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Abstract Tick-borne encephalitis virus (TBEV) causes severe encephalitis in humans. The 

Sofjin-HO strain is the prototype strain of the TBEV far-eastern subtype, and is highly pathogenic in 

a mouse model. In this study, we constructed replicons and infectious cDNA clones of the Sofjin-HO 

strain. The replication of the replicon RNA was confirmed, and infectious viruses were recovered 

from the infectious cDNA clone. The recombinant viruses showed similar virulence characteristics to 

those of the parental virus. While characterizing the replicon and infectious cDNA, several amino 

acid differences derived from cell culture adaptations were analysed. The amino acids differences at 

E position 496 and NS4A position 58 were found to affect viral replication. The Gly- or Ala-to-Glu 

substitution at E position 122 was shown to increase neuroinvasiveness in mice. These replicons and 

infectious cDNA clones are useful in revealing the viral molecular determinant involved in the 

replication and pathogenicity of TBEV. 
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Introduction 

Tick-borne encephalitis virus (TBEV) belongs to the genus Flavivirus of the family Flaviviridae, and 

can cause fatal encephalitis in humans. TBE is endemic in Europe, Russia and Far-East Asia, and 

more than 10,000 cases of the disease are reported every year. TBE is a significant public health 

problem in these endemic regions. 

TBEV can be divided into three subtypes; Far-Eastern, European and Siberian [17]. The 

Far-Eastern subtype, previously known as Russian spring-summer encephalitis virus, causes a severe 

clinical manifestation and shows a higher case fatality rate (5-20%) than the other two subtypes [32, 

56]. The European subtype, also known as Central european encephalitis virus, produces biphasic 

febrile illness and milder encephalitis, and fatality rates are 1-2% [5, 19, 30]. The Siberian subtype 

causes less severe disease (case fatality rates, 2-3%) than the Far-Eastern subtype and is often 

associated with chronic disease [2, 39, 45, 46]. However, little is known of the mechanisms of the 

differing clinical manifestations among the three subtypes. 

The flavivirus genome consists of a positive-polarity, single-stranded RNA of approximately 

11 kb, which encodes three structural proteins, i.e. the core (C), premembrane (prM), and envelope 

(E) proteins, and seven non-structural (NS) proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, NS5), 

within a single long open reading frame [9], which is co-translated and cleaved post-translationally. 

The 5’- and 3’-UTRs have predicted secondary structures that are implicated in viral replication, 

translation, and packaging of the genome [16]. 

Previous pathological examination in a mouse model have demonstrated that the 

Far-Eastern subtype is highly pathogenic and causes a severe and debilitating encephalitic disease, 

similar to that seen in humans [11]. The Sofjin strain has been used as the prototype strain of the 

Far-Eastern subtype [56]. In a previous study, we showed that the Sofjin strain was more pathogenic 

than the Oshima strain, isolated in Japan from a mouse model [11, 13]. The amino acid identity 

between the two strains is more than 98%[13]. Comparison of the pathogenicity of Sofjin and 

Oshima strains reveals significant information about viral molecular determinants that are involved 
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in the differing virulence of the strains, and the pathogenicity of TBEV. 

Replicon and infectious cDNA clones are useful in investigating genetic determinants of 

flavivirus replication and virulence. Replicon and infectious cDNA clones have been generated for 

multiple flaviviruses [6, 8, 16, 18, 23-25, 27, 31, 37, 42, 47, 48, 51-53, 55]. In a previous study, we 

constructed a replicon and a full-length infectious cDNA clone of the Far-Eastern subtype Oshima 

5-10 strain [20, 21], but those of the Sofjin strain have not been constructed. The Sofjin strain has 

been passaged many times, which has caused the emergence of various variants. Thus, it is important 

to construct a cDNA clone of the Sofjin strain and to analyze the characteristics of variants in the 

parental virus.  

In this study, we constructed and characterized replicons and infectious cDNA clones of the 

Sofjin strain. While characterizing the several clones of replicon and infectious cDNA, several amino 

acid differences derived from cell culture adaptations were shown to affect viral replication and 

virulence in mice. 

 

Materials and Methods 

Cells and virus 

Baby hamster kidney (BHK) cells were grown in Eagle’s minimal essential medium (MEM), 

supplemented with 8% fetal calf serum (FCS). The Sofjin-HO strain (Accession No. 062064) was 

first isolated from the brain of a TBE patient in Khabarovsk in 1937 [56]. The virus (unknown 

passage history) was kindly given by Dr. Ohya (National Institute of Infectious Diseases, Tokyo, 

Japan) in 1967, and further passaged 7 times in suckling mouse brain and 2 times in BHK cells.   

The recombinant viruses, Oshima-IC and Sofjin-IC were prepared from the full-length infectious 

cDNA clone. 

 

Plasmid preparation 

Sofjin-REP plasmid 
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Total cellular RNA was extracted from BHK cells infected with the Sofjin strain using Isogen 

(Nippon Gene). Viral RNA was reverse-transcribed with random primer using Superscript II reverse 

transcriptase (Invitrogen). Three fragments of Sofjin cDNA were amplified using Platinum Taq 

polymerase (Invitrogen; Fig.1). Primers were designed on the basis of the nucleotide sequence of 

Sofjin strain (AB062064). The first fragment (nt 1-239) had an SP6 promoter recognition site that 

preceded the first base of the viral genome. The first fragment was designed to fuse the fragment of 

C in-frame to a C-terminal fragment of E, which served as a signal sequence for NS1. A synthetic 

oligonucleotide was used to add an AvrII site at nt 239-244 and nt 2291–2296. This silent mutation 

was engineered to permit ligation of the second fragment (nt 2292-6335) and the proper translation 

of the signal sequence for NS1. The last fragment (nt 6336–10894) had an SpeI restriction 

endonuclease site. The fragments were resolved by gel electrophoresis and purified by standard 

methods (Qiagen kits). The fragments were digested with restriction endonucleases and ligated into 

the low-copy plasmid pGGVS209[16] (Fig.1). 

 

Sofjin-IC plasmid 

The full-length infectious cDNA clone, Sofjin-IC, was created by the insertion of the coding regions 

for C, prM and E into Sofjin-REP plasmid. C, prM, and E fragments (nt 239–2292) were amplified 

by RT-PCR from the parent Sofjin-HO virus RNA. The sense primer included a SpeI restriction 

endonuclease site. The PCR products were digested with SpeI and AvrII and inserted into the 

Sofjin-REP plasmid, which was predigested with AvrII. To construct the Sofjin-REP or Sofjin-IC 

plasmid with amino acid differences, the fragments with the each amino acid were amplified by 

RT-PCR and subsequently cloned into pCR2.1 plasmid (TA cloning kit; Invitrogen). These 

intermediate plasmids were cut with the restriction enzymes described above and used to substitute 

the regions that contained the substitutions (Fig. 2). 

 

Oshima-IC and Oshima-REP 
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Oshima-IC, which encoded the full-length cDNA of TBEV Oshima strain, was prepared as described 

previously [20]. The Oshima-REP plasmid was used for the preparation of replicon RNAs of the 

Oshima strain, as described previously[21]. 

 

mRNA transcription and electroporation 

Replicon and infectious clone plasmids were linearized with SpeI and transcribed into the RNA using 

mMESSAGE mMACHINE SP6 Kit (Ambion), as described previously [15]. The mRNA samples 

were treated with DNase I and precipitated with LiCl. The precipitated RNA was dissolved in 30 µL 

DEPC-treated water. mRNA was transfected into BHK cells using the trans IT-mRNA Transfection 

Kit (mirus) or electroporation as described previously[20]. 

 

Immunofluorescence assay 

Cells in 8-well chamber slides were subjected to 4% paraformaldehyde fixation for 30 min, rinsed in 

PBS and permeabilized with 0.2% (v/v) Triton X-100 in PBS for 4 min. Cells were blocked with 2% 

BSA in PBS and then reacted with mouse TBEV hyperimmune ascites fluid. After washing with PBS, 

the cells were labeled with mouse secondary antibodies conjugated with Alexa 555. The cells were 

examined with a fluorescence microscope. 

 

RNA extraction, reverse transcription, and TaqMan assay 

Replicon RNA was extracted using Isogen (Nippon Gene) according to the manufacturer’s protocol. 

The RNA samples were treated with DNase I and precipitated with LiCl. Total RNA was quantitated 

by measuring the OD280 value. First-strand cDNA was synthesized using Super Script II reverse 

transcriptase (Invitrogen) as follows: 0.4 µg total RNA was mixed with 2.5 µg random primer 

(Invitrogen) and the mixture was incubated at 70°C for 10 min and at 25°C for 10 min. After 

incubation, 2 µL 5× First Strand Buffer, 0.5 µL 10 mM dNTP mix, 1µL DDT, and 0.5 µL Super 

Script II reverse transcriptase were added. The reaction mixture was sequentially incubated at 42°C 
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for 50 min and then 70°C for 15 min. The synthesized cDNA was stored at -80°C.  

The TaqMan assay was performed with the TaqMan universal PCR Master Mix (Applied 

Biosystems) as follows: 2.5 µL cDNA was mixed with 900 nmol each of the forward and reverse 

primers, 200 nmol multi-probe, and 12.5 µL TaqMan PCR universal Master Mix, and DEPC-treated 

water (Nippon Gene) was added to give a final volume of 25 µL. Primers and multi-probe were 

prepared, as described in Schwaiger’s study[44]. Real-time PCR was performed using an ABI Prism 

7000 (Applied Biosystems) with the following conditions: 2 min at 50°C, 10 min at 95°C, and 45 

cycles of 15 s at 95°C, and 1 min at 60°C. The TaqMan assay was performed in duplicate for each 

sample and a water control was included in each assay. Samples with a cycle threshold (Ct) value < 

40 and a change in the magnitude of the fluorescent signal (ΔRn) > 0.5 were considered positive. To 

calculate the concentration of the replicon RNAs, the Oshima-REP plasmid DNA was used as the 

standard, as described previously [54]. 

 

Virus titration 

Plaque assays were carried out with BHK cells using 12-well plates. Serial 10-fold dilutions of organ 

suspensions or culture medium from infected cells (100 µL) were inoculated with the cells and they 

were incubated for 1 h at 37°C before 1.5% CMC-MEM (1 mL/well) was added. Incubation was 

continued for 3-4 days and the monolayers were stained with 0.1% crystal violet in 10% formalin 

neutral buffer solution. Plaques were counted and infectivity titers were expressed as plaque forming 

unit (pfu)/mL. 

 

Growth curve in cell culture 

Subconfluent BHK cells were grown in 24-well plates. Cells were inoculated with each virus at a 

multiplicity of infection (MOI) of 0.01 pfu. Cells were incubated at 37°C in 5% CO2. The 

supernatant was harvested at 12, 24, 48 and 72 h post-inoculation and stored in aliquots at -80°C 

prior to titration. 



8 

 

 

Animal model 

Viruses were inoculated subcutaneously into 5-week-old female C57BL6 mice (Jackson Immuno 

Research). Morbidity was defined as the appearance of > 10% weight loss. Surviving mice were 

monitored for 28 days post-infection to obtain survival curves and mortality rates. For the analysis of 

viral distribution in tissues, serum, brain, and spleen were collected from the mice on days 3, 5, 7, 

and 9 post-infection. Organs were individually weighed and homogenized, and prepared as 10% 

suspensions (w/v) in PBS that contained 10% FCS. The suspensions were clarified by centrifugation 

(4,000 rpm for 5 min, 4°C) and the supernatants were titrated by plaque assay on BHK cells. 

 

Statistical analysis 

RNA copies and viral titers were log transformed and P-values were calculated using unpaired 

Student’s t-tests. 

 

Results 

The Sofjin strain has undergone many passages, resulting in a variety of variants in the viral stock. 

The direct sequence and cloning of the viral genome revealed four nucleotide substitutions that 

resulted in amino acid differences in the parental Sofjin strain (Table 1, Fig. 2). To analyze the effect 

of these amino acid differences on the characteristics of the parental virus, replicons and infectious 

cDNA clones of the Sofjin strain were constructed as depicted in Figure 2. 

 

Construction of the subgenomic replicon of the Sofjin-HO 

The overall strategy to construct the replicon of the TBEV Sofjin strain is outlined in Figure 1A. 

RNA transcription of replicon RNA was driven by an SP6 promoter, and contained an in-frame 

deletion in the coding sequence for structural proteins. For correct membrane integration of the 

non-structural proteins of Sofjin-HO, the coding region for C protein was fused to a C-terminal 
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fragment of E, which functioned as an internal signal sequence for the subsequent NS1 protein. To 

analyze the effects of the amino acid differences (Ala or Asp at position 496 in E protein, Met or Thr 

at position 58 in NS4A protein) derived from the cell culture adaptations, four replicons were 

constructed (Fig. 2). 

To examine the ability of these constructs to replicate and translate viral proteins in cells, 

BHK-21 cells were transfected with in vitro-synthesized RNA, and the expression of virus proteins 

was analyzed by immunofluorescence at 1 or 4 days post-transfection (Fig. 3). TBEV antigens were 

detected in the cells transfected with the Sofjin-REP E496-A/4A58-M or Oshima-REP RNA, and the 

number of TBEV antigen-positive cells increased from 1 to 4 days post-transfection. No or few 

TBEV antigens were detected in the cells transfected with the other Sofjin-replicon RNAs. At 1 day 

post-transfection, a smaller number of antigen-positive cells was observed in Oshima-REP than 

Sofjin-REP E496-A/4A58-M, but there were no differences at 4 days post-transfection. 

Intracellular replicon RNAs were determined by real-time PCR at 4 days post-transfection. 

As shown in Figure 4, more than 10-fold more RNA was detected in cells transfected with 

Sofjin-REP E496-A/4A58-M and Oshima-REP compared with cells transfected with the Sofjin-REP 

E496-A/4A58-T, Sofjin-REP E496-D/4A58-M, and Sofjin-REP E496-D/4A58-T. The nucleotide 

sequences of each replicon RNAs were determined, and no reversions or compensating mutations 

were observed. These results indicate that the difference in the E position 496 (A/D) and NS4A 

position 58 (M/T) affected the genome replication. 

 

Construction of the full-length infectious clone of the Sofjin-HO 

The full-length infectious cDNA clone, Sofjin-IC, was created by insertion of the coding regions for 

C, prM and E (nt 240–2291) into Sofjin-REP E496-A/4A58-M (Fig. 1B). In the inserted region of 

the parental virus genome, there were two amino acid differences derived from cell culture 

adaptations at prM position 121 (L/F) and E position 122 (E/G/A). To analyze the effects of these 

amino acid differences, infectious cDNA clones were constructed. Because the Glu-to-Gly or Ala 
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substitution was previously shown to increase the net positive charge of the E protein by the loss of 

an acidic residue Glu [38], 4 combinations as depicted in Figure 2 were selected for the generation of 

recombinant viruses. Recombinant viruses were obtained from the cells transfected with the mRNA 

of the Sofjin-IC plasmids. 

Growth curves of the recombinant viruses were generated to determine how the mutations in 

Sofjin-IC affected viral production (Fig. 5). No significant difference was observed between the 

growth curves of the parental Sofjin-HO and each of the Sofjin-IC viruses, indicating that the amino 

acid differences at prM position 121 and E position 122 did not affect virus growth in BHK cells. 

Oshima-IC replicated more slowly than Sofjin-HO and Sofjin-IC viruses, and the titer increased at 

48 h post-infection to 1/10 of the Sofjin-HO and Sofjin-IC viruses (p < 0.05). 

 

Pathogenicity of the recombinant viruses in mouse model 

The pathogenicity of the recombinant viruses was examined in a mouse model. Five adult C57BL/6 

mice were infected subcutaneously with 10
6
 or 10

3
 pfu. of each virus and survival was recorded for 

28 days (Fig. 6, Table 2). The mice inoculated with each Sofjin-IC virus showed signs of illness, 

such as reduced body weight, and hindlimb paralysis, as observed in the mice inoculated with the 

parental Sofjin-HO virus. 

With the 10
6
 pfu inoculation, Sofjin-IC prM121-F/E122-E and prM121-L/E122-E had 

similar virulence to the parental Sofjin-HO (100% mortality and mean survival time 8.2-9.4 days). 

The Sofjin-IC prM121-F/E122-A and prM121-L/E122-G viruses killed three and all five mice, 

respectively. The day of onset and death was delayed compared with the parental Sofjin-HO and the 

recombinant virus with glutamic acid at position 122 in the E protein. With the 10
3 

pfu inoculation, 

Sofjin-IC prM121-F/E122-E and prM121-L/E122-E showed similar high virulence to the parental 

Sofjin-HO, but times of onset and death were slightly shorter than those of Sofjin-HO. The Sofjin-IC 

prM121-F/E122-A and prM121-L/E122-G viruses killed all and four mice, respectively, and the day 

of onset and death was delayed as observed in the 10
6
 pfu inoculation. In the 10

3
 and 10

6
 pfu 
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inoculations, the day of disease onset in the mice inoculated with Oshima-IC was similar to that with 

Sofjin-HO. However, the survival time was delayed and the mortality was lower than for Sofjin-HO. 

As previously reported in encephalitis flavivirus [11, 22], dose independent mortality was observed 

between the 10
3
 and 10

6
 pfu inoculations of each viruses. However, shorter time of onset and death 

was observed in most of the mice inoculated with 10
3
 pfu of the viruses than in that with 10

6
 pfu. 

These results indicate that the amino acid difference at position 122 in the E protein was important 

for the virulence of the Sofjin strain. 

To examine the correlation between disease development and viral replication in organs, the 

viral loads in the blood, spleen, and brain were compared in mice inoculated with the Sofjin-IC 

prM121-L/E122-G, Sofjin-IC prM121-L/E122-E, Sofjin-HO and Oshima-IC viruses (Fig. 7). 

Transient viremia was observed in the mice infected with each virus, and it almost disappeared by 7 

days post-infection. Slight increases in viral replication were observed in the spleen after the viremia 

(from 5 days post-infection). 

After inoculation with Sofjin-IC prM121-L/E122-E, virus was detected in the brain from 5 

days post-infection, and the titers reached 7.9×10
7
 pfu/mL at 7 days post-infection, whereas virus 

was not detected in the brain of mice inoculated with Sofjin-IC prM121-L/E122-G by 9 days 

post-infection. In the Sofjin-HO inoculated mice, virus was first detected at 9 days post-infection, 

and the titer was 1.2×10
5
 pfu/mL. Similar results were obtained from the inoculation of the Sofjin-IC 

prM121-F/E122-A and prM121-F/E122-E (Supplementary Fig. 1). As observed in the mice 

inoculated with prM121-L/E122-G, no or only low level virus was detected in the blood, spleen and 

brain of the mice inoculated with Sofjin-IC prM121-F/E122-A at 7 days post-infection. Similar high 

level of virus (8.2×10
7
 pfu/mL) to Sofjin-IC prM121-L/E122-E was observed in the brain on the 

mice inoculated with prM121-F/E122-E. In the brain of mice inoculated with Oshima-IC, the virus 

was first detected at 5 days post-infection, and peaked at 7 days post-infection (2.2×10
4
 pfu/mL). 

However, the replication of the Oshima-IC in brain was lower than that of the Sofjin-IC 

prM121-L/E122-E (p < 0.05 at 5 and 7 days post-infection), indicating that the rapid increase in viral 
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load in the brain was involved in the different virulence between Sofjin-IC prM121-L/E122-E and 

Oshima-IC. 

These data suggest that viral replication in the brain contributed significantly to the 

pathogenicity of the Sofjin strain. They also indicated that the amino acid difference at position 122 

in the E protein of the Sofjin strain may be important for neuroinvasiveness and the multiplication in 

the brain. 
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Discussion 

We constructed and characterized replicons and infectious cDNA clones of the Sofjin strain of TBEV. 

Production of viral proteins and replication of replicon RNA were observed in the 

replicon-transfected cells (Fig. 3, 4). Infectious viruses were recovered from the infectious cDNA 

clone (Fig. 5), and mice inoculated with the recombinant viruses showed similar signs of disease, 

including neurological symptoms, to those inoculated with the parental Sofjin-HO virus (Fig. 6, 7). 

The amino acid differences derived from the cell culture adaptations of the parental Sofjin-HO were 

analyzed by using the replicons and infectious cDNA, and it turned out that some of them affected 

viral characteristics. 

The replicons demonstrated two amino acid codon substitutions that were associated with 

attenuation of viral replication (Ala496 to Asp in the E protein, and Met58 to Thr in the NS4A 

protein). Residue 496 in the E protein is located just before the recognition site of host signal 

peptides for NS1 protein in the second transmembrane region of E [9, 10, 12]. It has been reported 

that the specificity of the signal sequence is important for the correct cleavage, which leads to proper 

maturation of NS1 protein. The alanine residue at 496 in E protein is highly conserved among most 

tick-borne flaviviruses. Thus, it is possible that the Ala-to-Asp substitution at residue 496 in the E 

protein disturbs the correct cleavage. This may cause a functional deficiency in NS1 protein, such as 

the interaction with other viral components [34] and the formation of the replication complex [33, 40, 

41, 50]. 

NS4A protein is a small, hydrophobic, membrane-associated protein involved in RNA 

replication. It has been reported that NS4A protein functions as an endoplasmic reticulum 

(ER)-membrane-associated protein at the assembly of the replication complex in flaviviruses [34, 36, 

50], although the exact membrane topology of NS4A protein has yet to be determined. Residue 58 in 

NS4A protein is located in the conserved hydrophobic residues of the predicted first transmembrane 

region. It is possible that the Met58 to polar Thr substitution affects the membrane-spanning domain 

and interaction with other transmembrane domains of NS4A protein or other membrane-associated 
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viral proteins. A change in membrane-associated-protein topology could lead to a defect in the 

replication properties of NS4A protein such as the formation of the replication complex by binding 

with ER membranes. 

By analysis of infectious cDNA clones, it was shown that the amino acid differences at 

position 121 in prM protein did not influence virus growth or virulence in mice. However the amino 

acid differences at position 122 in the E protein greatly affected virulence in mice. The recombinant 

virus with Glu at residue 122 in the E protein showed greater neuroinvasiveness than the viruses with 

Gly or Ala. 

The E protein is the major virion surface protein and mediates binding and membrane fusion 

[35]. E protein consists of head-to-tail homodimers that lie parallel with the virus envelope. Each E 

subunit is composed of three domains. Residue 122 in E protein is located in the surface of domain II, 

and the Glu-to-Gly or Ala substitution increases the positive surface charge of the E protein [29, 38]. 

In several flavivirus studies, it has been reported that multiple passage in cells induce selection of 

virus variants with an increased positive charge on envelope proteins [3, 7, 14, 28, 29, 38, 43], as 

observed in the present study. This results in high affinity of the virus for negatively charged 

substances, such as glycosaminoglycans (GAGs). GAGs are highly sulfated polysaccharides that are 

present almost ubiquitously on cell surfaces [1, 4, 26, 49]. Previous studies have shown that 

GAG-adapted viruses have reduced virulence in animals, and our previous results have demonstrated 

that TBEV with increased affinity for GAGs is cleared more rapidly from the blood and organs [14]. 

The results of the present study are consistent with the previous studies and indicated that increased 

positive charge, induced by amino acid substitution, reduced neuroinvasiveness, leading to the lower 

virulence. 

With a the low dose (1,000 pfu) of parental Sofjin-HO, the onset of disease and death was 

delayed compared with that with the recombinant virus with Glu at position 122 in the E protein, 

although both viruses showed 100% mortality. With Sofjin-HO inoculation, the virus was first 

detected at 9 days post-infection, whereas Sofjin-IC prM121-L/E122-E entered the brain earlier (5 
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days post-infection). This could have been due to the low proportion of the viruses with Glu at 

position 122 in E protein in the parental Sofjin-HO. Sequence analysis revealed that only the virus 

with Glu at the residue 122 in the E protein was recovered from the brain of the mice infected 

subcutaneously with Sofjin-HO. These data indicate the importance of residue 122 of the E protein in 

the virulence of Sofjin-HO in a mouse model. 

In the comparison between the Sofjin and Oshima strains, lower replication efficacy of 

Oshima than Sofjin was observed in the replicons and infectious cDNA. This was consistent with our 

previous data using the parental viruses [13]. Furthermore, it was shown that the virulence of 

Oshima-IC, which has Glu at residue 122 in the E protein, in mice was lower than that of Sofjin-IC, 

also with Glu at position 122 in E the protein. No difference was observed between peripheral 

multiplication and the neuroinvasiveness of the two viruses, but growth in the brain of the Sofjin-IC 

virus was greater than that of the Oshima-IC virus. These results indicate that the amino acid 

differences between the two viruses contributed to the different characteristics of the Far-Eastern 

subtype of TBEV. 

In summary, we constructed replicons and infectious cDNA clones of the TBEV Sofjin 

strain and demonstrated their utility in research of TBEV replication and pathogenesis. We have also 

identified the amino acid differences in the E and NS4A proteins that were important for RNA 

synthesis and virulence of the parental Sofjin-HO strain. The replicons and infectious cDNA clones 

constructed in this study could be useful in future studies to reveal the viral molecular determinants 

that are involved in the replication and pathogenicity of TBEV. 

 

Acknowledgements 

This work was supported by Grants-in-Aid for Scientific Research (22780268) and the Global COE 

Program from the Ministry of Education, Culture, Sports, Sciences and Technology of Japan, and 

Health Sciences Grants for Research on Emerging and Re-emerging Infectious Disease from the 

Ministry of Health, Labour and Welfare of Japan. 



16 

 

References 

1. Allison SD, Chang B, Randolph TW, Carpenter JF (1999) Hydrogen bonding between 

sugar and protein is responsible for inhibition of dehydration-induced protein unfolding. 

Arch Biochem Biophys 365: 289-98 

2. Bakhvalova VN, Rar VA, Tkachev SE, Matveev VA, Matveev LE, Karavanov AS, 

Dobrotvorsky AK, Morozova OV (2000) Tick-borne encephalitis virus strains of Western 

Siberia. Virus Res 70: 1-12 

3. Bernard KA, Klimstra WB, Johnston RE (2000) Mutations in the E2 glycoprotein of 

Venezuelan equine encephalitis virus confer heparan sulfate interaction, low morbidity, 

and rapid clearance from blood of mice. Virology 276: 93-103 

4. Bernfield M, Gotte M, Park PW, Reizes O, Fitzgerald ML, Lincecum J, Zako M (1999) 

Functions of cell surface heparan sulfate proteoglycans. Annu Rev Biochem 68: 729-77 

5. Blaskovic D (1970) Tick-borne encephalitis in Czechoslovakia. Arch Environ Health 21: 

453-61 

6. Bredenbeek PJ, Kooi EA, Lindenbach B, Huijkman N, Rice CM, Spaan WJ (2003) A stable 

full-length yellow fever virus cDNA clone and the role of conserved RNA elements in 

flavivirus replication. J Gen Virol 84: 1261-8 

7. Byrnes AP, Griffin DE (2000) Large-plaque mutants of Sindbis virus show reduced binding 

to heparan sulfate, heightened viremia, and slower clearance from the circulation. J Virol 

74: 644-51 

8. Campbell MS, Pletnev AG (2000) Infectious cDNA clones of Langat tick-borne flavivirus 

that differ from their parent in peripheral neurovirulence. Virology 269: 225-37 

9. Chambers TJ, Hahn CS, Galler R, Rice CM (1990) Flavivirus genome organization, 

expression, and replication. Annu Rev Microbiol 44: 649-88 

10. Chambers TJ, McCourt DW, Rice CM (1990) Production of yellow fever virus proteins in 

infected cells: identification of discrete polyprotein species and analysis of cleavage 

kinetics using region-specific polyclonal antisera. Virology 177: 159-74 

11. Chiba N, Iwasaki T, Mizutani T, Kariwa H, Kurata T, Takashima I (1999) Pathogenicity of 

tick-borne encephalitis virus isolated in Hokkaido, Japan in mouse model. Vaccine 17: 

779-87 

12. Falgout B, Chanock R, Lai CJ (1989) Proper processing of dengue virus nonstructural 

glycoprotein NS1 requires the N-terminal hydrophobic signal sequence and the 

downstream nonstructural protein NS2a. J Virol 63: 1852-60 

13. Goto A, Hayasaka D, Yoshii K, Mizutani T, Kariwa H, Takashima I (2002) Genetic and 

biological comparison of tick-borne encephalitis viruses from Hokkaido and far-eastern 

Russia. Jpn J Vet Res 49: 297-307 

14. Goto A, Hayasaka D, Yoshii K, Mizutani T, Kariwa H, Takashima I (2003) A BHK-21 cell 

culture-adapted tick-borne encephalitis virus mutant is attenuated for neuroinvasiveness. 



17 

 

Vaccine 21: 4043-51 

15. Gritsun TS, Gould EA (1995) Infectious transcripts of tick-borne encephalitis virus, 

generated in days by RT-PCR. Virology 214: 611-8 

16. Gritsun TS, Gould EA (1998) Development and analysis of a tick-borne encephalitis virus 

infectious clone using a novel and rapid strategy. J Virol Methods 76: 109-20 

17. Gritsun TS, Lashkevich VA, Gould EA (2003) Tick-borne encephalitis. Antiviral Res 57: 

129-46 

18. Gualano RC, Pryor MJ, Cauchi MR, Wright PJ, Davidson AD (1998) Identification of a 

major determinant of mouse neurovirulence of dengue virus type 2 using stably cloned 

genomic-length cDNA. J Gen Virol 79 ( Pt 3): 437-46 

19. Gustafson R (1994) Epidemiological studies of Lyme borreliosis and tick-borne encephalitis. 

Scand J Infect Dis Suppl 92: 1-63 

20. Hayasaka D, Gritsun TS, Yoshii K, Ueki T, Goto A, Mizutani T, Kariwa H, Iwasaki T, 

Gould EA, Takashima I (2004) Amino acid changes responsible for attenuation of virus 

neurovirulence in an infectious cDNA clone of the Oshima strain of tick-borne encephalitis 

virus. J Gen Virol 85: 1007-18 

21. Hayasaka D, Yoshii K, Ueki T, Iwasaki T, Takashima I (2004) Sub-genomic replicons of 

Tick-borne encephalitis virus. Arch Virol 149: 1245-56 

22. Hayasaka D, Nagata N, Fujii Y, Hasegawa H, Sata T, Suzuki R, Gould EA, Takashima I, 

Koike S (2009) Mortality following peripheral infection with tick-borne encephalitis virus 

results from a combination of central nervous system pathology, systemic inflammatory 

and stress responses. Virology 390: 139-50 

23. Hurrelbrink RJ, Nestorowicz A, McMinn PC (1999) Characterization of infectious Murray 

Valley encephalitis virus derived from a stably cloned genome-length cDNA. J Gen Virol 80 

( Pt 12): 3115-25 

24. Khromykh AA, Westaway EG (1994) Completion of Kunjin virus RNA sequence and 

recovery of an infectious RNA transcribed from stably cloned full-length cDNA. J Virol 68: 

4580-8 

25. Khromykh AA, Westaway EG (1997) Subgenomic replicons of the flavivirus Kunjin: 

construction and applications. J Virol 71: 1497-505 

26. Kim CW, Goldberger OA, Gallo RL, Bernfield M (1994) Members of the syndecan family of 

heparan sulfate proteoglycans are expressed in distinct cell-, tissue-, and 

development-specific patterns. Mol Biol Cell 5: 797-805 

27. Kinney RM, Butrapet S, Chang GJ, Tsuchiya KR, Roehrig JT, Bhamarapravati N, Gubler 

DJ (1997) Construction of infectious cDNA clones for dengue 2 virus: strain 16681 and its 

attenuated vaccine derivative, strain PDK-53. Virology 230: 300-8 

28. Klimstra WB, Ryman KD, Johnston RE (1998) Adaptation of Sindbis virus to BHK cells 

selects for use of heparan sulfate as an attachment receptor. J Virol 72: 7357-66 



18 

 

29. Kozlovskaya LI, Osolodkin DI, Shevtsova AS, Romanova L, Rogova YV, Dzhivanian TI, 

Lyapustin VN, Pivanova GP, Gmyl AP, Palyulin VA, Karganova GG (2010) GAG-binding 

variants of tick-borne encephalitis virus. Virology 398: 262-72 

30. Labuda M, Stunzner D, Kozuch O, Sixl W, Kocianova E, Schaffler R, Vyrostekova V (1993) 

Tick-borne encephalitis virus activity in Styria, Austria. Acta Virol 37: 187-90 

31. Lai CJ, Zhao BT, Hori H, Bray M (1991) Infectious RNA transcribed from stably cloned 

full-length cDNA of dengue type 4 virus. Proc Natl Acad Sci U S A 88: 5139-43 

32. Levkovich EN, Pogodina VV (1967) [The problem of tick-borne encephalitis]. Vestn Akad 

Med Nauk SSSR 22: 53-9 

33. Lindenbach BD, Rice CM (1997) trans-Complementation of yellow fever virus NS1 reveals 

a role in early RNA replication. J Virol 71: 9608-17 

34. Lindenbach BD, Rice CM (1999) Genetic interaction of flavivirus nonstructural proteins 

NS1 and NS4A as a determinant of replicase function. J Virol 73: 4611-21 

35. Lindenbach BD, Rice CM (2003) Molecular biology of flaviviruses. Adv Virus Res 59: 23-61 

36. Mackenzie JM, Khromykh AA, Jones MK, Westaway EG (1998) Subcellular localization 

and some biochemical properties of the flavivirus Kunjin nonstructural proteins NS2A and 

NS4A. Virology 245: 203-15 

37. Mandl CW, Ecker M, Holzmann H, Kunz C, Heinz FX (1997) Infectious cDNA clones of 

tick-borne encephalitis virus European subtype prototypic strain Neudoerfl and high 

virulence strain Hypr. J Gen Virol 78 ( Pt 5): 1049-57 

38. Mandl CW, Kroschewski H, Allison SL, Kofler R, Holzmann H, Meixner T, Heinz FX (2001) 

Adaptation of tick-borne encephalitis virus to BHK-21 cells results in the formation of 

multiple heparan sulfate binding sites in the envelope protein and attenuation in vivo. J 

Virol 75: 5627-37 

39. Mavtchoutko V, Vene S, Haglund M, Forsgren M, Duks A, Kalnina V, Horling J, Lundkvist 

A (2000) Characterization of tick-borne encephalitis virus from Latvia. J Med Virol 60: 

216-22 

40. Muylaert IR, Chambers TJ, Galler R, Rice CM (1996) Mutagenesis of the N-linked 

glycosylation sites of the yellow fever virus NS1 protein: effects on virus replication and 

mouse neurovirulence. Virology 222: 159-68 

41. Muylaert IR, Galler R, Rice CM (1997) Genetic analysis of the yellow fever virus NS1 

protein: identification of a temperature-sensitive mutation which blocks RNA 

accumulation. J Virol 71: 291-8 

42. Puri B, Polo S, Hayes CG, Falgout B (2000) Construction of a full length infectious clone 

for dengue-1 virus Western Pacific,74 strain. Virus Genes 20: 57-63 

43. Sa-Carvalho D, Rieder E, Baxt B, Rodarte R, Tanuri A, Mason PW (1997) Tissue culture 

adaptation of foot-and-mouth disease virus selects viruses that bind to heparin and are 

attenuated in cattle. J Virol 71: 5115-23 



19 

 

44. Schwaiger M, Cassinotti P (2003) Development of a quantitative real-time RT-PCR assay 

with internal control for the laboratory detection of tick borne encephalitis virus (TBEV) 

RNA. J Clin Virol 27: 136-45 

45. Shapoval AN (1974) [Chronic forms of tick-borne encephalitis]. Zh Nevropatol Psikhiatr 

Im S S Korsakova 74: 205-9 

46. Shapoval AN (1976) [Primary progressive forms of tick-borne encephalitis]. Zh Nevropatol 

Psikhiatr Im S S Korsakova 76: 182-8 

47. Shi PY, Tilgner M, Lo MK (2002) Construction and characterization of subgenomic 

replicons of New York strain of West Nile virus. Virology 296: 219-33 

48. Shi PY, Tilgner M, Lo MK, Kent KA, Bernard KA (2002) Infectious cDNA clone of the 

epidemic west nile virus from New York City. J Virol 76: 5847-56 

49. Tumova S, Woods A, Couchman JR (2000) Heparan sulfate proteoglycans on the cell 

surface: versatile coordinators of cellular functions. Int J Biochem Cell Biol 32: 269-88 

50. Westaway EG, Mackenzie JM, Khromykh AA (2003) Kunjin RNA replication and 

applications of Kunjin replicons. Adv Virus Res 59: 99-140 

51. Yamshchikov VF, Wengler G, Perelygin AA, Brinton MA, Compans RW (2001) An 

infectious clone of the West Nile flavivirus. Virology 281: 294-304 

52. Yoshii K, Igarashi M, Ito K, Kariwa H, Holbrook MR, Takashima I Construction of an 

infectious cDNA clone for Omsk Hemorrhagic fever virus; and characterization of 

mutations in NS2A and NS5. Virus Res 

53. Yoshii K, Holbrook MR (2009) Sub-genomic replicon and virus-like particles of Omsk 

hemorrhagic fever virus. Arch Virol 154: 573-80 

54. Yoshii K, Ikawa A, Chiba Y, Omori Y, Maeda J, Murata R, Kariwa H, Takashima I (2009) 

Establishment of a neutralization test involving reporter gene-expressing virus-like 

particles of tick-borne encephalitis virus. J Virol Methods 161: 173-6 

55. Yun SI, Kim SY, Rice CM, Lee YM (2003) Development and application of a reverse 

genetics system for Japanese encephalitis virus. J Virol 77: 6450-65 

56. Zilber LA (1946) Louis Pasteur. Zh Mikrobiol Epidemiol Immunobiol: 3-15 

 

  



20 

 

Figure legends 

Fig. 1. Schematic representation of TBEV genome, replicon, and infectious cDNA constructs. (a) 

Three fragments were cloned into the low-copy plasmid pGGVS209. Sofjin replicon regions were 

inserted under the control of the SP6 promoter. A SpeI restriction endonuclease site was fused to the 

3’-end of the viral genome. (b) To construct infectious cDNA, the coding regions for C, prM, and E 

were inserted into Sofjin-REP plasmid. 

 

Fig. 2. Nucleotides and amino acids difference between Sofjin-HO, Sofjin-IC, and Sofjin REP. Bold 

type indicate the sequence registered in GeneBank (Accession No. 062064) 

 

Fig. 3. Detection of TBEV antigen in BHK cells transfected with the in vitro transcribed replicon 

RNA. BHK cells were electroporated with mRNA of Sofjin-REP E496-A/4A58-M (i and viii), 

E496-A/4A58-T (ii and viii), E496-D/4A58-M (iii and ix), E496-D/4A58-T (iv and x), Oshima-REP 

(v and xi), amd mock (vi). At 1 day (a) or 4 days (b) post-transfection, viral proteins were visualized 

by immunofluorescence with anti-TBEV antibodies. 

 

Fig. 4. Real-time PCR for quantification of replication of replicon RNA. Total RNA was extracted 

from the cells electroporated with each replicon RNA at 4 days post-electroporation. Replicon RNA 

was quantified using the TaqMan real-time PCR assay. Error bars represent the SD (n=3). The data 

were subjected to a Student’s t-test statistical analysis. † and ‡ denote p < 0.05 and p < 0.01 

respectively. 

 

Fig. 5. Comparison of growth curves of parental strain Sofjin-HO (closed triangles), Sofjin-IC 

prM121-F/E122-A (closed diamonds), Sofjin-IC prM121-F/E122-E (open triangles), Sofjin-IC 

prM121-L/E122-G (open diamonds), Sofjin-IC prM121-L/E122-E (open circles) and Oshima-IC 

(closed squares) viruses. BHK cells were infected with the individual virus at MOI of 0.01 and 
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supernatant was harvested at 12, 24, 48, and 72 h post-infection. Virus titer was determined by 

plaque assay in BHK cells. Error bars represent the SD (n=3). * denote the significant difference 

between Oshima-IC and the other viruses (p < 0.05). 

 

Fig. 6. Survival of mice inoculated with Sofjin-IC and Oshima-IC virus. Mice were inoculated 

subcutaneously with 10
6
 (a) or 10

3
 (b) pfu of parental Sofjin-HO (closed triangles), Sofjin-IC 

prM121-F/E122-A (closed diamonds), Sofjin-IC prM121-F/E122-E (open triangles), Sofjin-IC 

prM121-L/E122-G (open diamonds), Sofjin-IC prM121-L/E122-E (open circles) and Oshima-IC 

(closed diamonds) viruses.  

 

Fig. 7. Virus replication in organs. Mice were infected with 1,000 pfu of each virus (parental 

Sofjin-HO, Sofjin-IC prM121-L/E122-G, Sofjin-IC prM121-L/E122-E, and Oshima-IC). Virus titers 

in blood (a), spleen (b), and brain (c) at the indicated days after infection were determined by plaque 

assays. The horizontal dashed lines indicate limits of detection for the assay (250 pfu/mL in blood, 

and 1,000 pfu/mL in spleen and brain). Error bars represent the SD (n=3) *By 9 days post-infection, 

all mice inoculated with Sofjin-IC prM121-L/E122-E and one mouse inoculated with Sofjin-IC 

prM121-L/E122-G died.  

 

 

 



C prM E NS1 2A 2B 3 4A 4B 5 

C NS1 2A 2B 3 4A 4B 5 

SpeⅠ 

ggA cta gtg 

G    L    V 

AvrⅡ 

(b)  Sofjin-IC (infectious clone) 

 

Sofjin-

REP 

C prM E NS1 2A 2B 3 4A 4B 5 

C NS1 2A 2B 3 4A 4B 5 

5’UTR 3’UTR 

SP6 pro 

NotⅠ AvrⅡ BglⅡ 

ggc cta gGc 

G    L    G 

Spe Ⅰ 

TBEV genome 

(a)  Sofjin-REP (replicon) 

 

Fig.1 

AvrⅡ 

gtC cta ggc 

V    L    G 



C NS1 2A 2B 3 4A 4B 5 Sofjin-REP 

(replicon) 

C prM E NS1 2A 2B 3 4A 4B 5 Sofjin-IC 

(infectious  clone) 

Sofjin-HO 

(nucleotide) 

Sofjin-REP 

E496-A/4A58-M 

Sofjin-REP 

E496-D/4A58-M 

Sofjin-REP 

E496-A/4A58-T 

Sofjin-REP 

E496-D/4A58-T 

Sofjin-IC 

prM121-F/E122-A 

Sofjin-IC 

prM121-F/E122-E 

Sofjin-IC 

prM121-L/E122-G 

Leu/Phe 

(ctc/ttc) 

- 

- 

- 

- 

Phe 

Phe 

Leu 

Glu/Ala/Gly 

(gag/gcg/ggg) 

- 

- 

- 

- 

Ala 

Glu 

Gly 

Ala/Asp 

(gct/gat) 

Ala 

Asp 

Ala 

Asp 

Ala 

Ala 

Ala 

Met/Thr 

(atg/acg) 

Met 

Met 

Thr 

Thr 

Met 

Met 

Met 

prM121 E122 E496 NS4A58 

Sofjin-IC 

prM121-L/E122-E 
Leu Glu Ala Met 

Fig.2 



(vii) E496-A/4A58-M (viii) E496-A/4A58-T (ix) E496-D/4A58-M 

(x) E496-D/4A58-T (xi) Oshima-REP 

Fig.3 

(b)  4 day post-transfection 

(a)  1 day post-transfection 

(vi) mock 

(i) E496-A/4A58-M 

(v) Oshima-REP (iv) E496-D/4A58-T 

(ii) E496-A/4A58-T (iii) E496-D/4A58-M 



Fig.4 

Sofjin-REP 

Sofjin-REP 

2

3

4

5

6

7

8

L
o

g
1
0
 (

c
o

p
ie

s
)/

μ
g

 R
N

A
 

E496-A/4A58-M

E496-A/4A58-T

E496-D/4A58-M

E496-D/4A58-T

Oshima-REP

Mock

† 

‡ 

† 

‡ 



Fig.5 

3

4

5

6

7

8

9

10

0 20 40 60 80

V
ir

u
s
 t

it
e
r 

(l
o

g
1
0
 p

fu
/m

l)
 

Time post-infection (hours) 

Sofjin-HO

Sofjin-IC prM121-F/E122-A

Sofjin-IC prM121-F/E122-E

Sofjin-IC prM121-L/E122-G

Sofjin-IC prM121-L/E122-E

Oshima-IC

* 



0%

20%

40%

60%

80%

100%

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28

S
u

rv
iv

a
l 
ra

te
 (

%
) 

Days post-infection 

Sofjin-HO

Sofjin-IC prM121-F/E122-A

Sofjin-IC prM121-F/E122-E

Sofjin-IC prM121-L/E122-G

Sofjin-IC prM121-L/E122-E

Oshima-IC

(a) 106 pfu 
Fig.6 

0%

20%

40%

60%

80%

100%

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28

S
u

rv
iv

a
l 
ra

te
 (

%
) 

Days post-infection 

Sofjin-HO

Sofjin-IC prM121-F/E122-A

Sofjin-IC prM121-F/E122-E

Sofjin-IC prM121-L/E122-G

Sofjin-IC prM121-L/E122-E

Oshima-IC

(b) 103 pfu 



2

3

4

5

6

7

8

9

1 3 5 7 9

V
ir

u
s 

ti
te

r 
(l

o
g 1

0 
p

fu
/m

l)
 

Days post-infection 

Fig.7 

(a)  blood 

2

3

4

5

6

7

8

9

1 3 5 7 9

V
ir

u
s
 t

it
e
r 

(l
o

g
1

0
 p

fu
/m

l)
 

Days post-infection 

2

3

4

5

6

7

8

9

1 3 5 7 9

V
ir

u
s
 t

it
e
r 

(l
o

g
1

0
 p

fu
/m

l)
 

Days post-infection 

(c)  brain 

(b)  spleen 

Sofjin-HO 

Sofjin-IC prM121-L/E122-G 

Sofjin-IC prM121-L/E122-E 

Oshima-IC 

* 

* 
* 



Table. 1 Sequence differences in the parent Sofjin-HO virus

Position Amino acid

nt
*1

aa
*2 position

780 C/T
*3 L/F prM121

1336 A/C/G E/A/G E122

2458 C/A A/D E496

3528 C/T -(silent)

4031 G/A -

4475 A/G -

4898 C/T -

5543 T/C -

6197 G/A -

6634 T/C M/T NS4A58

7004 C/T -

7007 T/C -

7010 T/C -

7013 C/T -

8561 C/T -

8600 T/C -

8927 A/T -

9201 C/T -
*1

 The nucleotides which showed double or triple waves in the direct sequence of the viral genomic RNA.

*3
 Bold type indicate the sequence registered in GeneBank (Accession No. 062064)

Sofjin-HO

*2
 The amino acid differences were confirmed by the cloning of the viral genome into the cloning vectors, in addition to the direct sequence. Each 

nucleotides were observed in more than 20 % of the cloned plasmids.



Table. 2 Physical differences between mice infected with Sofjin-IC viruses, parental Sofjin-HO and Oshima-IC virus

Five adult mice C57BL/6J was infected with indicated titer of each viruses subcutaneosly.

onset of disease 

(day)

survival time 

(day)

morbidity 

(%)

mortality 

(%)

onset of disease 

(day)

survival time 

(day)

morbidity 

(%)

mortality 

(%)

Sofjin-HO 8.4±1.34 9.4±1.14 100 100 9.6±1.14 11.2±1.64 100 100

Sofjin-IC 

prM121-F/E122-A
11±1 13.33±2.51 60 60 11.4±1.52 13.2±1.48 100 100

Sofjin-IC 

prM121-F/E122-E
7 8.2±0.45 100 100 7±0.71 8.8±0.45 100 100

Sofjin-IC 

prM121-L/E122-G
11.2±2.17 13.2±3.11 100 100 16 18 20 20

Sofjin-IC 

prM121-L/E122-E
6.6±0.55 9.4±2.19 100 100 7.4±0.55 8.6±0.55 100 100

Oshima-IC 8±0.58 10±1 80 40 9.2±0.73 14±2.68 100 80

10
6 

p.f.u./mouse s.c. 10
3 

p.f.u./mouse s.c.


