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Abstract29

Current diagnostic tests for tick-borne encephalitis virus (TBEV) infections require high biosafety 30

facilities for antigen preparation, and can cross-react with other flaviviruses. There is therefore a need 31

to develop safe, inexpensive serodiagnostic tools with high specificity and sensitivity. In this study, a32

recombinant plasmid that expresses the membrane (prM) and envelope (E) proteins of TBEV fused to 33

the Fc domain of rabbit IgG was constructed and expressed in mammalian cells. The E-Fc proteins 34

were secreted as soluble homodimers, which retained reactivity with anti-TBEV and anti-rabbit IgG 35

antibodies. The E-Fc proteins were then used to develop an enzyme-linked immunosorbent assay 36

(ELISA) to detect TBEV antibodies in rodent and human sera. Compared with the neutralization test, 37

the ELISA had over 90% sensitivity and specificity. In addition, the assay showed no cross reactivity 38

with Japanese encephalitis antibodies. These findings suggest that the E-Fc ELISA may be a useful39

tool for TBEV serodiagnosis.40

41
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1 Introduction42

43

Tick-borne encephalitis virus (TBEV) causes over 10,000 cases of encephalitis annually (Gunther & 44

Haglund, 2005). TBEV belongs to the family flaviviridae, genus flavivirus and is divided into three 45

subtypes (European, far-Eastern, and Siberian) of which the far-Eastern subtype is the most lethal. 46

The virus is endemic in many parts of Europe and Asia (Banzhoff et al., 2008, Gubler, 2007, Ludlam47

et al., 2006). In addition to TBEV, some of these regions are also endemic to other flaviviruses such 48

as Japanese encephalitis virus (JEV) and West Nile virus (WNV) (Banzhoff et al., 2008, Gubler, 2007, 49

Ludlam et al., 2006). Diagnosis of flavivirus infection is challenging due to the similar clinical 50

presentation and the cross-reactive nature of flaviviruses in serological tests (Chavez et al., 2010). 51

Laboratory diagnosis of flavivirus infections is based primarily on the identification of antibodies in52

neutralization tests (NT) and enzyme-linked immunosorbent assay (ELISA) (Ikawa-Yoshida et al., 53

2011, Yoshii et al., 2003). The neutralization test is highly specific, and is useful for differentiating 54

flaviviruses that cross-react in other serological tests. However, neutralization tests are time-55

consuming, and high-biosafety-level facilities are required for the handling of the live virus. As a 56

result of these limiting factors, the test cannot be routinely performed in diagnostic laboratories. 57

ELISA is therefore the most commonly used assay to diagnose flavivirus infections, and commercial 58

ELISA kits are available for TBEV (Yoshii et al., 2003). The ELISA kits use inactivated whole viral59

antigens to detect TBEV specific antibodies, but cross-reactivity with other flaviviruses is a concern60

(Hobson-Peters, 2012, Ikawa-Yoshida et al., 2011, Yoshii et al., 2003). Commercial TBEV diagnostic 61

kits have a sensitivity of 73-99% and specificity of 14-81% (Niedrig et al., 2001). Cross-reactive 62

antibodies from yellow fever, dengue virus, and Japanese encephalitis positive sera have all produced 63

false positive results in these tests (Obara et al., 2006, Niedrig et al., 2001).64

Recombinant protein technology could reduce the cost of diagnosis, and eliminate the need for the 65

high-biosafety-level facilities required for neutralization tests and the production of whole-virus 66

antigens. Furthermore, the use of viral proteins could improve the specificity of diagnostic tests 67

(Chavez et al., 2010, Hobson-Peters, 2012), reducing the number of false positive results in areas 68
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endemic to more than one flavivirus. ELISA diagnostic tests using viral proteins (Chavez et al., 2010, 69

Holbrook et al., 2004, Ikawa-Yoshida et al., 2011, Obara et al., 2006, Yoshii et al., 2003).70

Flaviviruses contain two surface proteins, envelope (E) and membrane protein (prM/M) (Yoshii et al., 71

2003). In the immature virion, the prM and E proteins form heterodimers (Allison et al., 1999). This 72

interaction between prM and E is thought to protect the immature virion from premature activation 73

and fusion with host cell membranes during transit through the trans-Golgi network (Allison et al., 74

1999, Murray et al., 2008, Rodenhuis-Zybert et al., 2011, Zybert et al., 2008). The E protein is the 75

major surface glycoprotein has been shown to be useful in TBEV diagnostics and vaccine 76

development (Chavez et al., 2010). The ectodomain (which is exposed on the viral surface) represents 77

the N-terminal 80% of the E protein (Jaiswal et al., 2004). The C-terminal 20% of the molecule 78

consists of the transmembrane domains (which anchor the protein to the lipid envelope) (Allison et al., 79

1999, Jaiswal et al., 2004). X-ray crystallographic studies have revealed that approximately 90% of 80

the ectodomain forms three structural domains designated I, II, and III (Allison et al., 1999, Chavez et 81

al., 2010, Ikawa-Yoshida et al., 2011). These domains are highly immunogenic, and are the major 82

target for neutralizing antibodies (Chavez et al., 2010). Previous studies demonstrated that 83

recombinant proteins expressing prM and C-terminal truncated E protein (lacking the anchor region) 84

are secreted as soluble E proteins (Allison et al., 1999), making them suitable candidates for 85

immunodiagnostic studies. (Brondyk, 2009, Palomares et al., 2004, Shih et al., 2002, Carter et al., 86

2010, Lo et al., 1998). This study describes the application of TBEV E-Fc proteins for TBEV 87

diagnosis. The prM and E protein ectodomain were genetically linked to the Fc domain of rabbit IgG, 88

and expressed in mammalian cells. 89

90

91

92

93
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2 Materials and Methods94

2.1 Cells95

The 293T cells were cultured at 37°C in high-glucose Dulbecco’s Modified Eagle’s Medium 96

(DMEM; Nissui Pharmaceutical Co., Ltd) supplemented with 10% fetal calf serum, L-glutamine, and 97

penicillin/streptomycin.98

2.2 Serum99

Ninety-seven serum samples from suspected TBE patients were tested. The serum samples were 100

obtained from the Far Eastern Medical Center, Khabarosvsk, Russia in 1998. In addition, 10 samples 101

from Japanese encephalitis (JE)-infected Nepalese patients were obtained from Drs. Nakayama and 102

Kurane (National Institute of Infectious Diseases, Tokyo, Japan) (Akiba et al., 2001). Twenty serum 103

samples demonstrated to have no flavivirus antibodies by the neutralization test were used as negative 104

controls. Sixty-six samples collected from wild rodents that were captured in Kamiiso, Hokkaido 105

between August 1996 and October 1997 were also tested for anti-TBEV antibodies. Thirty-two 106

samples were positive for neutralizing antibodies against TBEV, and thirty-four were negative.107

2.3 Preparation of recombinant antigens108

A plasmid expressing the coding region of the prM and E protein ectodomain (amino acid residues 1-109

449) fused to the Fc region of rabbit IgG was constructed (Figure 1) using the pCAGprME plasmid110

containing the genes of TBEV Oshima 5-10 strain as the template (Yoshii et al., 2003). The coding 111

region of the prM and E protein ectodomain was amplified by PCR using the forward primer 112

ggctctagagcctctgctaaccatgttc and reverse primer cggcatgcaaaaaggctgttaaaggcac. The PCR product was 113

digested with SphI and XbaI, ligated into a predigested pCAGGS-mCD150-RabFc plasmid (Kindly 114

provided by Dr Konnai; Laboratory of Infectious Diseases, School of Veterinary Medicine, Hokkaido 115

University, Japan), and the resulting plasmid was designated pCAGprME449-Fc. The plasmid was 116

transfected into 293T cells using TransIT-LT1 reagent (Mirus Bio) following the manufacturer’s117
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instructions. Cells were grown for 48 h at 37°C, washed in PBS, and supernatants were harvested and 118

stored at -80°C119

2.4 Characterization of the E-Fc protein120

ELISA121

The TBEV E-Fc protein was detected by sandwich ELISA using the monoclonal antibodies (mAb)122

IH4 and 4H8 to recognize the conformational epitopes of E-protein (Komoro et al., 1999) . To prepare 123

the samples, the cells and supernatants were treated with 1% Triton X-100 in ELISA buffer (0.3% 124

bovine serum albumin in phosphate buffered saline with 0.5% Tween 20). To detect membrane-bound 125

E protein, the supernatants were harvested without treatment with Triton X-100. Samples were added 126

to monoclonal antibody IH4-coated 96-well microtiter ELISA plates, previously blocked with Block 127

Ace (Dai Nippon, Osaka, Japan), and E protein was detected by incubation with the biotinylated mAb 128

1H4 or 4H8 and horseradish peroxidase (HRP)-conjugated streptavidin (Sigma). HRP activity was 129

detected by the addition of o-phenylenediamine dihydrochloride (OPD; Sigma) in the presence of 130

0.03% (v/v) H202, and absorbance was measured at 450-620 nm.131

SDS-PAGE and western blotting132

The samples were separated on 7.5% polyacrylamide-SDS gels under reducing and non-reducing 133

conditions. Proteins were transferred to polyvinylidene difluoride (PVDF) membranes, blocked, and 134

incubated for 1 h with anti-E antibodies (Yoshii et al., 2004, Ikawa-Yoshida et al., 2011). Membranes 135

were then incubated with alkaline phosphatase-conjugated secondary antibody (1:6000) or HRP-136

conjugated anti-mouse IgG antibody (1:2000). Bands were visualized using an alkaline phosphatase 137

kit (Merck, Darmstad, Germany) or chemiluminescent detection reagent (GE Healthcare, United 138

Kingdom) following the manufacturer’s instructions. To detect the Fc domain, PVDF membranes139

were incubated with HRP-conjugated anti-rabbit IgG (1:2000), and signals were detected using 140

chemiluminescent detection reagent (GE Healthcare, United Kingdom).141

Immunoprecipitation 142
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Cell lysates were immunoprecipitated using monoclonal antibody IH4-bound protein G-sepharose 143

beads for 1 h at 4°C. Immunoprecipitated materials were solubilized, and then analyzed by SDS-144

PAGE and western blotting. The prM and E proteins were detected using anti-prM (1:800) and anti-E 145

antibodies (1:10000), respectively, followed by alkaline phosphatase-conjugated secondary antibody146

(1:6000). Protein bands were visualized using an alkaline phosphatase detection kit (Merck Darmstadt 147

Germany) following the manufacturer’s instructions.148

2.5 E-Fc serodiagnostic ELISA149

The optimal dilutions for ELISA were determined using box dilutions. Supernatant (300 ng/ml E-Fc) 150

was added to 96-well microtiter ELISA plates that had been sensitized with anti-rabbit IgG (1:600;151

Jackson Immunoresearch) and blocked with Block Ace. Rodent or human sera (1:200) were added,152

followed by peroxidase-conjugated anti-mouse IgG (1:7000; Jackson Immunoresearch) or anti-human 153

IgG (1:20000; Jackson Immunoresearch). Peroxidase activity was then detected using OPD, as 154

described above. Data were reported as the P/N ratio [OD with the E-Fc antigen – OD with the 155

negative antigen (supernatant from un-transfected 293T cells)]. The cut-off point was determined as 156

the P/N value with the minimum difference between sensitivity and specificity.157

158



8

3 Results159

Characterization of E-Fc proteins160

The pCAGprME449-Fc plasmid was constructed to express the coding regions of full-length prM and 161

E ectodomain of TBEV Oshima 5-10 strain fused to the Fc region of rabbit IgG (Figure 1), and162

transfected into 293T cells. The E-Fc proteins were detected in cell lysates and supernatants (Figure 163

2a), indicating that the proteins were successfully expressed and secreted into the culture medium.164

Reactivity with anti-E (Figure 2b) and anti-rabbit IgG (Figure 2c) antibodies indicated that E-Fc 165

proteins were properly processed. E-Fc protein monomers of the expected size (~75 kDa) were166

detected only in the cell lysates, whereas a band of ~150 kDa, corresponding to the molecular weight 167

of E-Fc homodimers, was detected in both the cell lysates and supernatants.168

In intracellular immature flaviviruses, prM and E associate to form prM-E heterodimers, which is an 169

essential step in the proper maturation of the E protein (Allison et al., 1999). To determine if the 170

addition of the Fc domain affected the interaction between prM and E, E protein was 171

immunoprecipitated from cell lysates using a specific monoclonal antibody (IH4), and analyzed by172

western blotting (Figure 3). The E proteins were efficiently immunoprecipitated with mAb IH4, and173

the wild-type E protein (Ewt) and E-Fc protein-prM heterodimers could be co-immunoprecipitated.174

The thicker intensity of E and prM proteins in the E-Fc homodimer is due to more efficient175

immunoprecipitation of the homodimers as a result of direct binding of the Fc domain to the protein 176

G-sepharose beads.177

It was reported that recombinant proteins expressing the entire prM and E genes are secreted as 178

membrane-bound subviral particles (virus-like particles lacking the nucleocapsid core), and that the E-179

proteins then form homodimers (Allison et al., 1999). To assess the physical form of the secreted E-Fc 180

homodimers, sandwich ELISAs using the same mAb as the capture and detector antibody were181

performed in the presence or absence of detergent (Triton X-100). Lysis of the lipid envelope with182

Triton X-100 resulted in the dissociation of the Ewt homodimers, and loss of reactivity with the 183

detection antibody due to competition for the epitope (Figure 4a). In contrast, the homodimerization 184
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of E-Fc proteins was retained in the presence of Triton X-100, suggesting that homodimer formation 185

was membrane-independent. Most fusion proteins are secreted as homodimers, presumably via a186

disulfide bond in the hinged domain of Fc (Lo et al., 1998). As expected, western blotting of the E-Fc 187

protein under reducing conditions resulted in dissociation of the E-Fc homodimers, confirming that E-188

Fc homodimerization was due to disulfide bonds between E-Fc monomers (Figure 4b).189

E-FC serodiagnostic ELISA190

To determine whether the E-Fc ELISA is appropriate for serodiagnosis, serum samples were tested for 191

TBEV antibodies, and the results were compared with neutralization tests. Sixty-six rodent samples 192

were tested for the presence of anti-TBEV antibodies using the E-Fc ELISA, and the specificity and 193

sensitivity were determined. At a cut off point of 1.0, the E-Fc ELISA had an equal sensitivity and 194

specificity of 91.7% (Figure 5). Compared with the neutralization tests, the E-Fc ELISA accurately195

diagnosed 90.6% of the samples as TBEV positive, and 91.2% as TBEV negative (Table 1).196

197

For the serodiagnosis of TBEV in humans, the E-Fc ELISA had 91.6% sensitivity and 91.7% 198

specificity at a cut-off value of 1.1251 (Figure 6). Ninety-seven serum samples from suspected TBE 199

patients were tested for anti-TBEV antibodies. The E-Fc ELISA correctly diagnosed 97.6% of the200

samples as positive TBEV positive (Table 2). Of the 12 samples negative in neutralization test, 10 201

samples were also negative using the E-Fc ELISA (Table 2). To determine if the ELISA could202

distinguish between anti-JEV and anti-TBEV antibodies, 10 serum samples confirmed to have anti-203

JEV antibodies were tested. All samples were assessed to be negative in the E-Fc ELISA, indicating 204

that the antigen is not cross-reactive with JEV.205

206
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4 Discussion207

Rapid and accurate flavivirus diagnostic tests are important for surveillance and proper medical 208

management. The neutralization test is the most specific flaviviruses diagnostic test, but concerns over 209

safety and the time necessary limit its application in routine diagnosis. TBEV ELISA kits that employ 210

inactivated whole-virus as an antigen have been used extensively to detect anti-TBE antibodies. 211

However, cross-reactivity with other flaviviruses can result in false positive results. High-biosafety-212

level facilities are also required for the preparation of the inactivated whole-virus antigens used in 213

commercial ELISA kits. The generation of recombinant viral proteins is therefore an important 214

approach to the development of flavivirus diagnostic tests that do not require high-biosafety facilities.215

The significance of flavivirus E proteins as antigens for immunodiagnostic and immunotherapeutic 216

applications have been demonstrated in several studies (Hermida et al., 2006, Wu et al., 2004, 217

Holbrook et al., 2004). However, purification of the secreted proteins is cumbersome. Fusion partners 218

are used purify tagged E-proteins easily by affinity chromatography providing an alternative for the 219

production of viral proteins (Holbrook et al., 2004, Beasley et al., 2004). Constant fragment (Fc) of 220

immunoglobulins are increasingly used as fusion partners in biomedical research to enhance protein 221

expression, increase the stability of partner proteins, facilitate purification, and increase 222

immunogenicity of partner proteins for vaccine development (Czajkowsky et al., 2012, Flanagan et al., 223

2007).224

In this study, recombinant TBEV E-Fc fusion proteins were generated from a plasmid vector, and225

successfully expressed in 293T cells. The plasmid expressed the entire prM and E protein ectodomain226

to facilitate prM-E interactions, which are necessary for the proper folding and maturation of the E 227

protein. Importantly, fusion of the E protein to the Fc domain did not inhibit prM-E heterodimer228

formation (Figure 3), suggesting that the two proteins folded independently and that the E domain 229

retained some of the functionality of the Ewt. The E-Fc proteins were secreted as soluble proteins that 230

formed detergent-stable homodimers, presumably via disulfide bonds between Fc domains. These231

findings are consistent with the oligomeric characteristics of soluble fusion proteins in other studies 232

(Lo et al., 1998, Loureiro et al., 2011, Zaharatos et al., 2011). Importantly, the E-Fc protein had no 233
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cross-reactivity with anti-human and anti-mouse IgG antibodies (data not shown), suggesting that the 234

antigen was a good candidate for multi-species serodiagnostic studies.235

236

The recombinant antigens were used for the development of an ELISA to detect TBEV-specific 237

antibodies. The E-Fc protein was used as an antigen without any further concentration or purification. 238

The E-Fc ELISA demonstrated over 90% sensitivity and specificity, and was able to detect anti-239

TBEV antibodies in both human and rodent sera. Although cross-reactive antibodies from other 240

flaviviruses commonly produce false positive results in ELISAs, Japanese encephalitis positive sera241

tested negative in our E-Fc ELISA. The E-Fc ELISA could therefore be used to distinguish between 242

JEV and TBEV infections. Previous studies using E-wt derived from TBEV Oshima 5-10 as antigens 243

for TBEV diagnostic ELISAs reported over 90% sensitivity and specificity (Ikawa-Yoshida et al., 244

2011, Obara et al., 2006). Our findings correlate well with E-wt ELISA results, indicating that the E-245

Fc protein has comparable antigenicity. 246

In summary, the E-Fc ELISA demonstrated high sensitivity and specificity, with no cross-reactivity 247

with anti-JE antibodies. The E-Fc ELISA could therefore be applied for TBEV serodiagnosis in 248

regions endemic for both TBEV and JEV.249

250

251

252

253

254

255

256

257

258

259

260



12

Acknowledgements261

We thank Dr Nakayama and Dr Kurane for providing serum samples from JE-infected patients. This 262

work was supported by the Grants-in-Aid for Scientific Research (22780268 and 21405035) and the 263

Global COE Programme from the Ministry of Education, Culture, Sports, Science and Technology of 264

Japan, and Health Sciences Research Grant on New Type Influenza, Emerging and Re-emerging 265

Infectious Disease from the Ministry of Health, Labour and Welfare of Japan. We are grateful to Dr 266

Konnai for supplying the pCAGGS-mCD150-RabFc expression vector.267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282



13

References283

Akiba, T., K. Osaka, S. Tang, M. Nakayama, A. Yamamoto, I. Kurane, N. Okabe and T. Umenai, 2001: 284
Analysis of Japanese encephalitis epidemic in Western Nepal in 1997. Epidemiology and 285
infection, 126, 81-88.286

Allison, S. L., K. Stiasny, K. Stadler, C. W. Mandl and F. X. Heinz, 1999: Mapping of functional 287
elements in the stem-anchor region of tick-borne encephalitis virus envelope protein E. 288
Journal of virology, 73, 5605-5612.289

Banzhoff, A., M. Broker and O. Zent, 2008: Protection against tick-borne encephalitis (TBE) for 290
people living in and travelling to TBE-endemic areas. Travel medicine and infectious disease,291
6, 331-341.292

Beasley, D. W., M. R. Holbrook, A. P. Travassos Da Rosa, L. Coffey, A. S. Carrara, K. Phillippi-293
Falkenstein, R. P. Bohm, Jr., M. S. Ratterree, K. M. Lillibridge, G. V. Ludwig, J. Estrada-Franco, 294
S. C. Weaver, R. B. Tesh, R. E. Shope and A. D. Barrett, 2004: Use of a recombinant envelope 295
protein subunit antigen for specific serological diagnosis of West Nile virus infection. Journal 296
of clinical microbiology, 42, 2759-2765.297

Brondyk, W. H., 2009: Selecting an appropriate method for expressing a recombinant protein. 298
Methods in enzymology, 463, 131-147.299

Carter, J., J. Zhang, T. L. Dang, H. Hasegawa, J. D. Cheng, I. Gianan, J. W. O'Neill, M. Wolfson, S. Siu, S. 300
Qu, D. Meininger, H. Kim, J. Delaney and C. Mehlin, 2010: Fusion partners can increase the 301
expression of recombinant interleukins via transient transfection in 2936E cells. Protein 302
science : a publication of the Protein Society, 19, 357-362.303

Chavez, J. H., J. R. Silva, A. A. Amarilla and L. T. Moraes Figueiredo, 2010: Domain III peptides from 304
flavivirus envelope protein are useful antigens for serologic diagnosis and targets for 305
immunization. Biologicals : journal of the International Association of Biological 306
Standardization, 38, 613-618.307

Czajkowsky, D. M., J. Hu, Z. Shao and R. J. Pleass, 2012: Fc-fusion proteins: new developments and 308
future perspectives. EMBO molecular medicine, 4, 1015-1028.309

Flanagan, M. L., R. S. Arias, P. Hu, L. A. Khawli and A. L. Epstein, 2007: Soluble Fc fusion proteins for 310
biomedical research. Methods Mol Biol, 378, 33-52.311

Gubler, D. J., 2007: The continuing spread of West Nile virus in the western hemisphere. Clinical 312
infectious diseases : an official publication of the Infectious Diseases Society of America, 45,313
1039-1046.314

Gunther, G. and M. Haglund, 2005: Tick-borne encephalopathies : epidemiology, diagnosis, 315
treatment and prevention. CNS drugs, 19, 1009-1032.316

Hermida, L., L. Bernardo, J. Martin, M. Alvarez, I. Prado, C. Lopez, L. Sierra Bde, R. Martinez, R. 317
Rodriguez, A. Zulueta, A. B. Perez, L. Lazo, D. Rosario, G. Guillen and M. G. Guzman, 2006: A 318
recombinant fusion protein containing the domain III of the dengue-2 envelope protein is 319
immunogenic and protective in nonhuman primates. Vaccine, 24, 3165-3171.320

Hobson-Peters, J., 2012: Approaches for the Development of Rapid Serological Assays for 321
Surveillance and Diagnosis of Infections Caused by Zoonotic Flaviviruses of the Japanese 322
Encephalitis Virus Serocomplex. Journal of Biomedicine and Biotechnology, 2012, 15.323

Holbrook, M. R., R. E. Shope and A. D. Barrett, 2004: Use of recombinant E protein domain III-based 324
enzyme-linked immunosorbent assays for differentiation of tick-borne encephalitis 325
serocomplex flaviviruses from mosquito-borne flaviviruses. Journal of clinical microbiology,326
42, 4101-4110.327

Ikawa-Yoshida, A., K. Yoshii, K. Kuwahara, M. Obara, H. Kariwa and I. Takashima, 2011: Development328
of an ELISA system for tick-borne encephalitis virus infection in rodents. Microbiology and 329
immunology, 55, 100-107.330



14

Jaiswal, S., N. Khanna and S. Swaminathan, 2004: High-level expression and one-step purification of 331
recombinant dengue virus type 2 envelope domain III protein in Escherichia coli. Protein 332
expression and purification, 33, 80-91.333

Komoro, K., D. Hayasaka, T. Mizutani, H. Kariwa and I. Takashima, 1999: Characterization of 334
monoclonal antibodies against Hokkaido strain tick-borne encephalitis virus. Microbiology 335
and immunology, 44, 533-536.336

Lo, K. M., Y. Sudo, J. Chen, Y. Li, Y. Lan, S. M. Kong, L. Chen, Q. An and S. D. Gillies, 1998: High level 337
expression and secretion of Fc-X fusion proteins in mammalian cells. Protein engineering, 11,338
495-500.339

Loureiro, S., J. Ren, P. Phapugrangkul, C. A. Colaco, C. R. Bailey, H. Shelton, E. Molesti, N. J. 340
Temperton, W. S. Barclay and I. M. Jones, 2011: Adjuvant-free immunization with 341
hemagglutinin-Fc fusion proteins as an approach to influenza vaccines. Journal of virology,342
85, 3010-3014.343

Ludlam, C. A., W. G. Powderly, S. Bozzette, M. Diamond, M. A. Koerper, R. Kulkarni, B. Ritchie, J. 344
Siegel, P. Simmonds, S. Stanley, M. L. Tapper and M. von Depka, 2006: Clinical perspectives 345
of emerging pathogens in bleeding disorders. Lancet, 367, 252-261.346

Murray, C. L., C. T. Jones and C. M. Rice, 2008: Architects of assembly: roles of Flaviviridae non-347
structural proteins in virion morphogenesis. Nature reviews. Microbiology, 6, 699-708.348

Niedrig, M., D. Vaisviliene, A. Teichmann, U. Klockmann and S. S. Biel, 2001: Comparison of six 349
different commercial IgG-ELISA kits for the detection of TBEV-antibodies. Journal of clinical 350
virology : the official publication of the Pan American Society for Clinical Virology, 20, 179-351
182.352

Obara, M., K. Yoshii, T. Kawata, D. Hayasaka, A. Goto, T. Mizutani, H. Kariwa and I. Takashima, 2006: 353
Development of an enzyme-linked immunosorbent assay for serological diagnosis of tick-354
borne encephalitis using subviral particles. Journal of virological methods, 134, 55-60.355

Palomares, L. A., S. Estrada-Mondaca and O. T. Ramirez, 2004: Production of recombinant proteins: 356
challenges and solutions. Methods Mol Biol, 267, 15-52.357

Rodenhuis-Zybert, I. A., B. Moesker, J. M. da Silva Voorham, H. van der Ende-Metselaar, M. S. 358
Diamond, J. Wilschut and J. M. Smit, 2011: A fusion-loop antibody enhances the infectious 359
properties of immature flavivirus particles. Journal of virology, 85, 11800-11808.360

Shih, Y. P., W. M. Kung, J. C. Chen, C. H. Yeh, A. H. Wang and T. F. Wang, 2002: High-throughput 361
screening of soluble recombinant proteins. Protein science : a publication of the Protein 362
Society, 11, 1714-1719.363

Wu, Y., F. Zhang, W. Ma, J. Song, Q. Huang and H. Zhang, 2004: A plasmid encoding Japanese 364
encephalitis virus PrM and E proteins elicits protective immunity in suckling mice. 365
Microbiology and immunology, 48, 585-590.366

Yoshii, K., D. Hayasaka, A. Goto, M. Obara, K. Araki, K. Yoshimatsu, J. Arikawa, L. Ivanov, T. Mizutani, 367
H. Kariwa and I. Takashima, 2003: Enzyme-linked immunosorbent assay using recombinant 368
antigens expressed in mammalian cells for serodiagnosis of tick-borne encephalitis. Journal 369
of virological methods, 108, 171-179.370

Yoshii, K., A. Konno, A. Goto, J. Nio, M. Obara, T. Ueki, D. Hayasaka, T. Mizutani, H. Kariwa and I. 371
Takashima, 2004: Single point mutation in tick-borne encephalitis virus prM protein induces 372
a reduction of virus particle secretion. The Journal of general virology, 85, 3049-3058.373

Zaharatos, G. J., J. Yu, C. Pace, Y. Song, S. Vasan, D. D. Ho and Y. Huang, 2011: HIV-1 and influenza 374
antigens synthetically linked to IgG2a Fc elicit superior humoral responses compared to 375
unmodified antigens in mice. Vaccine, 30, 42-50.376

Zybert, I. A., H. van der Ende-Metselaar, J. Wilschut and J. M. Smit, 2008: Functional importance of 377
dengue virus maturation: infectious properties of immature virions. The Journal of general 378
virology, 89, 3047-3051.379

380



15

Figure Legends381

Fig. 1. Construction and expression of TBEV E-Fc fusion proteins. (a) Schematic representation of 382

TBEV E protein and E-Fc fusion proteins. The anchor region of the E protein was replaced with the 383

Fc region of rabbit IgG.384

Fig. 2. Expression and reactivity of TBEV E-Fc protein. (a) Expression of E-Fc proteins. 293T cells 385

were transfected with pCAGprME (expressing wild type E protein/Ewt), pCAGprME449-Fc 386

(expressing E-Fc protein), or no plasmid (mock). Forty-eight hours after transfection, E proteins were 387

detected in the supernatant and cell lysates by sandwich ELISA using anti-E mAb 1H4 and 4H8. (b) 388

SDS-PAGE analysis of E protein expression and reactivity using anti-E antibody (c) SDS-PAGE 389

analysis of E protein expression and reactivity using anti-rabbit IgG antibody.390

Fig. 3. Heterodimer formation of prM and E proteins. Cell lysates were immunoprecipitated using 391

anti-E mAb 1H4, and separated by SDS-PAGE. Bands corresponding to proteins were detected using 392

anti-prM and anti-E antibodies.393

Fig. 4. Analysis of physical characteristics of the homodimer form of E-Fc proteins. (a) Comparison 394

of the reactivity of E-Fc proteins with membrane-bound E protein homodimers (without Triton X-395

100) and E protein monomers (with Triton X-100). Supernatants from transfected 293T cells were 396

treated with 1% Triton X-100. The amount of E-protein homodimers was determined before and after 397

solubilization by ELISA using mAb IH4 as the capture and detection antibody. (b) Western blotting 398

of E-Fc proteins under reducing conditions (with β-mercaptoethanol) and non-reducing conditions 399

(without β-mercaptoethanol). Proteins were detected using anti-E antibodies.400

Fig. 5. Relationship between cut-off value, sensitivity, and specificity in the E-Fc ELISA. Sixty-six 401

rodent samples were tested for TBEV antibodies. The cut-off value (broken line) was set as the point 402

at which the difference between the sensitivity and the specificity was minimal.403

Fig. 6. Relationship between cut-off value, sensitivity, and specificity for the E-Fc ELISA. One 404

hundred and seventeen human samples were tested for TBEV antibodies. The cut-off value (broken 405
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line) was set as the point at which the difference between the sensitivity and the specificity was 406

minimal.407

408
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