antiviral therapeutics approved for treatment, however, there are 

many potential drug candidates targeting both viral and host cellular functions (Boldescu et al., 

2017; Zakaria et al., 2018, Barrows et al., 2018). 

2.1.1 Virion structure and genome organisation  

All flaviviruses share a similar virion structure which is well characterized especially for 

DENV and ZIKV (Lindenbach et al., 2013). Mature flaviviral virions are enveloped and roughly 

spherical particles about 50 nm in diameter (60 nm when immature) and are composed of an 

electron dense core which is surrounded by a lipid bilayer. The most outer membrane layer  

of the virion is composed of a glycoprotein coat made of 180 repeating units of large envelope 

protein (E protein) combined with small membrane protein (M protein; Kuhn et al, 2002). The 

structure differences between a mature and immature virion can be seen in Figure 1. 

 

Figure 1: Flavivirus virion structure immature vs. mature (taken from Heinz and Stiasny, 2011). 

 In contrast, immature virions located intracellularly contain a precursor M protein (prM), 

which undergoes cleavage to M protein during the exit of the maturing virions from the cell. The 

surface of the membrane shows icosahedral symmetry (Therkelsen et al., 2018) and the E protein 

structures are highly dynamic and heterogenic, which results in the breathing of the virion (Kuhn 

et al., 2015). The viral breathing can be influenced by both viral and environmental genetic 

factors. More importantly, breathing of the membrane plays  

a significant role during virion-receptor binding interactions (Meertens et al., 2012).  
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The genomic RNA (gRNA), located in the core of the virion, consists of a single stranded 

RNA of positive polarity (approximately 10-11 kb in length). Additionally, the single copy of the 

genome is complexed with multiple copies of the capsid protein (C protein) which together forms 

a ribonucleoprotein (Lindenbach and Rice, 2003). The ribonucleoprotein consists of several 

hundred copies of protein C, which is a 12 kDa dimeric protein with asymmetric charge 

distribution. The positively charged part of the C protein binds with the gRNA and the nonpolar 

part interacts with viral envelope (Ma et al., 2004).   

 

Figure 2: A) Flaviviral genome organisation. B) Flaviviral polyprotein organisation (taken from Neufeldt et 

al., 2018). 

The gRNA is shown in Figure 2 and consists of one open reading frame (ORF) and 

encodes a single polyprotein (about 3,400 amino acids) which is co- and post-translationally 

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

NS2A, NS2B, NS3, NS4A, NS4B and NS5; Chambers et al., 1990). The ORF is flanked by  

5’ and 3’ non-coding regions and is labeled by a 5’- cap but lacks a 3’- poly(A) tail (Brinton et 

al., 1986; Ray et al., 2006). 

The structural proteins form the virion and the non-structural proteins ensure viral RNA 

replication, viral polyprotein cleavage, assembly of the virion and interactions with the host 
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immune system (Roby et al., 2015). Additionally, structural proteins were shown to be important 

for the virus infectivity and also determine non-viraemic transmission efficiency between co-

feeding ticks on a naive animal. The function of prM is most likely to prevent low pH-triggered 

fusion of the immature virion during exocytosis (Heinz and Allison, 2003).  

The E protein plays a significant part in pathogenicity of the virion as it interacts with cell 

receptors and initiates virus-cell membrane fusion. It also has a key role in inducing virus-

neutralizing antibodies in mammalian hosts thus functions as an antigen (Heinz, 1986; Mandl  

et al., 1989). The non-structural proteins were determined to have a serious impact on the 

cytopathic effect of the virus on the host cells (Khasnatinov et al., 2016). 

Generally, the non-structural proteins play an essential role in the viral replication process. 

During infection, the NS1 protein is localised in the lumen of the endoplasmic reticulum (ER) and 

associates with the replication complex, but the mechanism by which it is related to the viral RNA 

synthesis is still unclear (Barrows et al., 2018). NS2A is a small hydrophobic protein (Mackenzie 

et al., 1998) which specifically binds to the 3’ untranslated region (UTR) of viral RNA as well as 

to prM, E, NS2B and NS3 (Zhang et al., 2019). It plays  

a significant role in modulating the host antiviral interferon response and the assembly of virus 

particles. NS2B forms a NS2B-NS3 complex which is required for the cleavage of the viral 

polyprotein at the ER membrane (Wichapong et al., 2010). NS3 is the second largest flaviviral 

protein and it possesses three enzymatic activities. Protease activity participates in the maturation 

of viral proteins, 5’ RNA triphosphatase activity is vital for RNA capping by NS5 and helicase 

activity is necessary for the replication. Both NS4A and NS4B are also components of the 

replication complex (Welsch et al., 2009). Finally, NS5 is the largest non-structural flaviviral 

protein and, most importantly, harbours two significant activities: the RNA-dependent RNA 

polymerase activity (Choi et al., 2004) and RNA methyl-transferase activity (Ray et al., 2006). 

The presence of highly structured UTR’s at both 5’ and 3’ terminal ends is vital for viral 

genome replications and polyprotein translation. The 5’ UTR consists of approximately 100 nt 

and the 3’UTR is composed of approximately 400-700 nt (Rice et al., 1985).  

The 5’ UTR contains two domains which both acquire essential functions. The first domain 

contains a promoter which is structured as a branched stem-loop (SL; Filomantori et al., 2006) 

and a uridine-rich region which functions as a spacer and enhances viral replication (Lodeiro et 
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al., 2008). The second domain is composed of a SL structure, a hair-pin structure,  

a pseudoknot (PK) and a cyclization sequence, which are all essential in viral RNA replication. 

More interestingly, some of these sequences directly interact with corresponding structures in the 

3’UTR (Gebhard et al., 2011). 

The 3’UTR contains three distinctive domains. The first domain is the least conserved and 

is referred to as the variable region. Additionally, it contains two SL structures (SL I and SL II) 

which form two PKs. These sequences of the RNA are exonuclease-resistant and result in the 

formation of subgenomic flaviviral RNA (sfRNA). The second 3’UTR domain contains either 

one or two conserved dumbbell structures (DB), which form up to two additional PK’s for the 

production of sfRNA. Notably, these sequences are also essential for the pathogenesis of the virus, 

viral replication and protein synthesis. Lastly, the third domain of the region is highly conserved 

and contains interaction sites to inverted complementary sequences localised in the 5’UTR which 

result in the circularization of the flaviviral genome (Manzano  

et al., 2011; Friebe et al, 2012). 

In all flaviviruses, there are several RNA modifications which the gRNA undergoes and 

which are critical for the infection of the host. Firstly, the 5’ end of the genome is methylated by 

both viral and host enzymes. The generated RNA transcript is modified by the addition of 

2’-O-methyl group to the penultimate nucleotide on the 5’ terminal end which yields 

a type I cap (Wei et al., 1975). Secondly, other type of modification of flaviviral RNA is internal 

adenosine methylation, for example within the coding region of NS5 (Gokhale et al, 2016). These 

RNA modifications are a highly promising candidates for vaccine strains because 

recombinant flaviviruses lacking 2’-O-methyltransferase enzymatic activity are attenuated and 

provide protection against an infection with virulent viruses (Zust et al., 2013). 

2.1.2 Flaviviral life cycle 

In the first stage of the flaviviral life cycle, the virion binds to the cell surface via 

interaction of the viral glycoprotein E and a receptor on the cell membrane (Figure 3). It is still 

not clear which molecules act as receptors but it is hypothesized that heparan sulfate could be the 

potential candidate to mediate the binding, presumably because it is abundantly found on the 

surface of both vertebrate and tick cells (Chen et al., 1997; Mandl et al., 2001). So far, the only 

receptors which were identified as attachment factors in mosquito and mammalian cells are for 
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DENV and include DC-SIGN and heat-shock family proteins (Salas-Benito et al., 1997, 2007). 

Following the attachment to the membrane, receptor-mediated endocytosis via clathrin-coated 

pits is initiated and the virion entries the cell in an endosomal vesicle. Subsequently, the acidic 

pH in the endosome results in the spontaneous fusion of the virion and the endosomal membrane 

and the viral nucleocapsid is eventually released into the host cell’s cytoplasm (Mackenzie, 2005). 

The mechanism by which the ribonucleoprotein is disassembled in the cytoplasm is still 

not clear, but the C protein is proposedly released from the gRNA by elongating ribosomes 

(Garcia-Blanco et al, 2016). The positive sense gRNA can be used for both protein translation 

and generation of a negative-sense template for viral replication (Sotcheff and Routh, 2020). 

 

Figure 3: Schematic representation of flavivirus life cycle (taken from Heinz and Stiasny, 2011). 

When the gRNA is released from the endosome, it undergoes translation at ribosomes to 

yield the viral polyprotein which is co- and post-translationally cleaved by viral protease (NS2B-

NS3 protease) as well as cellular proteases (signalase and furin). The cleavage as well as the 

replication of the viral genome is located at specialized sites at the ER and the double membrane 

vesicle packets derived from the Golgi-apparatus (Mackenzie, 2005). The translation begins in 

the cytosol after the recruitment of 40S and 60S ribosomal subunits and associated factors but the 

entire complex is then delivered to the translocon in the ER membrane (Barrows et al., 2018). 

Alternatively, the flaviviral genome can be recruited to the ER before the translation is initiated 

(Reid et al., 2015).   

The positive strand viral genome also functions as a template for the production of new 

genomes. The replication requires both viral proteins and additional cellular factors. Furthermore, 
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the synthesis of viral RNA depends upon the rearrangements of intracellular membranes (virus-

induced invaginations of the ER) of infected cells (McGavran and White, 1964) and is provided 

by replication complex which is composed of viral non-structural proteins as well as cellular 

components (Shi, 2014). 

After the translation of the polyprotein and the synthesis of new RNA genomes is 

completed, the C proteins are situated on the cytoplasmic side of the ER. Subsequently, they 

capture the newly synthesized genomes to form a nucleocapsid complex on the cytoplasmic site 

of the ER and this ribonucleoprotein complex is internalized into the ER lumen, which allows it 

to acquire a lipid membrane. The lipid membrane is additionally anchored with viral structural 

proteins prM and E and the whole particle then forms an immature virion (Tan et al., 2020). 

Consisting of the three structural proteins, C, prM and E, immature and non-infectious virions are 

assembled in the neutral pH inside the endoplasmic reticulum. These particles have protomers of 

prM/E which interact together and these interactions result in a formation of spiky particles 

exposing the viral membrane and showing icosahedral symmetry (Rey et al., 2017). These 

immature virions are exposed during exocytosis to the acidic milieu of the trans Golgi apparatus 

network which leads to the conformational re-organisation of the protomers into  

90 (prM/E)2 dimers, which form a different glycoprotein shell, resulting in complete coating of 

the viral membrane. In more detail, these immature particles are transported through the secretory 

pathway and furin-mediated proteolysis of prM in the trans Golgi network leads to rearrangement 

of prM-E complex. The pr fragment is separated from the rest of the M protein in the neutral pH 

milieu and this final modification results in maturation of the fully infectious virions which are 

eventually secreted out of the cell (Yu at al., 2008). Secreted mature virions are accompanied by 

partially matured and immatures ones, but only the mature and partially mature particles are 

capable of fusion with adjacent host cell and thus be infectious (Pulkkinen et al., 2018). 

Flaviviruses infect a various number of cells including monocytes, macrophages, dendritic 

cells, neurons etc. (Marianneau et al., 1999; Tassaneetrithep et al., 2003; Hirano et al., 2014). 

Generally, the transmission of the virus occurs in the site of the bite of the vector and the virus 

then replicates in the local tissues. Following the initial replication, the virus migrates via draining 

lymph nodes where it further replicates in monocyte lineage cells (macrophages, dendritic cells 

or microglial cells). These virus-infected cells then migrate and cause primary viraemia which 
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simultaneously results in infection of peripheral organs such as spleen and kidneys. In the case of 

neurotropic flaviviruses, the virus subsequently enters blood circulation, crosses the blood-brain 

barrier (BBB) and invades the central nervous system. The capability to cross the BBB is a vital 

factor for the pathogenesis of neurotropic flaviviruses such as TBEV and JEV, however, the 

mechanism is still unclear (Ye et al., 2013). 

2.1.3 Members of the Flavivirus genus 

As mentioned above, the Flavivirus genus contains more than 70 viruses. For the purposes 

of this thesis, only flaviviruses used for experiments are discussed in more detail. 

2.1.3.1 Tick-borne encephalitis virus 

Tick-borne encephalitis virus is considered the causative agent of one of the most 

important tick-borne infections called tick-borne encephalitis (TBE). In Europe and North Asia, 

there are approximately 5,000-13,000 cases reported annually (Lindquist and Vapalahti, 2008). 

However, the number could be potentially higher as many mild infections go undiagnosed. Most 

of the cases occur from April to November, because ticks are most active during these warm 

months. The TBEV serocomplex is further divided into three sub-types, namely Far Eastern 

subtype (previously referred to as Russian Spring-Summer Encephalitis), Siberian subtype and 

European subtype (previously referred to as Central European Encephalitis, Ecker et al., 1999). 

However, there are many viruses in Europe, Asia, and Canada which are antigenically related to 

TBEV and they are considered as a TBEV serocomplex (known as Mammalian group  

of TBFs – Omsk haemorrhagic fever virus, louping ill virus, powassan virus, LGTV etc.  

TBEV cannot be found in the tropics and subtropics but it is an increasing danger in many parts 

of Europe, Russia, and the United States of America. Naturally, the virus circulates between tick 

vectors (i.e., Ixodes ricinus in Europe, I. persulcatus in Asia, and I. scapularis in North America) 

and vertebrate hosts (Burke and Monath, 2001). 

2.1.3.1.1 Transmission of TBEV 

Transmission of TBEV generally occurs in three different mechanisms. Commonly, in 

tick-infested areas in Asia and Europe, the reservoirs of the virus are viraemic vertebrates such as 

small rodents, deer, moles, hedgehogs etc., which then serve as the source of the virus for ticks. 

Adult ticks and nymphs become infected during feeding on the viraemic animal and the virus 

reproduces in them. During feeding of ixodid ticks, their salivary glands undergo extensive 
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development and most of the fluid which is ingested by the tick is later excreted back into the host 

via regurgitation (Bowman et al., 2008). In the final stages of its reproduction cycle in the vector, 

the virus is eventually transported from the midgut via hemocoel to salivary glands, from which 

it is then transmitted via saliva to other animals as the tick takes its next meal (Gritsun  

et al., 2003). The mechanism by which the virus exits hemocoel and reaches tick salivary glands 

is still unclear (Kaufmann and Nuttall, 1996). Infected ticks can naturally fast up to a year before 

their next feeding. However, the infectivity rate of TBEV in female ticks after  

a bloodmeal is higher than in ticks which were fasting for a prolonged period of time (Slovak  

et al., 2014). The reason for that could potentially be a self-protection mechanism to preserve the 

function of salivary glands when ticks are fasting (Bowman et al., 2008.) 

Secondly, the replication of TBEV in the early stages of the infection occurs also in the 

skin. Thus, an interesting case of transmission takes place during co-feeding of two or more 

different ticks on the same host at the same time. It is called non-viraemic transmission because 

it is not essential to develop viraemia for the infection in the vertebrate animal, it is more likely a 

secondary product of this process. The animal can be susceptible, insusceptible as well as immune 

to the infection, which makes this mode of transmission highly efficient (Labuda et al., 1996; 

Labuda et al., 1997). The vehicles for TBEV during this co-feeding type of transmission could 

potentially be Langerhans cells (skin Langerhans cells are members of the dendritic cell system) 

and keratinocytes at the local skin site. In detail, epidermal dendritic cells internalize foreign 

antigens, express the relevant MHC molecules and then migrate to draining lymph nodes to 

deliver information for T cells activation. This transport system could be possibly the main 

dissemination vehicle of the virus inside the host (Labuda et al., 1996). 

Lastly, the third possible model of spreading is provided only by the tick vector. This 

mechanism known as vertical transmission of the virus originates from infected female adult ticks 

which pass the virus to their eggs and larvae. It is called transovarial transmission and it occurs 

very rarely (Rehacek, 1962; Singh et al., 1963). It has been demonstrated that the infection rate 

of I. ricinus larvae matured from TBEV-positive eggs is below 1% (Danielová and Holubová, 

1991). 
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Humans usually acquire the infection by the bite of an infected adult tick. However, in 

rare cases, the transmission of the virus is possible by the consumption of unpasteurized milk or 

other dairy products from goats and sheep (Burke and Monath, 2001). 

2.1.3.1.2 TBE manifestation and pathology 

The incubation period of the virus in humans is between 7 to 14 days and the first phase 

can be misinterpreted for an influenza-like illness. In general, the severity of the disease increases 

with the age of the patient. Most common symptoms are headache, fever, muscle pain and fatigue. 

After these symptoms disappear, one third of the patients further develop the second phase with 

neurological symptoms. There are several forms which differ in the severity of the neuroinfection: 

meningeal, meningoencephalitic, poliomyelitic and polyradiculoneuritic (Gritsun at al., 2003). 

Interestingly, chronic forms of the disease have also been reported but only in Siberia and Far 

East Russia. In addition, the fatality rates are also significantly higher in these parts of Russia 

which could indicate that these strains are more virulent.   

Similar to other flavivirus infections, the primary cells utilized by TBEV for infection are 

epidermal Langerhans cells (Chambers and Diamond, 2003). As a vehicle, these cells transport 

the virus to the draining lymph nodes which results in the spread of the infection to other tissues. 

The mechanism by which the virus reaches the brain has not yet been fully cleared, but it 

presumably involves either infection of endothelial cells (Mandl, 2005) or  

a leukocyte-mediated transport (Miner and Diamond, 2016). During the ongoing infection in the 

host body, neurons are primary targets of TBEV (Hirano et al., 2014), but other brain cells were 

confirmed to be infrequently sensitive to the virus as well (Potokar et al., 2014). It was suggested 

that the infection of glial cells may potentially increase the pathogenic effect of the viral 

replication. In more detail, the replication of TBEV in glial cells is essential to the efficient 

spreading of the infection throughout the brain. Moreover, glial cells play a significant role of 

producing a high rate of immune mediators (cytokines and chemokines) such as IL-1β, IL-6, 

IL-8, IL-10, IFNα, TNF-α; Verma et al., 2010). The excessive production of these mediators may 

influence the balance between adequate immune reaction and neurotoxicity during inflammatory 

response to the infection. This also corresponds with the fact that the entry of TBEV into the 

central neural system precedes the eventual disruption of BBB, which is later caused by the 

overproduction of cytokines and chemokines previously mentioned (Růžek et al, 2011). 
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The infected neural cell undergoes a significant ultrastructural rearrangement of the 

cytoskeleton as well as other cell organelles such as the rough ER and Golgi apparatus. This 

allows formation of new compartments in the cytoplasm, which are eventually utilized as 

functional sites for protein synthesis, RNA replication and generation of novel protection against 

host immune system (Gillespie et al., 2010; Offerdahl et al., 2012; Miorin et al., 2013). These 

structures can be seen as convoluted membranes, paracrystalline arrays or membrane sacs 

containing small vesicles. These vesicles contain a pore opening to the cytosol which allegedly 

functions as a polyprotein processing site (Welsch et al, 2009).  

The TBEV infection was confirmed in both human (Palus et al., 2014) and rodent 

astrocytes with no decrease of the viability of the cells (Potokar et al., 2014). Astrocytes are the 

most numerous group of glial cells (Nedergaard et al., 2003) and have a number of functions in 

the brain, including the supply of nutrients to surrounding tissues, repairing and scarring process 

of damaged cells and support of endothelial cells that form the BBB.  

Unfortunately, there is presently no licensed therapeutics available for the treatment of 

TBE (Lehrer and Holbrook, 2011). Nonetheless, a vaccine commercially called  

FSME-IMMUN® has been on the market since 1976 and it has provided significant help in the 

fight against TBEV (Kunz et al., 1976). The immunization against either European subtype or Far 

eastern subtype of TBEV leads to cross-neutralizing of antibody response and  

cross-protection given the degree of homology of the E protein amino acid sequence between the 

vaccine virus strains (Fritz et al., 2012). 

2.1.3.2 Dengue virus 

Since the first dengue-like infection dated back to AD 265-420 (Nobuchi, 1979), DENV 

has been described numerous times throughout history and is presently the leading arboviral 

disease in the world. Additionally, it is considered by WHO as a major global public health threat, 

particularly in the tropic and subtropic parts of the world. DENV serogroup includes four related 

but antigenically distinct serotypes (DENV-1, DENV-2, DENV-3, DENV-4; Halstead, 1988).  

Unlike TBEV, DENV’s only natural hosts are solely mosquitoes, humans, and lower 

primates with no clinical manifestation (Henchal et al., 1990). The viruses are transmitted to 

humans by Aedes aegypti mosquitoes (Lindenbach et al., 2013) through a penetration of the skin 

following a bite by an infected mosquito (Gubler et al., 1988). The cycle begins when  
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a susceptible mosquito takes a meal on an infected host and ingests high enough volume of viral 

particles (more than 5 log10-copies/ml is sufficient for transmission; Nguyen et al., 2013). During 

the first ten days of the infection inside the vector, the virus replicates in various tissues and 

eventually reaches salivary glands (Linthicum et al., 1996; Salazar et al., 2007) in a mechanism 

which is still not clarified (Cao-Lormeau, 2009). 

The incubation period in a human host is 3 to 14 days and there are several stages of 

clinical manifestations distinct in symptoms, severity and mortality. These stages are: 

undifferentiated fever which frequently goes undiagnosed, Dengue fever, Dengue haemorrhagic 

fever, which occurs mostly during the secondary infection of other DENV serotype, and 

eventually Dengue shock syndrome, which leads to multiorgan dysfunction and death (Hasan et 

al., 2016).  

2.1.3.3 Zika virus 

Zika virus is a MBF firstly isolated from a rhesus monkey used in a research program for 

YFV in Kampala, Uganda in 1947 (Dick et al., 1952) and since then it has caused multiple 

outbreaks. Until 2007, the cases were solely in Asia and Africa, but two major outbreaks occurred 

in the Pacific Island of Yap and in French Polynesia (Hall, 2017). The most recent outbreak 

occurred in the American continent in 2015-2016 due to the spreading of the Asian strain of the 

virus (Hennessey et al., 2016). 

The transmission cycle of ZIKV in arthropod vectors shows serological overlapping with 

other flaviviruses like DENV, WNV (Korhonen et al., 2016) and Chikungunya virus 

(Christofferson, 2016). There are multiple modes of transmission, however, one of the most 

frequently occurring is from the bite of an infected mosquito (A. aegypti and A. albopictus; Ciota 

et al., 2017). Zika virus was also shown to be able to cross the placental barrier and cause 

congenital infections as well as be transmitted sexually among humans (Foy et al., 2011; Venturi 

et al., 2016), which is very rare to flaviviruses. 

Presently, WHO raised awareness of ZIKV infection mostly in economically deprived 

countries because there are no vaccines or antiviral treatment available for the disease. (Agumadu 

and Ramphul, 2017). 



14 

 

2.2 Subgenomic flaviviral RNA 

As mentioned in the beginning, flaviviral gRNA consists of 5’ and 3’UTRs. These UTRs 

possess vital functions in viral replication cycle, polyprotein translation and virion packaging 

mechanisms (Markoff, 2003). Apart from these functions, the generation of sfRNA species 

derived from the 3’UTR has been observed in all flaviviruses tested to date - MVEV (Urosevic et 

al., 1997) JEV (Lin et al., 2004; Chang et al., 2013), WNV (Scherbik et al., 2006; Pijlman et at., 

2008), YFV (Silva et al., 2010) DENV (Schnettler et al., 2012), ZIKV (Akiyama et al., 2016), 

TBEV and LGTV (Schnettler et al., 2014). 

The sfRNA was given immense attention in recent years, because its presence plays a 

significant role in inducing viral cytopathicity in cell culture and pathogenicity in mice (Pijlman 

et al., 2008). Since its discovery, experiments have been mostly focused on sfRNA from MBFs 

such as DENV, YFV, and WNV. 

2.2.1 Mechanism of sfRNA generation 

2.2.1.1 Stalling of exoribonuclease XRN1 

Many viruses utilize the machinery of the host cell for their benefit. Flaviviruses adapted 

a unique mechanism by which a part of their gRNA completely escapes the mRNA decay 

machinery resulting in the generation of sfRNA. This machinery occurs in conserved structures 

known as cytoplasmic processing bodies and it plays a significant role in both host and viral 

mRNA turnover. A key enzyme responsible for processing of decapped single-stranded mRNA 

is called 5’-3’ exoribonuclease XRN1 (Sheth and Parker, 2003). XRN1 is conserved in eukaryotes 

and it functions as the main cytoplasmic RNase with 5’-3’ activity as well as RNA-helicase 

activity. 

However, XRN1 is unable to degrade complex structures in the 3’UTR of the flaviviral 

genome, which results in the stalling of the exoribonuclease (Pijlman et al., 2008; Funk et al., 

2010; Moon et al., 2012). The stalling of XRN1 is primarily due to a short RNA sequence of 

approximately 80 nt situated at the 5’ end of sfRNA (termed SL-E in YFV and SLII in WNV). 

These sequences, called XRN1-resistant structures (xrRNAs), show high stability and contain 

strong secondary structures such as several SLs (i.e., SLII in DENV or SL-E in YEF) followed 

by one or two DB structures and long 3’SL. These secondary structures are uniquely conserved 

among all flaviviruses demonstrated to produce sfRNA (Pijlman et al., 2008; Liu et al., 2010). 
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The 5’ end of WNV sfRNA aligns with the SLII structure and disruption of this structure leads to 

generation of truncated sfRNA species indicating that SLII is vital for the production of complete 

sfRNA (Pijlman et al., 2008). Additionally, three alternative sfRNAs (sfRNA-2, sfRNA-3 and 

sfRNA-4) were detected in infected cells showing that SLIV and potentially other two DB 

structures located downstream could also result in the stalling of XRN1 (Pijlman et al., 2008; 

Funk et al., 2010, Filomatori et al., 2017).  

2.2.1.2 Conserved secondary and tertiary structures of xrRNA 

Presently, xrRNAs formed by SLs and DBs are the only two forms of xrRNA elements 

that have been described (Funk et al., 2010). However, the total number of alternative sfRNA 

species generated in MBFs is variable. For example, YFV shows only one set of xrRNAs with 

only one SL and one DB (Silva et al., 2010). On the other hand, the majority of MBFs contain 

duplicated xrRNA elements (Villordo et al., 2016). DENV and WNV have two SLs (SLII and 

SLIV for WNV and SLI and SLII for DENV) and two DBs (DBI and DBII; Funk et al., 2010; 

Filomatori et al., 2017). These domains are commonly referred to as xrRNAs 1 to 4 resulting in 

the production of sfRNAs 1 to 4, respectively (Figure 4). 

 

Figure 4: Schematic representation of four sfRNA species in the 3’UTR of DENV (adapted from Slonchak  

et al., 2018). 

Firstly, the crystal structures of xrRNA-1 of ZIKV (Akiyama et al., 2016) and xrRNA-2 

of MVEV (Chapman et al., 2014) have been described using X-ray crystallography. Both of the 

analysed xrRNAs form stable three-way junctions with coaxial stacking of helices P1 and P2, 

where P3 is positioned to P1 in an acute angle (shown in Figure 5). Three-way junctions are 

common structural elements, forming branches in nucleic acids, found in highly structured RNAs 

such as rRNA and hammerhead ribozymes (Lilley, 1998). However, a new topology of three-way 

junctions has been discovered in the case of xrRNAs. This three-way junction has  
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a knot-like conformation in which the 5’-end of the RNA goes through a ring-like structure 

(Chapman et al., 2014; Akiyama et al., 2016).  

 

Figure 5: Structure of xrRNA of MVEV. A) Crystallised RNA sequence. B) Two views of the structure from 

two different angles coloured to match A). Figures taken from Clarke et al., 2014. 

This model presumably indicates that the ring surrounding the 5’end of RNA alters the 

active site of the exonucleolytic enzyme which subsequently results in the prevention of accessing 

the following nucleotide and overall blockage of the 5’ to 3’ degradation progress (Chapman et 

al., 2014). Formation of the ring-like topology is stabilized by a small PK and base pairing 

(Watson-Crick and non-canonical) with the junction. PK between the apical loop of xrRNA-

forming SL and down-stream complementary region of 3’UTR was not identified in the crystal 

structure of MVEV xrRNA-2 (Chapman et al., 2014). On the other hand, the PK was clearly 

evident in the crystal structure of ZIKV xrRNA-1 (Akiyama et al., 2016) which suggests that the 

presence of PK is not necessary for the formation of xrRNA but it increases its stability (Kieft et 

al., 2015; Akiyama et al., 2016). 

In the case of TBFs, the xrRNA structures were also confirmed to form three-way 

junctions and PK between apical loop and downstream 3’UTR sequence (Schnettler et al., 2014; 

MacFadden et al., 2018). However, the position of sfRNA start site was located in  

a convex region within a longer stem, whereas in MBFs it is located prior to the stem region. The 

presence of PK in TBFs xrRNA was also shown to be crucial for the sfRNA generation 

(MacFadden et al., 2018). Unfortunately, the crystal structure of TBFs has not yet been 

determined. 
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2.2.2 Functions of sfRNA 

sfRNA possesses several important functions which lead to an increased cytopathicity in 

cell cultures as well as pathogenicity in mice (Pijlman et al., 2008). One of the first discovered 

functions of sfRNA, was the ability to retrospectively repress XRN1 enzymatic activity in both 

mammalian and arthropod cells (Moon et al., 2012; Chapman et al., 2014). The XRN1 progresses 

along the gRNA and after its stalling at the xrRNA structure, the release of the enzyme from the 

proximal side of 3’UTR is slowed or completely prevented. This results not only in promoting the 

stability of flaviviral RNAs to increase viral replication, but also in the abundant accumulation of 

uncapped mRNAs and increased stability of host transcripts (Moon et al., 2012). 

Secondly, sfRNA was confirmed to suppress RNA interference (RNAi) antiviral response 

in mosquito and mammalian cells (Moon et al., 2015) as well as tick cells (Schnettler et al., 2012). 

RNAi is a primary mechanism of innate immune response in invertebrates. The mechanism 

involves recognition of double-stranded viral RNA by endoribonucleolytic enzyme Dicer which 

possesses the ability to cleave this RNA into approximately 18-28 nt  

double-stranded fragments referred to as small interfering RNA. These small RNAs can later 

prevent translation by directing enzyme complexes against mRNA (Bernstein et al., 2001). The 

ability to inhibit RNAi indicates that sfRNA has the ability to overcome initial immune defence 

thus preventing processing of viral gRNA and RNA replication intermediates (Göertz  

et al., 2018). 

The ability of sfRNA to inhibit immune response in vertebrates by altering  

type I interferon (IFN) response was also discovered. Type I IFN response pathway has been 

demonstrated as the most important mediator of host resistance to flavivirus infection (Diamond 

and Gale, 2012). In a nutshell, type I IFNs are pro-inflammatory cytokines whose production is 

induced following recognition of pathogenic patterns. This immune defence system is highly 

efficient because type I IFN receptor is expressed in every cell type. These cytokines are produced 

in infected cells; however, non-infected adjacent cells stimulate production of antiviral factors to 

prevent viral spreading (Stark et al., 1998). The inhibitory effect of sfRNA on  

type I IFN response was demonstrated for WNV (Schuessler et al., 2012), DENV-2 (Bidet et al., 

2014; Manokaran et al., 2015) and ZIKV (Donald et al., 2016). The mechanism of action which 

sfRNA molecules use to work against the IFN pathway has not yet been fully determined. It was 
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suggested that both DENV and ZIKV sfRNAs antagonize retinoic acid-inducible gene I mediated 

type I IFN response (Manokaran et al, 2015; Donald et al., 2016), in which retinoic acid-inducible 

gene I is a cytosolic pattern recognition receptor responsible for recognizing cells infected with 

virus and inducing type I IFN response (Bowie and Fitzgerald, 2007). 

In conclusion, the importance of fully understanding sfRNA functions is crucial, as its 

presence during infection strongly boosts flaviviral pathogenicity. Thus, determining other factors 

could potentially lead to discovering novel pathways of targeting it for antiviral treatment or 

vaccine manufacturing. 
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3. Aims and objectives 

 

• Optimisation of cell transfection with in vitro transcribed sfRNA. 

• Determination of the role of sfRNA on de novo host protein synthesis. 

• Determination of the role of sfRNA on de novo host rRNA transcription. 

• Localisation of sfRNA in transfected and infected cells using fluorescence in situ 

hybridization. 
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4. Materials and methods 

4.1 Plasmids 

Two strains of the West-European TBEV subtype were chosen for the purposes of this 

thesis, each with a different degree of virulence – medium Neudoerfl (GenBank accession no. 

U27495) and severe Hypr (GenBank accession no. U39292). Additionally, two MBFs were also 

selected for experiments to show the comparison between TBFs and MBFs – ZIKV strain PE243 

(GenBank accession no. MF352141) and DENV-2 (GenBank accession no. M19197).  

3’UTRs of these strains (containing sfRNA sequences) were cloned into Gateway® 

pcDNATM DEST40 plasmids (Invitrogen) containing CMV and T7 promotors and HDVr 

(hepatitis delta virus ribozyme). The presence of HDVr element is crucial for the generation of 

desired RNA molecules of precise length using T7 in vitro transfection. The elements contained 

in pDEST40 plasmid can be seen in Figure 6. 

 

Figure 6: Map and features of pcDNATM-DEST40 (adapted from Invitrogen Gateway® pcDNA-DEST40 

Vector User Guide). 

The Neudoerfl 3’UTR construct used in our experiments was adapted from Schnettler  

et al., 2014. Hypr 3’UTR construct was prepared in our laboratory. DENV-2 3’UTR containing 

plasmid was adapted from Schnettler et al., 2012. Lastly, ZIKV 3’UTR cloned into pDEST40 

vector was constructed by Donald et al., 2016. 
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For all experiments, a pDEST40 construct with incorporated maltose-binding protein 

(MBP), a gene of bacterial origin, was used as a negative control. MBP coding sequence was also 

fused to HDVr (Schnettler et al., 2012). 

4.2 In vitro transcription of sfRNA (DENV, ZIKV, TBEV Hypr and Neudoerfl strain) 

For all experiments, in vitro transcribed sfRNA of DENV, ZIKV, TBEV (Hypr and 

Neudoerfl strains) sfRNA was prepared using pDEST40 plasmids containing the 3’UTRs. The 

following mix of components was added according to the manufacturer’s protocol 

(MEGAscriptTM T7 Kit) – 2 µl of ATP, GTP, UTP, CTP; 2 µl 10× reaction buffer; 2 µl of T7 

Enzyme mix; 1.5 μg of non-linearized plasmid of each 3’UTR; RNase-free H2O filled to 20 μl. 

The reactions were subsequently incubated at 37°C for 6 hours. 

After the incubation finished, the samples were treated with 1 μl of TURBO DNase and 

incubated for additional 15 minutes at 37°C. The RNA was then precipitated with 60 μl of LiCl 

precipitation solution (30 µl LiCl diluted in 30 µl RNase-free H2O) for at least 30 minutes at  

-20°C and then centrifuged at 16,500 × g for 30 minutes at 4°C. After the extraction of the 

supernatant, the RNA pellets were washed with 70% ethanol, centrifuged for additional  

5 minutes at the same conditions and then dried on air for 5 minutes. Dried pellets were dissolved 

in RNase-free H2O (45 µl) and the concentration of the purified sfRNAs was measured using the 

NanoPhotometer® (Implen).  Obtained RNA samples were stored at -80°C until further use. 

4.3 Transfection of DAOY HTB-186 cells with in vitro transcribed sfRNA 

Human medulloblastoma cell line (DAOY HTB-186) was used for all in vitro 

experiments. This cell line is derived from desmoplastic cerebellar medulloblastoma of a 4-year-

old Caucasian male (Jacobsen et al., 1985). The cell culture was grown in a DMEM low glucose 

medium enriched with 10% foetal bovine serum (FBS), 1% L-alanyl-L-glutamine, and 1%  

antibiotics-antimycotics (Amphotericin B 0.25 µg/ml, Penicillin G 100 units/ml, Streptomycin 

100 µg/ml) at 37°C and 5% CO2. 

The cells were seeded one day prior to transfection into 6-well-plates/12-well-plates 

according to Table I.  
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Table I: Seeding density and transfecting volumes for 6-well and 12-well plates. 

panel cell 

density 
sfRNA mix Polyjet mix 

RNA (µg) DMEM (µl) Polyjet (µl) DMEM (µl) 

6-well 5×105  1 to 100 3 97 

12-well 2.5×105  0.75 to 75 2.25 72.75 

 

The following day, cells were transfected with transcribed sfRNA (see 4.2) using 

PolyjetTM In vitro DNA Transfection Reagent (SignaGen Laboratories) according to the 

manufacturer’s protocol. Fresh medium was added to the cells prior to the transfection.  

The needed amount of sfRNA and Polyjet (Table I) were separately diluted in low-glucose 

DMEM medium without serum and other additives, the two reactions were then mixed, incubated 

at room temperature (RT) for 10-15 minutes and then added drop-wise onto the medium in each 

well. The transfected cells were then incubated for additional 24 or 48 hours at the same 

conditions. 

In the case of metabolic labelling of proteins, the cells were grown and transfected in 

RPMI medium. 

4.4 Quantitative Real-time PCR of total RNA from transfected DAOY cell line  

4.4.1 RNA isolation 

24 and 48 hours post transfection (hours p.t.), total RNA was isolated using phenol-based 

RNA Blue reagent (Top-Bio) according to the manufacturer’s instructions. In short, the cells were 

washed with PBS and then 1 ml of RNA Blue reagent was added to each well in a 6-well-plate to 

lyse the cells for 5 minutes at RT. Afterwards, the lysate was transferred to a new 1.5 ml 

Eppendorf tube and 0.2 ml of chloroform was added. The samples were thoroughly vortexed for 

at least 15 s, incubated for 5 minutes at RT and centrifuged at 12,000 × g for 10 minutes at 4°C. 

Subsequently, the aqueous phase of the samples was transferred into a fresh tube and the RNA 

was precipitated with 0.5 ml of isopropanol at 4°C overnight. The samples were centrifuged at 

16,500 × g for 30 minutes at 4°C, the supernatant was removed and the RNA precipitate was 

washed with 75% ethanol and centrifuged at the same conditions for additional 10 minutes. 

Eventually, the supernatant was removed and the pellets were air-dried for 5 minutes and then 

dissolved in 20 µl RNase-free H2O. The yielded total RNAs were stored at -80°C. 
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4.4.2 Quantitative Real-time PCR 

For real-time qPCR analyses, KAPA SYBR® FAST Universal One-Step qRT-PCR Kit 

(Roche) was used according to the manufacturer’s protocol. The reaction volume for Quantitative 

Real-time PCR (qRT-PCR) was 15 µl and contained 7.5 µl of 2× Master Mix, forward and reverse 

primers (ZIKV 200 nM, DENV-2 150 nM, TBEV 150 nM and HPRT 300 nM), 0.3 µl of 50× RT 

mix, 4 µl of total RNA (10-20 ng/µl) and the remaining volume was adjusted with 

RNAse/DNAse-free water. The sequences of primers used can be found in Table II. 

Table II: List of used primers. 

Primer Sequence 5’ to 3’ Source 

TBEV C F ATGGTCAAGAAGGCCATCCTGAAAG 

our laboratory (designed for 

Hypr) 

TBEV C-Hypr R CCTCCTTTTTCCGCGTTTTTGCAAG 

our laboratory (designed for 

Hypr) 

DENV2-F TTGAGTAAACTATGCAGCCTGTAGCTC Chien et al., 2006 

DENV2-R GGGTCTCCTCTAACCTCTAGTCCT Chien et al., 2006 

ZIKV sfRNA F CCTATAGTCAGGCCGAGAACG our laboratory 

ZIKV sfRNA R CCACCTTCTTTTCCCATCCTG our laboratory 

TBEV probe sfRNA F CAGTGAGAGTGGCGACGGGAA 

our laboratory (designed for Hypr 

and Neudoerfl) 

TBEV probe sfRNA R AGCGGGTGTTTTTCCGAGTCA 

our laboratory (designed for Hypr 

and Neudoerfl) 

HPRT1 F TGACACTGGCAAAACAATGCA Vandesompele et al., 2002 

HPRT1 R GGTCCTTTTCACCAGCAAGCT Vandesompele et al., 2002 

 

Amplification program for the qRT-PCR was performed under following conditions: 42°C 

for 10 minutes, initialisation at 95°C for 5 minutes, 40 cycles of denaturation at 95°C for 5s and 

annealing and elongation at 60°C for 30s. 
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All samples were analysed in technical triplicates using LightCycler® 480 (Roche Life 

Science) and melting curves were checked for every sample. 

Obtained data were processed via relative quantification using the delta-delta ct (ΔΔct) 

method. CT mean values for each sample triplicate were calculated together with standard 

deviations. The average ct values of treated samples were normalised to a reference gene HPRT1 

(Hypoxanthine Phosphoribosyltransferase 1). Eventually, relative quantification (2^ΔΔct) was 

evaluated and the values were logaritmized. 

4.5 Metabolic labelling of de novo synthesized proteins and rRNA 

In this thesis, Click chemistry was used to incorporate labelled amino acid or NTP 

analogues into newly synthesised protein or RNA molecules, respectively. Bioconjugation is a 

highly efficient and convenient method as it is a great alternative to radioactive labelling and can 

be performed in vitro (Sletten and Bertozzi, 2009) and remarkably also in vivo (Agarwal et al., 

2015).  

Click chemistry is a class of bioorthogonal chemistry, which follows specific criteria. The 

chain of reactions of Click chemistry must be highly yielding, highly selective and occur at high 

speed (Baskin and Bertozzi, 2007). The copper-catalysed azide-alkyne cycloaddition reaction is 

a widely used Click reaction method. The azide and alkyne group form a very stable triazole ring 

as a linker (Huisgen, 1963) in an environment involving a monovalent copper ion as a catalyst 

(Rostovtsev et al., 2002). Either alkyne or azide group is ligated into the observed molecule and 

the other is labelled with a functional group (fluorophore, biotin) which can be later detected.  

A simple schematic representation of a Click-reaction can be seen in Figure 7. 
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Figure 7: A schematic model of metabolic labelling principle (modified from CLICK-labelling of cellular 

metabolites, Jena Bioscience). 

In our case, 4-Azido-L-homoalanine (AHA) or L-Homopropargylglycine (HPG) were 

used as an analogue of methionine to be incorporated into newly synthesised proteins in a 

methionine-deprived conditions. For metabolic labelling of RNA, 5-Ethynyl Uridine (5-EU) was 

used as a biorthogonal element in metabolic labelling method; proliferating cells used 5-EU 

analogue instead of uracil. 

4.5.1 Metabolic labelling of de novo synthesised proteins 

For the metabolic labelling of proteins, cells were seeded in RPMI medium in 12-well-

plates. The experiment was conducted in separated biological triplicates. Fresh and filtered RPMI 

medium without methionine was prepared prior to the experiment, containing also  

1% ATB, 1% L-alanyl-L-glutamine, 10% FBS and 0.21 mM L-cysteine. 

Firstly, 0.75 ml of methionine-free RPMI medium was added to each well. The cells were 

starved for 2 hours at the same conditions (37°C and 5% CO2). After the starving was completed, 

the starvation medium was removed. From this step, the experiment continued in the dark. 

To each well, 750 µl of methionine-free RPMI medium with 50 µM AHA/HPG and  

1× AlamarBlue™ Cell Viability Reagent (Thermo Fisher Scientific) was added. Two negative 

controls were set, MBP-transfected cells with AHA/HPG and cells without any transfection and 

no AHA/HPG. As a positive control, cells without transfection, but treated with AHA/HPG were 

prepared. 
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 The reactions were incubated for 2 hours at 37°C and 5% CO2. After the incubation,  

150 µl of the medium was taken into 96-well-plate in technical duplicates and the cells were twice 

washed with PBS. The cells were then lysed in 250 µl of RIPA buffer (25 mM Tris-HCl pH 7.6, 

150 mM NaCl, 1% NP-40, 0.1% SDS, 1% sodium deoxycholate) containing protease inhibitors 

(100× diluted, HaltTM Protease Inhibitor Single-Use Cocktail, Thermo Fisher Scientific) and the 

lysis was performed for 15 minutes on ice. The lysates were then transferred to 1.5 ml Eppendorf 

tubes and sonicated for 15 minutes. Subsequently, the samples were centrifuged at 14,000 g for 

10 minutes at 4°C. The supernatant was transferred to a new 1.5 ml Eppendorf tube and the 

concentrations of proteins were determined using PierceTM BCA Protein Assay Kit (Thermo 

Fisher Scientific Scientific) according to the manufacturer’s protocol.  

Briefly, 15 µl of each sample was transferred to a 96-well-plate. BCA working reagent 

was prepared by mixing reagent A and B in ratio 50:1 (A:B) and 200 µl of this mixture was added 

to each sample. Along with the samples, bovine serum albumin (BSA) standards were treated the 

same way. A simple diluent (milliQ water) was used as blank. 

The samples were incubated at 37°C for 30 minutes and then analysed using Synergy H1 

hybrid microplate reader (absorbance measured at wavelength of 562 nm, BioTek). After the 

measurement, the absorbance of the blank standard was subtracted from all samples and standards. 

Subsequently, a standard calibration curve from the absorbance and known concentration of the 

BSA standards was established. This curve was used to determine the concentrations of protein 

samples. 

The samples were stored at -80°C until further use. 

4.5.2 Metabolic labelling of de novo synthesised rRNA 

For the metabolic labelling of rRNA, cells were seeded and transfected in DMEM medium 

in 6-well-plates. The experiment was conducted in separate biological triplicates, After the PBS 

washing steps following transfection, 1 ml of fresh DMEM medium containing  

1 mM 5-EU and 1× AlamarBlue™ Cell Viability Reagent was added to the wells. Similar to the 

protein labelling experiments, two negative controls were set – MBP-transfected cells treated with 

5-EU, and cells lacking transfection and 5-EU. Healthy proliferating cells treated with  

5-EU were used as positive control. The reactions were incubated for 4 hours at 37°C and  

5% CO2. 



27 

 

Following the metabolic labelling, 200 µl of the volume from the wells was transferred 

into 96-well-plate in technical duplicates and the wells were then washed twice with PBS. The 

cells were lysed using RNA Blue reagent according to the manufacturer’s protocol (see 4.4.1). 

The yielded RNAs were stored at -80°C.  

4.5.3 Measuring viability of cells for sample standardisation 

For metabolic labelling analyses, normalisation to cell numbers was performed using 

AlamarBlue™ Cell Viability Reagent. Viability measurement of the cells is equivalent to the cell 

number (Selinger et al., 2019). 

As mentioned in the previous chapter, 150 µl or 200 µl from each well (depending on the 

size of the wells) was transferred into 96-well-plate in technical duplicates. For the fluorescence 

measurement, the technical duplicates were then analysed using Synergy H1 hybrid microplate 

reader (λex = 550 nm; λem = 590 nm, BioTek). RPMI-methionine free medium with 50 µm 

AHA/HPG or DMEM medium with 1 mM 5-EU without cells, both with 1× AlamarBlue™ Cell 

Viability Reagent, was used as blank.  

Average fluorescence values for sfRNA-transfected samples were normalized to the 

respective mock control cells. The viability factor (f) was used as a normalization factor for the 

evaluation of RNA/protein loading input based on the mock control input (Selinger et al., 2019). 

𝑓 =
𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦𝑠𝑎𝑚𝑝𝑙𝑒 [𝑎.𝑢.]

𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦𝑐𝑜𝑛𝑡𝑟𝑜𝑙 [𝑎.𝑢.]
                            𝑉𝑠𝑎𝑚𝑝𝑙𝑒 =

𝑉𝑐𝑜𝑛𝑡𝑟𝑜𝑙 [µ𝑙]

𝑓
 

4.6 Click-on-membrane assay of de novo synthesized proteins 

4.6.1 SDS-PAGE 

Firstly, proteins were separated according to size using polyacrylamide gel 

electrophoresis. The separation gel contained 12% acrylamide (Rotiphorese® Gel 30 mixture of 

acrylamide and bis-acrylamide 37.54:1, Roth); 0.1% APS; 0.375 M Tris-base pH 8.8; 0.1% SDS 

and 0.004% TEMED (N,N,N’,N’-Tetramethylethylendiamin). The stacking gel contained  

5% acrylamide; 0.25 M Tris-base pH 6.8; 0.1% SDS; 0.1% APS and 0.01% TEMED. 

The volume of each sample loaded on gel was normalized to the cell number measured 

after the metabolic labelling procedure, where 5 µg of un-transfected AHA/HPG-labelled cells 

was counted as 100% (see 4.5.3). All samples were mixed with 5× concentrated reducing buffer 
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without DTT (0.2% bromothymol blue, 40% glycerol, 8% SDS, 0.2 M Tris-HCl) in 1:4 ratio 

(sample:buffer; v/v) and incubated for 10 minutes at RT. Electrophoresis buffer (25 mM  

Tris-base, 0.192 M glycine, 0.1% SDS) was added in an assembled electrophoretic apparatus 

(Mini-PROTEAN® Tetra Cell, Bio-Rad), and the samples as well as protein marker (Prestained 

Protein Marker VI 10-245 kDa, Applichem) were loaded onto the gel. The electrophoretic 

separation ran for 1.5 hours at 120 V. After the separation, gels were used for western blotting 

and eventually stained with PageBlue™ Protein Staining Solution (Thermo Fisher Scientific) 

overnight. The stained gels were analysed using SyngeneTM Gbox Chemi XX6. 

4.6.2 Western blotting 

Electrophoretically separated proteins were transferred onto a PVDF membrane 

(Amersham).  

Briefly, the membrane was firstly activated in methanol for 5 minutes, then incubated in 

dH2O and blotting buffer (25 mM Tris-HCl, 192 mM glycine, 20% methanol). Gels along with 

blotting papers were incubated in blotting buffer as well. Blotting sandwich was assembled in 

blotting apparatus (Trans-Blot® TurboTM Transfer System, Bio-Rad) and the transfer took  

30 minutes at 25 V and 1A as maximum current. 

4.6.3 Click-on-membrane assay 

The Click-on-membrane detection method was performed following methodology by 

Kočová et al. (in preparation).  

Following the blotting procedure, the membranes were washed in dH2O for 1 minute and 

then equilibrated in 0.1 M potassium phosphate buffer (pH 7.0). For each membrane, a reaction 

mixture was prepared following Presolski et al. (2011). The mixture contained 400 µl sodium 

ascorbate (0.1 M), 80 µl THPTA (Tris(3-hydroxypropyltriazolyl-methyl)amine, 50 mM),  

40 µl CuSO4 (20 mM), 16 µl biotin-alkyne/picolyl biotin azide (5 mM) and the volume was 

adjusted to 8 ml with potassium phosphate buffer (0.1 M).  

The mixture was then added onto the membrane and incubated for 1 hour at RT in the 

dark.  

After the Click-on-membrane reaction was finished, the membrane was twice washed in 

PBS-T (PBS, 0,05% Tween) for 5 minutes and then incubated in a blocking solution (5% non-fat 
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milk in PBS-T) for 1 hour. The membrane was then directly incubated with primary antibody in 

blocking solution (Goat Anti-Biotin, 1:1000, Vector Laboratories) overnight at 4°C on shaker. 

Subsequently, the membrane was thrice washed in PBS-T for 5 minutes and then incubated in 

secondary antibody (Peroxidase labelled Anti-Goat IgG, 1:1000, Vector Laboratories) for 1 hour 

at RT. Finally, the membrane was thrice washed in PBS for 5 minutes and the signal was 

developed by using WesternBright Quantum HRP substrate (Advansta) according to 

manufacturer’s protocol and analysed using SyngeneTM Gbox Chemi XX6. 

4.7 Click-on-membrane assay of de novo synthesized rRNA 

4.7.1 Agarose electrophoresis 

The yielded total RNAs were separated according to their size using denaturing agarose 

gel electrophoresis. 1.2% agarose MOPS-buffered denaturing gel (with 6.7% formaldehyde and 

GelRed® Nucleic Acid Gel Stain, Millipore) was used for the fractionation. All buffers were 

diluted in DEPC-treated H2O and all used glassware and plasticware was sterile.  

The volume of each sample loaded on gel was normalized to the cell number measured 

after the metabolic labelling procedure, where 5 µg of un-transfected 5-EU-labelled cells was 

counted as 100% (see 4.5.3). All samples were mixed with 2× concentrated reducing buffer 

(62.5% formamide, 0.35%formaldehyde, 0.2625% MOPS) and incubated for 10 minutes at 75°C. 

The electrophoretic apparatus was assembled and electrophoretic buffer (1× MOPS) was added. 

Pre-electrophoresis was performed with empty gel for 5-10 minutes in order to remove residual 

ions from the wells. The samples were loaded on the gel as well as RNA marker (RiboRuler High 

Range RNA Ladder, Thermo Fisher Scientific) and the electrophoretic separation ran for 

approximately 2 hours at 90 V. The GelRed signal of the gel was subsequently viewed using 

SyngeneTM Gbox Chemi XX6 and Fiji software. 

4.7.2 Northern blotting 

The gel was washed in DEPC-treated H2O for 30 minutes followed by incubation in  

50 mM NaOH for 15 minutes. Subsequently, the gel was equilibrated in 20× SSC (3 M NaCl,  

0.3 M sodium citrate dihydrate, pH 7.2) for 30 minutes. 

The separated RNAs were transferred from the gel onto a PVDF membrane (Amersham). 

Firstly, the membrane was incubated for 5 minutes in methanol, washed in  



30 

 

DEPC-treated H2O for 2 minutes and then equilibrated in 5× SSC for 5 minutes. Blotting papers 

were also wetted with 20× SSC. The blotting sandwich was assembled (shown in Figure 8) and 

the capillary transfer ran overnight at RT. 

 

Figure 8: A schematic model of Northern blotting sandwich assembly (adapted from Karcher, 1991). 

The following day, the sandwich was disassembled and the membrane was washed in  

5× SSC for 5 minutes and air-dried. Finally, the membrane was UV cross-linked  

(1200×102 µJ/cm2) using UVP Crosslinker Legacy Model (Analytik Jena). 

4.7.3 Click-on-membrane assay 

The Click-on-membrane detection method was performed according to Kočová et al. (in 

preparation). The UV cross-linked membrane was equilibrated in 0.1 M potassium phosphate 

buffer and then incubated in Click-on-membrane solution (see 4.6.3) with biotin picolyl azide for 

1.5 hours in the dark. Subsequently, the membrane was washed in PBS for 10 minutes and then 

incubated in a blocking solution (3% bovine serum albumin – BSA, in PBS) for 1 hour at RT.  

The incubation in primary and secondary antibodies (in 3% BSA) as well as developing 

of the signal is identical to the Click-on-membrane assay of proteins (see 4.6.3.). 

4.8 Fluorescence in situ hybridization  

4.8.1 Transfection and infection of DAOY HTB-186 cells 

DAOY HTB-186 cell line was seeded into chambered slides (Thermo Fisher Scientific) in 

DMEM medium at a density of 1.25×104 cells per well and grown for 24 hours. The following 

day, the cells were either transfected by in vitro transcribed sfRNA or infected by TBEV Hypr or 

Neudoerfl strains. Each transfection and infection was performed in technical triplicates. 
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4.8.1.1 Transfection of chambered cells 

Lipofectamine® RNAiMAX Transfection Reagent (Thermo Fisher Scientific) and 

PolyjetTM In vitro DNA Transfection Reagent were used for the transfection with 100 ng of sfRNA 

of DENV, ZIKV, TBEV (Hypr and Neudoerfl strain) per well according to the manufacturer’s 

protocol. For negative control, 100 ng per well of MBP was used.  

The cells were transfected for 24 hours and fixed either with 4% paraformaldehyde, 

methanol, acetone or DSP (dithiobis(succinimidyl propionate)), Thermo Fisher Scientific) 

according to Table III.  

Briefly, DSP is a water-insoluble cross-linker which is thiol-cleavable and primary amine-

reactive. Additionally, it is useful as an intracellular cross-linker because it is lipophilic and easily 

crosses cell membrane. N-hydroxysuccinimide esters contained in DSP structure react at pH 7-9 

with primary amines of target proteins to form stable amide bonds (Thermo Fisher Scientific User 

Guide). The cells were introduced to DSP at final concentration of 2 mM (in PBS) for 30 minutes 

at RT and the reaction was stopped by adding Tris-HCl (pH 7.5) at final concentration of 20 mM.  

The cells were eventually thoroughly washed with PBS and used for hybridization. 

Table III: Fixation reagents, times and temperatures used for the fixation of DAOY HTB-186 cells following 

transfection or infection. 

Fixation reagent Fixation time    Temperature 

paraformaldehyde (ROTI® Histofix 4%, Roth)           15 RT 

methanol           30            -20°C 

acetone           30            -20°C 

DSP           30 RT 

 

4.8.1.2 Infection of chambered cells 

For the infection of DAOY cells, two representatives of the West-European TBEV subtype 

were used. TBEV Hypr (GenBank accession no. U39292, 2.7×108 pfu/ml) and TBEV Neudoerfl 

(GenBank accession no. U27495, 4.04×108 pfu/ml). The viruses were added to cells one day post 

seeding at an MOI of 5. Brain suspension from uninfected suckling mice was used as a negative 

control. Infection was performed under biosafety level 2 conditions. 
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The cells were incubated with the virus for 24 hours and fixed with 4 alternative fixation 

reagents (see Table III). The cells were eventually thoroughly washed with PBS and used for 

hybridization. 

4.8.2 DNA probe preparation by PCR 

For fluorescence in situ hybridization (FISH), DNA probes complementary to sfRNAs of 

TBEV (Hypr and Neudoerfl strain) were prepared by PCR using Q5® Hot Start High-Fidelity 

DNA Polymerase (NEB) according to the manufacturer’s instructions. The DNA probe of 298 bp 

complementary to the 3’UTR region (sfRNA) of both strains is practically identical and varies 

only in 4 nucleotide substitutions which can be seen in Table IV. Hypr sfRNA probe (nucleotides 

10,538 to 10,836) and Neudoerfl sfRNA probe (nucleotides 10,844 to 11,141) were prepared 

using the exact same primers whose primer sequences can be found in Table II (see 4.4.2). As a 

template for the PCR, pDEST40-TBEV Hypr/Neudoerfl 3’UTR and pC-wt plasmids were used. 

Table IV: Difference in base substitutions in the 3’UTR region (sfRNA) of TBEV Hypr strain and TBEV 

Neudoerfl strain. 

base substitution  Hypr Neudoerfl  

10,593 C T 

10,642 A G 

10,659 T C 

10,791 A G 

 

Additionally, a DNA probe for the flaviviral C protein was also prepared. The probe of 

288 bp (nucleotides 133 to 421) is also highly identical for both TBEV strains used for 

hybridization, differing in 6 nucleotide substitutions which can be seen in Table V.  

Table V: Variations of base substitutions in the C protein of TBEV Hypr strain and TBEV Neudoerfl strain. 

base substitution  Hypr Neudoerfl  

243 C T 

285 T C 

345 C A 

375 A C 

408 C T 

411 A G 
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The PCR reaction mixture was prepared according to Table VI. 

Table VI: Reaction setup for PCR using Q5® Hot Start High-Fidelity DNA Polymerase (NEB) for a 50 µl 

reaction. 

Reagent Volume (µl) 

5× G5 Reaction Buffer 10 

2 mM dNTPs 5 

10 µM F primer 1.5 

10 µM R primer 10 

5× Q5 High GC Enhancer 0.5 

≈100 ng of plasmid x 

Q5 Hot Start DNA Polymerase 0,5 

nuclease-free H2O to 50 µl 

Amplification program using T100TM Thermal Cycler (Bio-Rad) was performed under 

following conditions: initial denaturation at 98°C for 30s, 35 cycles of denaturation at 95°C for 

10s and annealing and elongation at 60°C for 10s and 72°C for 20s followed by final extension at 

72°C for 2 minutes. The yielded DNA was precipitated, stored at -20°C or directly used for 

hybridization. 

4.8.3 DNA precipitation 

DNA obtained from Q5 PCR was precipitated using Phenol/Chloroform/Isoamyl DNA 

isolation protocol. Briefly, the equivalent volume of ROTI® Phenol/Chloroform/Isoamyl alcohol 

(25:24:1; v/v; Roth) was added to the PCR reaction, thoroughly vortexed and incubated for 5 

minutes at RT. The mixture was subsequently centrifuged at 13,000 × g for 10 minutes. The 

aqueous phase was transferred to a new 1.5 ml Eppendorf tube and pre-chilled 96% ethanol was 

added in 3:1 ratio (ethanol:sample, v/v) together with 3 M sodium acetate (pH 5.5) in 1:9 ratio 

(sodium acetate:sample, v/v). The mixture was then incubated for 30 minutes at -20°C and 

centrifuged at 16,000 × g for 30 minutes at 4°C.  

The supernatant was discarded and the DNA pellet was washed with pre-chilled  

75% ethanol. After the final centrifugation at 16,000 × g for 10 minutes at 4°C, the supernatant 

was removed and the DNA was air-dried for 5-10 minutes. The precipitate was eventually 
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dissolved in milli-Q ultrapure H2O. The concentration of the DNA was measured using the 

NanoPhotometer®.   

The integrity of the yielded DNA probe was checked using agarose gel electrophoresis on 

a 1% agarose gel. Both DNA probe sample and marker (100 bp DNA Ladder Plus, Thermo Fisher 

Scientific) were mixed with 6× DNA-loading buffer with GelRed® Nucleic Acid Gel Stain. The 

electrophoretic buffer (1× TAE) was filled into the apparatus and the samples were loaded on the 

gel. The electrophoretic separation ran for 1 hour at 100 V and the gel was subsequently viewed 

using SyngeneTM Gbox Chemi XX6. 

4.8.4 DNA probe labelling 

For our hybridization, direct and indirect florescence experiments were performed. In the 

case of indirect labels, digoxigenin-11-dUTP (DIG, Jena Bioscience) and biotin-11-dUTP (Biotin, 

Jena Bioscience) labelling systems were used. Secondly, fluorescein-12-dUTP (FITC, Fermentas) 

was used for direct fluorescence. 

4.8.4.1 Nick translation 

Nick translation is an efficient labelling technique, which results in the replacement of 

some nucleotides in a DNA sequence with labelled analogues. Briefly, the DNase treatment leads 

to the production of single-stranded fragments (nicks) in the dsDNA molecule. Labelled 

nucleotides are subsequently incorporated by DNA Polymerase I during the nick replacement 

(Rigby et al., 1977).  

Nick translation reaction was prepared according to Table VII. 10× Nick Translation 

buffer (0.5 M Tris-HCl pH 7.5, 50 mM MgCl2, 0.05% BSA and dH2O) and  

0.1 M β-Mercaptoethanol were prepared fresh prior to the reaction. 

  



35 

 

Table VII: Nick translation reaction mixture. 

Reagent      Volume (µl) 

10× Nick Translation Buffer 2 

0.1 M β-Mercaptoethanol 2 

dNTPs for labelling 2 

1 mM labelled dUTPs 0,4 

DNA Polymerase I 2 

100× DNase 0,5 

≈1 µg of DNA probe x 

nuclease-free H2O to 20 µl 

 

The mixture was then incubated for 2 hours at 15°C. The inactivation of the enzymes was 

performed by incubation of the reaction at 70°C for 10 minutes. The yielded labelled DNA probes 

were directly used for hybridization. 

4.8.4.2 DecaLabelTM DNA Labelling (random decamers) 

Firstly, approximately 1 µg of DNA probe was mixed with 10 µl of Decanucleotide mix 

in 5× Reaction Buffer and filled to 40 µl with nuclease-free H2O. This mixture was briefly 

vortexed, spun down in a microcentrifuge for 5s, incubated at 100°C for 5-10 minutes and cooled 

on ice. Subsequently, 3 µl of Mix T (mixture of 5mM dATP, dCTP, dGTP and  

1mM dTTP), 1 µl of labelled dUTPs (DIG or FITC) and 1 µl of Klenow fragment was added. The 

mixture was vortexed, spun down and incubated at 37°C for 1 hour. The reaction was eventually 

terminated by addition of 1 µl of 0.5 M EDTA (pH 8.0).  

In the case of Biotin Labelling Kit, approximately 1 µg of DNA probe was mixed with  

10 µl of Decanucleotide in 5× Reaction Buffer and filled to 44 µl with nuclease-free H2O. The 

mixed components were then vortexed, spun down, incubated at 100°C for 5-10 minutes and 

cooled on ice. Subsequently, 5 µl of Biotin Labelling Mix and 1 µl of Klenow fragment was 

added, the mixture was shaken, centrifuged and incubated at 37°C for 1 hour. The reaction was 

stopped by addition of 1 µl of 0.5 M EDTA (pH 8.0). 

The labelled DNA probes were immediately used for hybridization. 
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4.8.5 Fluorescence in situ hybridization 

All solutions used for fluorescence in situ hybridization were prepared fresh and filtered 

(PES filters, 0.2 µm pores). 

Cells fixed with paraformaldehyde and DSP were permeabilized using 0.1% Triton  

X-100 in PBS for 15 minutes followed by two PBS washes for 5 minutes each. The cells were 

then treated with 50 mM NH4Cl in PBS as a quenching solution for 10 minutes. Each well was 

then washed twice with PBS again. 

Additionally, endogenous biotin in cells was subsequently blocked using Avidin/Biotin 

Blocking kit (Vector Laboratories) in 3% BSA according to the manufacturer’s protocol. The cells 

were thoroughly washed with PBS and were directly used for hybridization. 

4.8.5.1 Direct fluorescence in situ hybridization 

Each well was covered with 100 µl of hybridization buffer which contained 50 µl of 

formamide, 20 µl of 50% dextran sulfate sodium salt (w/v), 10 µl of 20× SSC, 1 µg of denatured 

FITC-labelled probe, DEPC-treated H2O adjusted to the final volume. The slides were 

subsequently heated at 70°C for 5 minutes and hybridized in an air-tight box with  

a 2× SSC-wetted tissue at 42°C overnight. 

The following day, the hybridization buffer was removed and the wells were washed in 

2× SSC for 10-15 minutes at 42°C. After washing, chambers were removed from the slides and 

hybridized cells on the slides were immediately mounted with Roti® -Mount Fluor-Care with 

DAPI (Roth) without drying and covered with cover glass. 

Finished slides were stored at 4°C and analysed using confocal microscope (FluoView 

FV10i, Olympus). 

4.8.5.2 Indirect fluorescence in situ hybridization 

Each well was covered with 100 µl of hybridization buffer which contained 50 µl of 

formamide, 20 µl of 50% dextran sulfate sodium salt (w/v), 10 µl of 20× SSC, 1 µg of denatured 

DIG/Biotin labelled probe, DEPC-treated H2O adjusted to the final volume. The slides were 

subsequently heated at 70°C for 5 minutes and hybridized in an air-tight box with  

a 2× SSC-wetted tissue at 42°C overnight. 
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Following the overnight hybridization, the slides were washed once in 2× SSC for  

15 minutes at 42°C. Subsequently, the slides were incubated in a blocking solution of 3% BSA in 

PBS for 1 hour at RT. After blocking, 100 µl of 1% BSA and Anti-DIG DyLight® 488 (1:200, 

Vector Laboratories) or Streptavidin DyLight® 549 (1:200, Vector Laboratories) was added to 

each well and incubated for 1.5 hours at RT. 

Eventually, the wells were 5× washed with PBS, the chambers were removed from the 

slides and the cells were air-dried for 5-10 minutes. Then they were treated in the exact way as in 

the previous chapter (4.8.5.1.), stored at 4°C and used for analysis (FluoView FV10i, Olympus). 
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5. Results 

5.1 Optimisation of cell transfection with in vitro transcribed sfRNA 

Very little is known about the function of sfRNA from TBFs, since majority of sfRNA 

studies has been focused primarily on MBFs such as DENV, WNV, and ZIKV. Therefore, in this 

thesis, TBEV Hypr and Neudoerfl strains have been chosen for the sfRNA functional analyses, 

where ZIKV and DENV sfRNAs served as a comparison from the group of MBFs. For this 

purpose, pDEST40 constructs carrying 3’UTRs from four flaviviruses (DENV-2, ZIKV PE243, 

TBEV strain Hypr and Neudoerfl) were utilized for the in vitro transcription and subsequent 

transfection. 

The first part of this thesis was focused on determination of the dynamics of sfRNA levels 

in transfected DAOY HTB-186 cells. Two transfection time intervals were chosen for the relative 

real-time PCR quantification in order to determine whether the accumulation of sfRNA in 

transfected cells is higher at 24 or 48 hours p.t. (Figure 9). 

 

Figure 9: Optimisation of transfection in subsequent steps. 

The total RNA from transfected cells was diluted according to the viability factor and the 

levels of the respective sfRNA were analysed by qRT-PCR. Relative quantification of each 

sample was calculated using ΔΔct. The graphic representation of the log10 fold-change of sfRNA 

levels can be seen in Figure 10.  
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Figure 10: The log10 fold-change of sfRNA levels of selected flaviviruses (DENV, ZIKV, TBEV Neudoerfl 

strain (N) and TBEV Hypr strain (H) 24 and 48 hours p.t. 

The results show that the quantity of sfRNA in transfected cells is slightly higher in the 

first 24 hours after the transfection. This indication led us to further use the 24-hour transfection 

interval in all following experiments.  

5.2 Determination of the effect of sfRNA on de novo synthesized proteins of the host cells 

The ability of sfRNA to inhibit translation of several genes has been observed in DENV 

by Bidet et al., 2014. Recently, TBEV was also observed to induce host translational shut-off 

during ongoing infection in DAOY cells (Selinger et al., 2019), however, the mechanism has not 

yet been determined. Since sfRNA in MBFs was observed to strongly modulate host environment, 

the next aim of this thesis, after the confirmation of the accumulation of sfRNA species in 

transfected cells, was to determine whether it plays a role in biasing the host synthesis of proteins. 

The schema of the experiment is shown in Figure 11.  

 

Figure 11: The timeline of metabolic labelling of newly synthesised proteins assay using AHA/HPG analogue 

of methionine. 
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The metabolic labelling assay was performed in biological triplicates and initially, the 

methionine analogue used in the protocol was AHA. Unfortunately, the relative AHA signal led 

to high speckled background and the signal was overall not conclusive in several attempts of 

Click-on-membrane assay, so the labelling method was switched to HPG analogue. 

The methionine-starved cells were forced to incorporate HPG into newly synthesised 

proteins due to the abundance of the methionine analogue. Therefore, the newly synthesised 

proteins were possible to detect using Click-on-membrane assay (Kočová et al., in preparation). 

The relative HPG signal of newly synthesised proteins from sfRNA transfected cells of selected 

flaviviruses (DENV, ZIKV, TBEV strain Neudoerfl and Hypr) was then compared to the relative 

HPG signal of MBP-transfected cells which were taken as a negative control (Figure 13).  

A representative image of a Click-on-membrane assay is shown in Figure 12. 

 

Figure 12: Click-on-membrane assay of HPG labelled de novo synthesised proteins. DENV – dengue virus, 

ZIKV – zika virus, N – TBEV Neudoerfl strain, H – TBEV Hypr strain, MBP – maltose-binding protein, PK – 

positive control, NK – negative control. A representative image from three independent biological replicates 

is shown. 
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Figure 13: The relative HPG signal of de novo synthesised proteins from DAOY cells transfected with 

selected sfRNA species from DENV, ZIKV, TBEV strain Neudoerfl (N) and TBEV strain Hypr (H). MBP-

transfected cells served as negative control. The data represent mean values from three independent biological 

replicates. Significant difference from control was calculated by unpaired Student’s t-test (α=0.05, * P < 0.05, 

** P <0.01, *** P <0.001, **** P < 0.0001). 

The graphic representation of the relative HPG signal indicated that the production of  

de novo synthesised proteins is decreased in cells treated with sfRNAs from all flaviviruses tested. 

The most significant difference can be observed from the transfection of DENV (Student’s t-test, 

α=0.05, p=0.82E-6) and ZIKV (Student’s t-test, α=0.05, p=0.17E-5) sfRNA species. However, in 

the case of TBEV, Hypr strain (Student’s t-test, α=0.05, p=0.014) shows  

a more considerable decrease of host protein synthesis than Neudoerfl strain (Student’s t-test, 

α=0.05, p=0.51E-5).  

5.3 Determination of the effect of sfRNA on de novo synthesized rRNA of the host cells 

Additionally, not only translational shut-off was observed in TBEV infected cells. TBEV 

also interferes with host de novo production of 45-47S pre-rRNA transcripts and the transcription 

levels of 18S and 28S rRNA in infected cells is decreased up to 50% (Hypr strain), but the 

mechanism of the downregulation remains unknown (Selinger et al., 2019).  

Consequently, the possible function of sfRNA to regulate the de novo synthesis of host 

rRNA was examined. DAOY HTB-186 cells transfected with in vitro transcribed sfRNA were 



42 

 

incubated with 5-EU in a high concentration (1mM) so the cells were forced to incorporate the 

uracil analogue during RNA synthesis (Figure 14.). 

 

 

Figure 14: Metabolic labelling of newly synthesised rRNA protocol shown in a timeline. 

The labelled rRNA was detected using the Click-on-membrane assay (Kočová et al., in 

preparation) and the relative 5-EU signal of newly synthesised rRNA from sfRNA transfected 

cells of selected flaviviruses (DENV, ZIKV, TBEV Neudoerfl and Hypr strains) was then 

compared to the relative signal of MBP-transfected cells (Figure 16). A representative image of  

a Click-on-membrane assay is shown in Figure 15. 

 

Figure 15: Click-on-membrane assay of 5-EU labelled de novo synthesised rRNA. DENV – dengue virus, 

ZIKV – zika virus, N – TBEV Neudoerfl strain, H – TBEV Hypr strain, MBP – maltose-binding protein, PK – 

positive control, NK – negative control. A representative image from three independent biological replicates 

is visualized. 
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Figure 16: The relative 5-EU signal of de novo synthesised rRNA from DAOY cells transfected with selected 

sfRNA species from DENV, ZIKV, TBEV strain Neudoerfl (N) and TBEV strain Hypr (H). MBP-transfected 

cells served as negative control. The data represent mean values from three independent biological replicates. 

Significant difference from control was calculated by unpaired Student’s t-test (α=0.05, * P < 0.05,  

** P <0.01, *** P <0.001, **** P < 0.0001).  

The relative 5-EU signal levels of sfRNA transfected cells in comparison to negative 

control were not significantly decreased for any flavivirus tested – DENV (Student’s t-test, 

α=0.05, p=0.39), ZIKV (Student’s t-test, α=0.05, p=0.3), TBEV Hypr strain (Student’s t-test, 

α=0.05, p=0.99) and TBEV Neudoerfl strain (Student’s t-test, α=0.05, p=0.39). Therefore, sfRNA 

probably does not play a role in reducing host rRNA synthesis. 

5.4 Localisation of sfRNA in transfected and infected cells using fluorescence in situ 

hybridization 

Since sfRNA affects the infected cells in several different aspects, the final step of this 

thesis was to localise sfRNA in transfected and infected cells to explore its functions in more 

detail. The localisation of sfRNA would be a great key to be able to precisely pinpoint its affect 

to certain cell compartments but also evaluate co-localisation sites with particular cell or viral 

factors. For the localisation itself, FISH was chosen as it is a powerful tool to visualize target 

RNA in cells and was previously demonstrated to work with sfRNA species in WNV-infected 

cells (Pijlman et al., 2008) and to study TBEV-infected cells (Hirano et al., 2017). 

Several different aspects were tested for the optimisation of preparing slides for FISH. 

Firstly, two transfection reagents (PolyjetTM In vitro DNA Transfection Reagent and 
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Lipofectamine® RNAiMAX Transfection Reagent) were considered for the transfection of DAOY 

HTB-186 cells.  

Secondly, the preparation of DNA probes was also optimised with several alternatives. In 

order to determine the optimal labelling protocol for FISH, two labelling methods (random 

decamers and nick translation) were performed in combination with direct (FITC-dUTP) and 

indirect (Biotin-dUTP, DIG-dUTP) detection. 

The experiments were performed with DAOY HTB-186 cells, which were either infected 

with TBEV strain Hypr/Neudoerfl (5 MOI, 24 hours post infection) or transfected with 

Hypr/Neudoerfl sfRNAs (1.25×104 cells per well, 24 hours p.t.).  

The highly conserved region of TBEV 3’UTR (nucleotides 10,538 to 10,836 for Hypr and 

nucleotides 10,844 to 11,141 for Neudoerfl) was used for DNA probe preparation. Selected probe 

sequence is 298 bp long and almost identical for both strains (varying only in 4 nucleotide 

substitutions, see 4.8.2). In order to distinguish the sfRNA and 3’UTR region of viral gRNA in 

case of TBEV-infected cells, additional DNA probe targeting C protein gene was also prepared.  

The DNA templates used for the probe preparation were first checked for their integrity 

by agarose gel electrophoresis on a 1% agarose gel prior to the labelling protocol (Figure 17.). 

 

Figure 17: DNA probes prepared by PCR electrophoretically separated on a 1% agarose gel stained with 

GelRed® Nucleic Acid Gel Stain. Marker (100 bp DNA Ladder Plus, Thermo Fisher Scientific), DNA probe 

for sfRNA of Hypr (H) and Neudoerfl (N) strain (298 bp) and DNA probe C (for C protein gene, 288 bp) 

viewed using SyngeneTM Gbox Chemi XX6. 
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For all FISH slides, MBP-transfected or mock-infected cells were used as a negative 

control for signal specificity comparison. Prepared mounted slides were analysed using FluoView 

FV10i confocal microscope (Olympus) with equal conditions for sensitivity and laser intensity 

for all sfRNA species. The final pictures were generated using FV10-ASW 4.2 Viewer 

(Olympus). 

Data summarized in Figures 18, 19 and 20 are representatives of two independent 

experiments.  
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Figure 18: Indirect (Biotin-Streptavidin DyLight® 549) FISH of DAOY HTB-186 cells transfected with in 

vitro transcribed sfRNA of TBEV Hypr strain (H). A) DAOY cells were transfected using PolyjetTM In vitro 

DNA Transfection Reagent. Biotinylated DNA probe complementary to the 3'UTR (sfRNA) of TBEV H was 

prepared by nick translation or DecaLabelTM DNA Labelling kit. The hybridized biotinylated probe was 

detected using Streptavidin DyLight® 549. B) DAOY cells were transfected using Lipofectamine® 

RNAiMAX Transfection Reagent. Biotinylated DNA probe complementary to the 3'UTR (sfRNA) of TBEV 

H was prepared by nick translation or DecaLabelTM DNA Labelling kit and the signal was further visualised 

using Streptavidin DyLight® 549. Nuclei were stained with DAPI. Scale bar represents 200 µm. 
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Figure 19: Indirect (DIG-Anti-DIG DyLight® 488) FISH of DAOY HTB-186 cells transfected with in vitro 

transcribed sfRNA of TBEV Neudoerfl strain (N). A) DAOY cells were transfected using PolyjetTM In vitro 

DNA Transfection Reagent. DNA probe (complementary to the 3'UTR (sfRNA) of TBEV (N) conjugated 

with DIG was prepared by nick translation or DecaLabelTM DNA Labelling kit. The hybridized DIG-probe 

was detected using Anti-DIG DyLight® 488. B) DAOY cells were transfected using Lipofectamine® 

RNAiMAX Transfection Reagent. DNA probe (complementary to the 3'UTR (sfRNA) of TBEV (N) 

conjugated with DIG was prepared by nick translation or DecaLabelTM DNA Labelling kit and the signal was 

subsequently visualised using Anti-DIG DyLight® 488. Nuclei were stained with DAPI. Scale bar represents 

200 µm. 
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Figure 20: Direct FISH of DAOY HTB-186 cells transfected with in vitro transcribed sfRNA of TBEV 

Neudoerfl strain (N). A)  DAOY cells were transfected using PolyjetTM In vitro DNA Transfection Reagent. 

FITC-labelled DNA probe (complementary to the 3'UTR (sfRNA) of TBEV (N) was prepared by nick 

translation or DecaLabelTM DNA Labelling kit. B) DAOY cells were transfected using Lipofectamine® 

RNAiMAX Transfection Reagent. FITC-labelled DNA probe (complementary to the 3'UTR (sfRNA) of 

TBEV (N) was prepared by nick translation or DecaLabelTM DNA Labelling kit. Nuclei were stained with 

DAPI. Scale bar represents 200 µm. 

 

 



49 

 

From the extensive optimisation alternatives, following results were observed: 

• PolyjetTM In Vitro DNA Transfection Reagent showed to be a slightly better option 

for transfection because the signal intensity of cells transfected with it was 

somewhat higher. 

 

• The comparison of labelling methods (nick translation and random decamers of 

visualised signals showed that nick translation resulted in higher signal  

intensity and thus was more efficient for probe preparation. 

 

• Direct fluorescence overall proved to be too insensitive for the detection of sfRNA 

in cells and was left out of further optimisation. 

 

• The conspicuous signal difference between DIG-AntiDIG and Biotin-Streptavidin 

labelling resulted in the choice of Biotin-Streptavidin labelling for the optimal 

detection of cellular sfRNA. Biotin-Streptavidin detection proved to be not only 

more sensitive but created lower background in analysed slides and thus lead to 

more clarified imaging. Unfortunately, the first attempts of using Biotin-

Streptavidin protocol led to the presence of high signal in all negative control 

samples (MBP-transfected cells) and therefore inconclusive analysis. 

This observation and studying literature show that neural cells express endogenous 

biotin (McKay et al., 2004). To prevent signal in negative control, biotin was 

blocked prior to hybridization using Avidin/Biotin Blocking Kit.  Unfortunately, 

the signal difference between virus-infected and mock-infected cells was still 

inconclusive (results not shown).  

 

• Additionally, several alternative fixation reagents were used for slides preparation 

(methanol, acetone, DSP and 4% paraformaldehyde for comparison). Data 

summarised in Figure 21 are representatives of only one experiment. Although 

only one experiment was performed for using different fixations, it is clear that 

DSP gave the best results concerning the signal intensity and specificity. 
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Figure 21: Indirect FISH of DAOY HTB-186 cells infected with TBEV Hypr strain. Biotinylated probe 

prepared using nick translation targeting the 3’UTR (sfRNA) of Hypr was visualised using Streptavidin 

DyLight® 549. DIG-labelled probe prepared using nick translation targeting gRNA (C protein gene) was 
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detected using Anti-DIG DyLight® 488. A) Cell fixated using methanol for 30 minutes at -20°C. B) Cells 

fixated using acetone for 30 minutes at -20°C. C) Cells fixated using 4% paraformaldehyde (ROTI® Histofix 

4%, Roth) for 15 minutes at RT. D) Cells fixated using DSP for 30 minutes at RT. E) Mock infected cells 

fixated with selected fixation reagents. Nuclei were stained with DAPI. Scale bar represents 200 µm. 

In conclusion, the optimal methodology for the localisation of sfRNA in 

transfected/infected cells has not been achieved yet and requires further experiments in the future. 

However, cells fixated with DSP show clear concentrated signal in detection of both gRNA and 

sfRNA, which would potentially serve as the best option for additional research. 
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6. Discussion 

Flaviviruses represent a significant world-wide threat to public health as many of them 

cause severe neurological and haemorrhagic diseases in both humans and animals (Mackenzie  

et al., 2004). Unfortunately, no specific antiviral treatment has yet been developed so a thorough 

knowledge of flaviviral pathogenesis is necessary for further therapy research. 

All flaviviruses tested to date have been discovered to corrupt host RNA degradation 

machinery for production of sfRNA (reviewed by Slonchak and Khromykh, 2018; MacFadden et 

al., 2018).  This noncoding RNA further enhances flaviviral pathogenesis by retroactively 

inhibiting host and viral mRNA degradation, supressing type I INF response and RNAi response. 

Detailed functional studies of sfRNA have been focused predominantly on MBFs,  

so a more detailed look into the role of TBEV sfRNA has not yet been done before, although its 

presence has been confirmed (Schnettler et al., 2014). 

Viruses have evolved ways to invade host translational machinery by several known 

mechanisms (inhibition of transcription initiation, induction of mRNA decay etc.) This unique 

ability ensures maximal viral gene expression and evasion of host immune response (Rampersad 

and Tennant, 2018). DENV (Roth et al., 2017; Reid et al., 2018) and ZIKV (Hou  

et al., 2017) have both been confirmed to reduce host protein production. The mechanism of 

translational shut-off during DENV infection has been characterized as ER remodelling and 

annexing strategy (Reid et al., 2018). ZIKV hijacks stress granule proteins (Hou et al., 2017), 

however, more detailed understanding for both flaviviruses is necessary. Furthermore, a recent 

study has shown that TBEV decreases the rate of de novo protein synthesis in host cells as well 

(Selinger et al., 2019), although the mechanism is still unclear.  

In 2014, a novel insight into the role of sfRNA during DENV infection was observed by 

Bidet et al., 2014 – the DENV sfRNA was proved to supress specific host protein synthesis by 

downregulating mRNA translation of specific interferon-stimulated genes (ISGs). Similar 

observation was made by Manokaran et al. in 2015. Therefore, following the recent discoveries, 

the goal of this thesis was to explore whether the causative agent of translational shut-off in host 

cells during TBEV infection could be the sfRNA as well. 
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De novo synthesised proteins in cells transfected by in vitro transcribed sfRNA of DENV, 

ZIKV and TBEV (Neudoerfl and Hypr strains) were detected using Click-on-membrane 

chemistry assay (Kočová et al., in preparation). Interestingly, all sfRNAs tested were confirmed 

to supress host de novo protein synthesis. In the case of TBEV, the protein production was 

significantly lowered for both strains, however, Hypr strain showed more than 50% decrease, 

which corresponds to findings of Selinger et al., 2019. This observation could potentially relate 

to higher degree of virulence and neuroinvasivness which Hypr strain possesses.  

The TBEV translational shut-off of host translation has also no effect on the translation of 

viral proteins (NS3 and C) which implies that the virus exploits translational shut-off for own 

benefit and is not affected by it (Selinger et al., 2019). This virus-induced non-specific 

translational shut-off is highly beneficial for the viral pathogenesis. For example, the reduction of 

host de novo protein synthesis during TBEV infection targeted production of ISGs such as viperin 

(Selinger et al., 2019), which was previously confirmed to participate in immune response against 

TBEV (Vonderstein et al., 2017; Panayiotou, et al., 2018). This indicates that sfRNA could play 

a role in regulation of these genes, too. In more detail, the sfRNA of  

DENV-2, which was studied by Bidet et al., (2014), was confirmed to bind to conserved host 

RNA-binding proteins - G3BP1, G3BP2, and CAPRIN1 and inactivate them. These  

RNA-binding proteins are required for the translation of mRNA of specific ISGs, namely PKR 

and IFITM2. On the contrary to DENV sfRNA, which was observed to target translation of 

specific genes (G3BP1, G3BP2, CAPRIN1 and TRIM25), our results show that TBEV sfRNA 

induces non-specific translational shut-off for the synthesis of host proteins. 

There are many possible explanations to these observations which would need additional 

experiments for confirmation. As mentioned before, viruses inhibit eukaryotic protein synthesis 

by many mechanisms targeting transcriptional and translational pathways or supressing mRNA 

processing. Some viruses inhibit transcription initiation by either interfering with host 

transcription initiation factors (adenovirus; Dasgupta and Scovell, 2003) or function of host RNA 

polymerase II such as influenza virus (Vreede and Fodor, 2010). When hampering with host pre-

mRNA processing, viruses were confirmed to induce mRNAs decay by their cleavage (SARS 

coronavirus; Huang et al., 2011), inhibition of nuclear export (rhinovirus, Ghildyal  

et al., 2009.) and inhibition of splicing or polyadenylation. Additionally, viruses also hinder host 
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translation pathways (such as ribosome shunting) for viral mRNA processing. sfRNA, being a 

small RNA species and targeting de novo host protein synthesis as a whole, can potentially possess 

any of these functions or operate on a completely different mechanism. Therefore, the mechanism 

remains unknown and demands further complex research.  

Unlike the inhibition of host protein translation, virus-driven reduction of host rRNA is 

not as common, although it has been observed for several viruses, for example HIV (Ponti et al., 

2008) or murine hepatitis virus (Banerjee et al., 2000). Host cells infected with DENV have been 

observed to have significantly annexed ER and adjacent ribosomes for the benefit of virion 

production, but 28S and 18S rRNA fractions were not affected (Reid et al., 2018). Furthermore, 

virus-induced inhibition of rRNA production has not been previously described for any other 

flaviviruses except TBEV (Selinger et al., 2019). TBEV hinders the production of 18S and 28S 

(both up to 50% decrease for TBEV Hypr strain) transcripts as well as 45-47S pre-rRNA in host 

cells. This observation was yet another inspiration for this thesis to determine whether the sfRNA 

could play a role in the inhibition of host rRNA synthesis. 

De novo synthesised RNA of cells transfected in vitro transcribed sfRNA of DENV, ZIKV 

and TBEV (Neudoerfl and Hypr strains) was also detected using Click-on-membrane chemistry 

assay (Kočová et al., in preparation). However, the levels of newly synthesised rRNA were not 

overall conclusive and none of the selected sfRNAs contributed in a statistically significant 

decrease of host rRNA levels. These findings suggest that sfRNA acts specifically on the level of 

host translational inhibition. 

Since the spatial distribution of translation (cytoplasm) and rRNA synthesis (nucleus) is 

different, our next goal was to determine the localisation of sfRNA, which may further support 

our findings. Therefore, the last part of this thesis was focused on the localisation of TBEV sfRNA 

of in transfected/infected DAOY HTB-186 cells. Fluorescence in situ hybridization was chosen 

for the detection as it was successfully performed with TBEV-infected neurons in the past (Hirano 

et al., 2014) and it was also used for sfRNA detection in WNV-infected cells (Pijlman et al., 

2008). However, the first step of successful localisation method was to find optimal transfecting, 

fixating and labelling conditions. Following transfection optimisation, further experiments were 

also conducted on TBEV-infected cells. To distinguish sfRNA (3’UTR) from the localisation of 
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3’UTR region of viral gRNA, we employed two differently labelled DNA probes complementary 

to the sfRNA and a C protein gene of TBEV. 

When transfecting cells in previous protocols in this thesis, PolyjetTM In vitro DNA 

Transfection Reagent was used. However, for further investigation, additional transfection 

reagent - Lipofectamine® RNAiMAX Transfection Reagent - was picked for examination, since 

it is specially designed for the endocytic transport of small RNA species and similar 

Lipofectamine transfection reagent was used by Schnettler  

et al., 2014. Eventually, the results obtained were comparable between the two reagents with a 

higher and more specific signal in Polyjet-transfected cells which confirmed Polyjet reagent to be 

slightly more efficient. 

A DNA probe prepared by PCR was labelled using two distinct protocols to compare 

labelling efficiency (random decamers and nick translation). The protocol for nick translation 

labelling was adapted from Kato et al., 2006 and in the end resulted in higher signal quality. 

The DNA probe was labelled using one direct (FITC) and two different indirect labelling 

systems (DIG/Anti-DIG and Biotin/Streptavidin). As expected, direct fluorescence was not 

sensitive enough to provide almost any signal. A higher sensitivity was observed when using 

indirect fluorescence, however, DIG/Anti-DIG labelling system resulted in a rather unfocused 

signal with high background. 

When using biotinylated DNA probes for the detection of sfRNA, an unexpected trouble 

occurred while visualising signals with Streptavidin DyLight® 549. The signal intensity was equal 

in TBEV- and MBP-transfected cells (as well as TBEV- and mock- infected), which yielded 

inconclusive results. Adjusted upon reading literature (McKay et al., 2004), the endogenously 

expressed biotin in DAOY HTB-186 cells, which could potentially amplify the signal, was 

blocked. Unfortunately, the signal difference in following experiments which included the 

blocking of endogenous biotin, led to the same issue. Following these results, a different approach 

was used in order to potentially break the conserved secondary structures in the 3’UTR region, 

which could have been possibly stabilized by the fixation with paraformaldehyde and thus, led to 

incomplete hybridization. Therefore, we employed three different fixative agents working on a 

different principle of fixation: methanol, acetone, and DSP. 
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Methanol and acetone are organic fixation reagents which work through a process of 

dehydration and precipitation of proteins and are widely used in histology (reviewed by Hobro 

and Smith, 2017). These two fixation agents were included in the optimisation experiments of 

fixation, as they would potentially lead to the disruption of complex secondary structures holding 

sfRNA and thus better accessibility for hybridization.  However, they both resulted in the damage 

of membrane structures, slight loss of nuclear content and were not optimal fixation reagents 

overall because the signal in mock infected cells was still comparable to TBEV infected cells as 

well. 

A membrane-permeable cross-linker was selected as a third alternative to initial 

paraformaldehyde fixation to avoid potential autofluorescence in fixated cells and to generally 

improve the signal. Unlike methanol and acetone, cross-linking is a less toxic fixative which 

results in efficient cell and tissue anchoring. Results obtained from confocal microscopy from 

slides fixated using a DSP cross-linker showed to be the most conclusive throughout all other 

optimisation experiments. The gRNA signal was concentrated in the cytoplasmic part of the cells, 

with its localisation presumably in the ER surrounding the nuclei. Cross-linking additionally 

provided the clearest signal of sfRNA with no signal occurrence in mock-infected cells. This 

reagent was proved to serve as the optimal fixation technique compared to the rest, however, the 

results obtained are from one experiment. For additional confirmation of this conclusion, further 

experiments are needed to be done in the future. 

sfRNA localisation has been successfully pinpointed in WNV-infected cells to the sites of 

cytoplasmic processing bodies by Pijlman et al., 2008. However, further localisation investigation 

has not yet been concluded for other flaviviruses. The localisation of TBEV sfRNA in cells during 

ongoing TBEV infection faces several challenging problems from which some of them have been 

resolved by this thesis.  

Unlike the sfRNA of other flaviviruses, very little is known about the functions of TBEV 

sfRNA. In conclusion, this thesis brings more detailed look into the role of sfRNA in host cells 

and additionally provides complex information for forthcoming experiments. 
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7. Conclusion 

In conclusion, this thesis provides further insight into the functions of sfRNA during 

TBEV infection of which is very little known. The sfRNA of TBEV (Hypr and Neudoerfl strains) 

has been confirmed to decrease de novo host protein synthesis, with Hypr strain inhibiting the 

synthesis by more than 50%. 

On the other hand, the correlation between sfRNA presence and the downregulation of 

host rRNA de novo synthesis has not been found. None of four flaviviruses tested (DENV, ZIKV, 

TBEV (Hypr and Neudoerfl strains) showed significant decrease of de novo synthesised host 

rRNA.  

Furthermore, this thesis provides a complex insight into the optimisation of fluorescence 

in situ hybridization technique for the localisation of TBEV sfRNA in host cells, which can be 

used as a helpful tool for further research. 
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8. List of abbreviations 

5-EU 5-Ethynyl Uridine 

AHA 4-Azido-L-homoalanine  

APS ammonium persulfate 

arboviruses arthropod-borne viruses 

BBB blood-brain barrier 

bp base pairs 

BSA bovine serum albumin 

C protein capsid protein 

Ct cycle threshold 

CMV cytomegalovirus 

DAOY human desmoplastic cerebellar medulloblastoma cell line 

DAPI 4',6-diamidin-2-fenylindol 

DB dumbbell 

DENV dengue virus 

DEPC diethyl pyrocarbonate 

dH2O distilled water 

DIG digoxigenin-11-dUTP 

DNA deoxyribonucleic acid 

dNTP deoxynucleotide 

dsDNA double stranded DNA 

DSP dithiobis(succinimidyl propionate) 

dUTP 2'-deoxyuridine-5'-triphosphate 

E protein envelope protein 

ER endoplasmic reticulum 

FBS fetal bovine serum 

FISH fluorescence in situ hybridization 

FITC fluorescein-12-dUTP  

gRNA genomic RNA 

HDVr hepatitis delta virus ribozyme 

HPG L-Homopropargylglycine  

HPRT1 hypoxanthine phosphoribosyltransferase 1 

p.t. post transfection 

IFN interferon 

IFNα interferon alpha 

IL-1β interleukin 1 beta 

IL-6 interleukin 6 

IL-8 interleukin 8 

IL-10 interleukin 10 

JEV japanese encephalitis virus 
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kDa kilodalton 

LGTV langat virus  

M protein membrane protein 

MBP maltose-binding protein 

MBFs mosquito-borne flaviviruses 

MHC major histocompatibility complex 

mRNA messenger RNA 

MVE Murray Valley encephalitis virus  

NS non-structural 

nt nucleotide 

NTP nucleoside triphosphate 

ORF open reading frame 

PBS phosphate buffered saline 

PK pseudoknot 

prM protein precursor membrane protein 

PVDF polyvinylidene difluoride 

qRT-PCR quantitative reverse transcription polymerase chain reaction 

RNA ribonucleic acid 

RNAi RNA interference 

rRNA ribosomal RNA 

RT room temperature 

SDS sodium dodecyl sulfate 

sfRNA subgenomic flaviviral RNA 

SL stem-loop 

SSC saline-sodium citrate 

TAE Tris-acetate-EDTA buffer 

TBE tick-borne encephalitis 

TBEV tick-borne encephalitis virus 

TBFs tick-borne flaviviruses 

TEMED tetramethylethylendiamin 

THPTA tris-hydroxypropyltriazolylmethylamine 

TNF-α tumour necrosis factor alpha 

UTR untranslated region 

WHO World Health Organisation 

WNV West Nile virus 

wt wild type 

XRN1 5'-3' exoribonuclease 1  

xrRNA XRN1-resistant RNA 

YFV yellow fever virus 

ZIKV zika virus 
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