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A B S T R A C T

Tick-borne encephalitis virus (TBEV) belongs to the Family Flaviviridae, Genus Orthoflavivirus, and causes severe 
neurological diseases in humans. The reverse genetics system is a basic tool for viral research; however, cloning 
the genome of orthoflavivirus using bacterial plasmids is difficult because of their toxicity to Escherichia coli. 
Polymerase chain reaction-based Circular Polymerase Extension Reaction (CPER), an E. coli-free reverse genetics 
system, has been recently applied to several RNA viruses. However, there have been no reports on recombinant 
TBEV produced using CPER. In this study, we attempted to produce recombinant TBEV Oshima, Sofjin and Hypr 
strains by CPER. Genome sequencing and plaque-forming assays were performed to determine the properties of 
rescued TBEVs. In addition, infectivity and pathogenicity of rescued TBEVs was also monitored in C57BL/6 mice. 
Rescued TBEVs of Oshima, Sofjin and Hypr caused apparent cytopathic effect and efficient propagations in BHK 
cells, and showed intrinsic virulence in mice. The rescued TBEVs showed several nucleotide and amino acid 
substitutions compared to the original viral sequences. These results showed that infectious TBEVs from the 
Oshima, Sofjin, and Hypr strains were produced using CPER. We propose that future applications of this method 
will contribute to related research on TBEV.

1. Introduction

Tick-borne encephalitis (TBE) is a serious neurological disorder in 
humans and is an important public health concern. The typical symp
toms of TBE include fever, myalgia, meningitis, ataxia, and paralysis 
with neurological sequelae (Pustijanac et al., 2023). TBE is currently 
distributed throughout Europe to far-east Asia and is related to the 
vectors of Ixodes ticks, such as Ixodes ricinus, I. persalcatus, and I. ovatus 
(Jaenson et al., 2012; Mansfield et al., 2009; Yoshii et al., 2017). 
Humans are mainly infected by tick bites, and unpasteurized milk from 
infected ruminants is a possible cause of infection (Holzmann et al., 
2009; Hudopisk et al., 2013; Paulsen et al., 2019). Although there are no 

specific treatments for TBE, effective vaccines have been developed and 
introduced in European countries (Amicizia et al., 2013; Lehrer and 
Holbrook, 2011). Notably, the incidence of TBE has increased in some 
European countries in recent years (Kwasnik et al., 2023).

The causative agent of TBE is the TBE virus (TBEV) belonging to the 
Family Flaviviridae, the genus Orthoflavivirus, and the species Ortho
flavivirus encephalitidis. Orthoflaviviruses are enveloped capsid viruses 
with a single-stranded, positive-sense RNA genome, and the viral 
genome is approximately 11 kb nucleotides with a single open reading 
frame (ORF) and 5′ and 3′ end untranslated regions (UTRs). The ORF 
encodes three structural proteins, capsid protein (C), a precursor to the 
membrane protein (PrM), envelope protein (E), and seven nonstructural 
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proteins, NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5 (Chambers 
et al., 1990).

TBEV has been classified into three subtypes: far-eastern (FE), Eu
ropean (Eu) and Siberian (Sib) (Kovalev and Mukhacheva, 2017). In 
addition, Baikalian and Himalayan subtypes have recently been distin
guished (Kwasnik et al., 2023). They have been suggested to cause more 
severe neurological diseases with higher fatality rates than the Eu and 
Sib subtypes (Ruzek et al., 2019).

The reverse genetics system is a basic tool used in viral research to 
elucidate the viral factors that determine biological properties, such as 
pathogenicity, infectivity, and immunogenicity. The generation of the 
first infectious cDNA clone of orthoflavivirus was reported for yellow 
fever virus (YFV) (Rice et al., 1989). These systems, including TBEV Eu 
and FE subtypes, have been developed (Hayasaka et al., 2004; C W 
Mandl et al., 1997), and bacterial plasmids harboring viral genomes 
have been used to clone and generate recombinant viruses as a con
ventional method (Lai et al., 1991; Christian W Mandl et al., 1997; 
Sumiyoshi et al., 1992; Yamshchikov et al., 2001). However, it has been 
shown that the recombinant plasmids, including some orthoflavivirus 
sequences such as YFV and TBEV are often not suitable for replication in 
E. coli due to their toxicity (Gritsun and Gould, 1998; Rice et al., 1989).

The PCR-based Circular Polymerase Extension Reaction (CPER) is a 
bacterial cloning-free reverse genetics system for generating infectious 
clones of viruses (Edmonds et al., 2013; Torii et al., 2021) that can 
generate recombinant viruses rapidly and simply without conventional 
plasmid cloning step in bacteria. CPER was first established to generate 
infectious clones of the Kunjin strain of the West Nile virus (Edmonds 
et al., 2013) and has since been applied to several orthoflaviviruses such 
as YFV, Binari virus, Dengue virus, Powassan virus and Japanese en
cephalitis virus, and other RNA viruses (Conde et al., 2023; Dong et al., 
2023; Piyasena et al., 2019; Sanchez-Velazquez et al., 2020; Tamura 
et al., 2022; Torres et al., 2022). However, there have been no reports on 
recombinant TBEV produced using CPER. In this study, we generated 
infectious recombinant TBEV of FE and Eu subtypes using the CPER 
method.

2. Methods

2.1. Viruses and cells

Viral RNA of the TBEV Oshima and Sofjin strains used to produce 
infectious TBEVs was kindly provided by Dr. Hiroaki Kariwa of Hok
kaido University. Plasmid DNA, including the genome of the TBEV Hypr 
strain (Wallner et al., 1996), was kindly provided by Dr. Daniel Ruzek of 
Masaryk University. Oshima strains were isolated from dog blood in 
Hokkaido in 1993 (Takashima et al., 1997). The Oshima and Sofjin 
strains were classified as FE subtype, and the Hypr strain was classified 
as an Eu subtype. All experiments using infectious TBEV were performed 
in a biosafety level 3 (BSL-3) facility at Yamaguchi University according 
to standard BSL-3 guidelines.

Baby hamster kidney (BHK) cells were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM; GIBCO, NY, U.S.A) supplemented 
with 10 % heat inactivated fetal bovine serum (FBS; BIOSERA, France) 
and 1 % Penicillin Streptomycin (Pen/Strep; FUJIFILM Wako Pure 
Chemical Corporation, Osaka, Japan) and maintained at 37 ◦C in a 5 % 
CO₂ incubator.

2.2. Reverse transcription (RT)-PCR

Viral RNAs were extracted using ISOGEN-LS (NIPPON GENE, Tokyo, 
Japan) according to the manufacturer’s instructions. Primers for the 
CPER of the Oshima, Sofjin, and Hypr strains were designed to divide 
each viral genome into seven fragments with 20 bp overlap regions 
referred to registered TBEV sequences (accession numbers AB062063.2 
for Oshima, AB062064.1 for Sofjin and U39292.1 for Hypr), as shown in 
Table 1 and Fig. 1, according to previous studies (Tamura et al., 2022). 

RT reactions (65 ◦C for 5 min, 42 ◦C for 60 min, and 70 ◦C for 15 min) 
were performed using GeneAce cDNA Synthesis Kit (NIPPON GENE, 
Tokyo, Japan) with primers of Os-F7-R, So-F7-R, and Hy-F7-R. PCR was 
carried out using PrimeSTAR Max DNA Polymerase (Takara Bio, Shiga, 
Japan), and those conditions were 98 ◦C for 1 min, followed by 35 cycles 
of 10 s at 98 ◦C, 5 s at 55 ◦C, 30 s at 72 ◦C, and a final extension at 72 ◦C 
for 5 min. The linker fragment plasmid was designed to encode a hep
atitis delta virus ribozyme, poly (A) signal, and cytomegalovirus pro
motor to transcribe viral RNA from CPER products in transfected cells. 
Each PCR product was purified using a QIAquick PCR Purification Kit 
(QIAGEN, Hilden, Germany) according to the manufacturer’s 
instructions.

2.3. CPER

The PCR fragments of each virus and the linker fragment were used 
for CPER to generate circular DNA (Fig. 1). The DNA concentration was 
adjusted to 0.1 pmol. CPER was performed under the following condi
tions: 98 ◦C for 2 min, followed by 20 cycles of 10 s at 98 ◦C, 15 s at 
55 ◦C, 12 min at 68 ◦C, and a final extension at 68 ◦C for 12 min using 
PrimeSTAR GXL DNA Polymerase (Takara Bio, Shiga, Japan).

2.4. Rescue of infectious viruses

CPER product (25 μL), X-tremeGENE™ HP DNA Transfection Re
agent (12 μL; MilliporeSigma, Burlington, MA, USA), and Opti-MEM™ I 

Table 1 
Primers for PCR fragments of TBEV.

TBEV strain Primer Position Sequence

Oshima Os-F1-F 1–20 5′-ttgcttcggatagcaacag-3′
Os-F1-R 1982–1998 5′-tcaccgggatcctacag-3′
Os-F2-F 1982–1998 5′-ctgtaggatcccggtga-3′
Os-F2-R 3993–4013 5′-caggtcttgctgtgtcatgag-3′
Os-F3-F 3993–4013 5′-ctcatgacacagcaagacctg-3′
Os-F3-R 6133–6152 5′-cattttgtcctgctctggtc-3′
Os-F4-F 6133–6152 5′-gaccagagcaggacaaaatg-3′
Os-F4-R 6836–6857 5′-cttgttgtcatcactgcttctc-3′
Os-F5-F 6836–6857 5′-gagaagcagtgatgacaacaag-3′
Os-F5-R 7960–7980 5′-caattgtgtaggctctgacac-3′
Os-F6-F 7960–7980 5′-gtgtcagagcctacacaattg-3′
Os-F6-R 10,049–10,068 5′-cgctagcatgaatgctccag-3′
Os-F7-F 10,049–10,068 5′-ctggagcattcatgctagcg-3′
Os-F7-R 11,081–11,100 5′-agcgggtgtttttccgagtc-3′

Sofjin So-F1-F 1–20 5′- agattttcttgcacgtgcgt -3′
So-F1-R 1974–1993 5′-gggatcctacagggtttggt-3′
So-F2-F 1974–1993 5′-accaaaccctgtaggatccc-3′
So-F2-R 3964–3983 5′-cagaagtccaacaccggtct-3′
So-F3-F 3964–3983 5′-agaccggtgttggacttctg-3′
So-F3-R 6062–6081 5′-tctgcgcttctttccactgc-3′
So-F4-F 6062–6081 5′-gcagtggaaagaagcgcaga-3′
So-F4-R 6795–6814 5′-agcaccgtcagcaacgtgta-3′
So-F5-F 6795–6814 5′-tacacgttgctgacggtgct-3′
So-F5-R 7928–7947 5′-gccgagaggctgcatagtat-3′
So-F6-F 7928–7947 5′-atactatgcagcctctcggc-3′
So-F6-R 10,044–10,063 5′-gcatgaatgctccaggtcgt-3′
So-F7-F 10,044–10,063 5′-acgacctggagcattcatgc-3′
So-F7-R 10,875–10,894 5′-agcgggtgtttttccgagtc-3′

Hypr Hy-F1-F 1–20 5′- agattttcttgcgcgtgcgt − 3′
Hy-F1-R 1811–1830 5′-gccactcttcaggtggtact-3′
Hy-F2-F 1811–1830 5′-agtaccacctgaagagtggc-3′
Hy-F2-R 3637–3658 5′-tgacaagcaaagcgagaacgacg-3′
Hy-F3-F 3545–3566 5′-gggtccccggaatagtggcatt-3′
Hy-F3-R 5555–5574 5′-aggaggtgtcgctgtcatca-3′
Hy-F4-F 5555–5574 5′-tgatgacagcgacacctcct-3′
Hy-F4-R 6515–6534 5′-cagggcactgacgcatctgt-3′
Hy-F5-F 6515–6534 5′-acagatgcgtcagtgccctg-3′
Hy-F5-R 8019–8043 5′-aaatttgatcaagttccaacccagg-3′
Hy-F6-F 7971–7993 5′-atacaccattggtggaagagggc-3′
Hy-F6-R 10,009–10,028 5′-caatcgacaggcactgctga-3′
Hy-F7-F 10,009–10,028 5′-tcagcagtgcctgtcgattg-3′
Hy-F7-R 10,816–10,835 5′-agcgggtgtttttccgagtc-3′
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Reduced Serum Medium (200 μL; GIBCO, NY, U.S.A) were mixed and 
incubated at room temperature for 15 min, and applied to BHK cells with 
1 mL of 2 % FCS DMEM in 12 well plates. Following cytopathic effect 
(CPE) was observed, the supernatants of the inoculated cells were har
vested and applied to fresh BHK cells to obtain stock viruses for further 
analysis (Fig. 1).

2.5. TBEV genome sequences

The original viral sequences of Oshima, Sofjin, and Hypr were 
determined by Sanger sequencing using RT-PCR products of each TBEV. 
Rescued viral genomic RNAs were extracted from the stock viruses and 
RT-PCR was performed on seven fragments from Oshima, Sofjin, and 
Hypr. The RT-PCR products were consigned to Eurofins (Tokyo, Japan) 
and analyzed by Sanger sequencing.

2.6. Plaque forming assay (PFA)

Serially diluted TBEV samples were inoculated into BHK cells. After 
incubation for 90 min at 37 ◦C in a 5 % CO₂, the cells were washed with 
DMEM with 0 % FBS twice, then overlaid with 0.3 % agarose (SeaPla
que™ Agarose, Lonza, Basel, Swiss) in DMEM containing 10 % FBS. The 
plate was incubated at 37 ◦C in a 5 % CO₂ for 3 days. The cells were then 
fixed with formalin for 30 min, stained with crystal violet, and the 
plaques were counted. Viral titers are indicated in pfu/mL.

2.7. Viral growth kinetics in cell cultures

The growth kinetics of the rescued TBEVs were examined in BHK 
cells at a multiplicity of infection (MOI) of 0.01 in 12 well-plates. After 
infection with each virus diluent with 2 % FBS DMEM, supernatant 
samples were collected at 0, 12, 24, 36, 48, and 60 h post-infection (hpi). 
The supernatants were centrifuged at 3500 rpm for 5 min to remove 
debris and stored at − 80 ◦C. The viral titers of the supernatant samples 
were determined using PFA.

2.8. Mouse experiment

C57BL/6j mice were purchased from Japan SLC, Inc. (Shizuoka, 
Japan) and mated at the Yamaguchi University Animal Facility. Six-to 
eight-week-old mice were subcutaneously inoculated with rescued 
TBEVs (104 pfu of Oshima and Sofjin, and 105 pfu of Hypr) in 2 % FCS 
DMEM. The mice were monitored daily for clinical signs of disease, body 
weight, and survival for 21 days. Mice that exhibited endo-point (more 
than 30 % weight reductions or severe neurologic signs) were eutha
nized with overdose of isoflurane. The animal experiments were per
formed in accordance with the Fundamental Guidelines for the Proper 
Conduct of Animal Experiments and Related Activities in Academic 
Research Institutions under the jurisdiction of the Ministry of Education, 
Culture, Sports, Science, and Technology. The Animal Care and Use 
Committee of Yamaguchi University approved all the experimental 
protocols (approval number: 05–30-564).

3. Results

3.1. Rescues of infectious TBEV by CPER

Seven fragments of each of the Oshima, Sofjin, and Hypr strains were 
successfully amplified using the designed primers (Fig. 2).

CPER was performed using RT-PCR fragments for each TBEV, and the 
products were transfected into BHK cells. Typical CPE such as rounding, 
detaching and floating was observed in cells transfected with Oshima, 
Sofjin, and Hypr strains at 3, 3, and 4 days post-infections (dpi), 
respectively (Fig. 3A). The production of infectious viruses was 
confirmed by plaque formation, and clear plaques were observed in the 
BHK cells transfected with the respective supernatants (Fig. 3B). The 
plaque size in Sofjin was larger than that in Oshima, as observed in a 
previous report (Goto et al., 2002, 2003), and Hypr had a mixture of 
large and small plaques (Fig. 3B). These results indicated that the in
fectious viruses of the Oshima, Sofjin, and Hypr strains were successfully 
produced by CPER in BHK cells transfected with CPER products.

Fig. 1. A schematic presentation of CPER products from TBEV genome sequences. HDVr, pA and CMV stan for hepatitis delta virus ribozyme, poly (A) signal, and 
cytomegalovirus promoter, respectively.
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Fig. 2. RT-PCR amplification of overlapping TBEV genome fragments. Primers for CPER were designed to construct seven DNA fragments of each Oshima, Sofjin, and 
Hypr strain. Seven fragments of each virus were amplified using RT-PCR.

Fig. 3. Production of infectious TBEV. (A) CPEs observed in BHK cells transfected with CPER products of Oshima, Sofjin, and Hypr strains at 3, 3, and 4 dpi, 
respectively. Mock was inoculated with 2 % DMEM. (B) Plaque forming morphology in the BHK cells infected with rescued Oshima, Sofjin, and Hypr strains at 3 dpi. 
(C) Growth kinetics of infectious viral titers in the supernatants of BHK cells infected with rescued TBEV of Oshima, Sofjin and Hyper at MOI of 0.01 (n = 3). Error 
bars indicate standard deviations.
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3.2. Growth kinetics of rescued TBEV in BHK cells

The supernatants of CPE cells were inoculated into fresh BHK cells to 
obtain a higher titer of stock viruses. Those viral titers of Oshima, Sofjin, 
and Hypr were 1.0 × 108 pfu/mL, 7.0 × 106 pfu/mL, and 2.7 × 107 pfu/ 
mL, respectively.

We next examined growth kinetics of rescued TBEVs in BHK cells 
(Fig. 3C). Infectious viruses of rescued Oshima, Sofjin and Hypr strains 
were detected at 12 hpi and viral titers peaked at 48 hpi (Fig. 3C). These 
observations indicate that rescued TBEVs efficiently infect and propa
gate in susceptible BHK cells.

3.3. Viral sequences of rescued virus

The rescued virus of Oshima showed one nucleotide difference in 3′- 
NCR compared with the original viral sequences (Table 2). Rescued 
Sofjin possessed two mutations: A to G at nucleotide position 1579 and G 
to A at position 5995 in the region of E and NS3, respectively (Table 2). 
These mutations caused amino acid substitutions of alanine with thre
onine and asparagine with aspartate, respectively (Table 2). Rescue 
Hypr revealed five nucleotide mutations at positions 8322, 8381, 8404, 
8409, and 8411 of NS5 (Table 2). Notably, these nucleotides were G or 
A, owing to overlapping nucleotide detection signals, and four amino 
acid substitutions were observed: arginine or lysine (position 8322), 
arginine or glutamine (position 8322), arginine or lysine (position 
8409), and glutamic acid or lysine (position 8411).

Although the rescued TBEVs possessed several nucleotide and amino 
acid substitutions compared to the original viral sequences, these mu
tations were unlikely to influence the ability of replication and propa
gation in infected cells.

3.4. Pathogenicity of rescued TBEV in mice

Next, we examined the pathogenicity of the rescued TBEVs in vivo 
using a mouse model. The mice infected with the rescued Oshima 
showed 60 % mortality and died or reached the endpoint from 10 to 15 
dpi (Fig. 4A), following a weight reduction from 6 dpi (Fig. 4B). These 
observations indicate that the rescued Oshima-infected mice exhibited 
late death, as observed in the original Oshima infection, as proposed in 
our previous study (Hayasaka et al., 2009). In contrast, mice infected 
with rescued Sofjin showed 100 % mortality (Fig. 4A), and mice died or 
reached the endpoint by 10 dpi (Fig. 4A), following an acute weight 
reduction from 6 dpi (Fig. 4B). These results suggest that the rescued 
Sofjin-infected mice died early, as proposed in our previous study (Tun 
et al., 2014). Hypr-infected mice showed an acute weight reduction from 
6 dpi (Fig. 3B), and all mice died or reached the endpoint by 10 dpi 
(Fig. 3A).

These observations indicate that TBEVs rescued by CPER possess the 
intrinsic virulence in a mouse model. In addition, it has been suggested 
that nucleotide and amino acid substitutions observed in rescued viruses 
are unlikely to significantly alter their infectious and pathogenic prop
erties in a mouse model.

4. Discussion

This is the first report of CPER for TBEV. We successfully produced 
infectious TBEVs from the Oshima, Sofjin, and Hypr strains. The 
resulting TBEVs exhibited intrinsically infectious and pathogenic prop
erties in cultured cells and experimental mice. The generation of infec
tious cDNA clones is an important tool for studying recombinant TBEVs, 
and bacterial plasmids have been commonly used. However, the cloning 
process is often difficult and time-consuming because of the toxicity of 
the viral genome to E. coli of competent cells (Dong et al., 2023; Liu and 
Gack, 2023). In contrast, the CPER method generates recombinant vi
ruses in bacteria without a cloning step. Therefore, CPER is a useful 
method for generating recombinant TBEV.

In this study, rescued Oshima, Sofjin, and Hypr possessed one, two, 
and five nucleotide differences, respectively, compared to the original 
RNA sequences, although it was unclear whether these mutations were 
derived from CPER procedure or propagations in infected BHK cells from 
our current data. It is noteworthy that these mutations did not influence 
infectious virus production in susceptible BHK cells. In our previous 
study, Sofjin and Oshima viruses induced early death with high mor
tality and late death with lower mortality in mice, respectively 
(Hayasaka et al., 2009; Tun et al., 2014). In this study, rescued viruses of 
Sofjin and Oshima showed similar pathogenicity with early death and 
late death, although we could not compare with original parent.

Interestingly, Hypr showed five nucleotide differences compared 
with the original virus sequence within a specific range of the NS5 gene, 
suggesting that CPER may cause mutations in a specific gene site of a 
certain strain, such as Hypr. Although it is not clear whether these 
mutations occurred during CPER procedure or virus propagation in cells, 
further analyses may provide interesting insights into the possibility of 
mutations caused by CPER in certain TBEV strains.

TBEV is categorized as highly pathogenic agent, and biosafety level 
(BSL)-3 or BSL-4 facilities are required, depending on each country’s 
rules of use and storage. Therefore, agent shipment is strictly restricted. 
In Japan, for biosecurity reasons under the Act on the Prevention of 
Infectious Diseases and Medical Care for Patients with Infectious Dis
eases (Infectious Diseases Control), shipment of infectious agents, 
including TBEV, is strictly restricted, and it was difficult and limited for 
our laboratory to obtain infectious TBEV strains for several reasons, 
including the high cost of shipment. Thus, we could not directly compare 
the infectious and pathogenic properties of the parent viruses. For 
further advancing the research on restricted infectious viruses, reverse 
genetics based on nucleic acid samples or nucleotide information is a 
useful approach for preparing infectious viruses, and CPER is a useful 
technique.

Recently, an experimental system has been established in order to 
generate reporter viruses that incorporate GFP by applying CPER, which 
has been applied to several viruses (Baker et al., 2020; Conde et al., 
2023; Dong et al., 2021, 2023; Haviernik et al., 2021; Torres et al., 
2022). The creation of viruses incorporating reporter genes is important 
for viral characterization and may provide fundamental information for 
the development of vaccines and antiviral drugs. CPER method would 
apply to generate a reporter virus for the TBEVs of Oshima, Sofjin, and 
Hypr strains to further our TBEV association studies.

5. Conclusion

In summary, we produced infectious TBEVs from the Oshima, Sofjin, 
and Hypr strains using CPER. The CPER method makes it possible to 
obtain infectious viruses without transporting highly hazardous patho
gens, such as TBEV. This method is expected to contribute to further 
research on orthoflaviviruses.
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