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Abbreviations 
 

4G2: D1-4G2-4-15 

6E6: BJ-6E6 

ADE: Antibody-dependent enhancement 

AUC: Area under the curve 

BJV: Barkedji virus 

BSA: Bovine serum albumin 

CFAV: Cell fusing agent virus 

CxFV: Culex flavivirus 

DENV: Dengue virus 

DENV2: Dengue virus type2 

DMEM: Dulbecco’s Modified Eagle Medium 

dsRNA: double stranded RNA 

E: Envelope 

EDII: Domain II of envelope protein 

ELISA: Enzyme-linked immunosorbent assay 

FBS: Fetal bovine serum 

FFA: Focus forming assays 

ffu: focus-forming units 

FL: Fusion loop 

FRNT: Focus reduction neutralization test 

hpi: hours post-infection 

HRP: Horseradish peroxidase 

IFA: Indirect fluorescent assay 

Ig: Immunoglobulin 

JEV: Japanese encephalitis virus 

LOD: Limit of detection 

Mab: Monoclonal antibody 

MBFV: Mosquito-borne flavivirus 

MEM: Eagle's Minimum essential medium 

ML: Maximum-likelihood 

MOI: Multiutility of infection 
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mut: mutant 

NS1: Nonstructural protein 1 

OD: Optical density 

PBS: Phosphate-buffered saline  

PBST: 0.01% Phosphate-buffered saline -Tween20 

PCR: Polymerase chain reaction 

prM: precursor membrane 

PSFV: Psorophora flavivirus 

RPMI1640: Roswell Park Memorial Institute 1640 

RT-qPCR: Quantitative reverse transcription PCR 

RT: Room temperature 

SC: Subcutaneous 

SD: Standard deviation 

SDS-PAGE: Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

sem: Standard error of mean 

SS: Signal sequence 

SVP: subviral particle 

TBFV: Tick-borne flavivirus 

Vero cells: Vero9013 cells 

WNV: West Nile virus 

WT: Wild type 

ZIKV: Zika virus  
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General introduction 
Members of the Flaviviridae comprise enveloped, positive sense, single-stranded RNA 

viruses, which are mainly divided into mosquito-borne flaviviruses (MBFVs) and tick-borne 

flaviviruses (TBFVs) [1-4]. Among them, pathogenic MBFVs include dengue virus (DENV), 

Zika virus (ZIKV), Japanese encephalitis virus (JEV), and West Nile virus (WNV). These 

viruses have become a major public health concern in the world [5, 6]. 

In recent years, these flavivirus infectious diseases previously limited to tropical 

regions are now being seen worldwide because of the effects of climate change, such as La 

Niña [7-11]. It has also been reported that the endemic areas of flavivirus infections are also 

spreading along with the expansion of the habitat of mosquitoes [12-14]. In southern 

Australia, where there had been no record of JEV infection from a geographical or climatic 

point of view, JEV infection and deaths due to the infection were reported [15, 16]. In France, 

Aedes albopictus, which was not originally found in the country, has been indigenous since 

2010, and autochthonous case of DENV transmitted by the mosquito species have been 

reported [17]. There were no autochthonous cases of DENV in Japan since 1975; however, 

DENV outbreak was found again in 2014 [18]. Thus, MBFV infection has the potential to 

cause outbreaks in non-endemic areas and is one of the most important infectious diseases 

for public health. 

Although most infections with JEV and WNV are asymptomatic, their severe cases 

can cause fatal encephalitis [19-22]. ZIKV infection has been reported to cause microcephaly 

in newborns at a high rate when pregnant women are infected [23-25]. DENV infection 

presents classical dengue, including fever, muscle and joint pain symptoms without serious 

illness at the initial infection [26]. Because of existing serotype 1 to 4 in DENV, a second 

infection with a different serotype of DENV can cause severe illness and develop dengue 

hemorrhagic fever due to anti-DENV antibodies acquired during the initial infection [27-29]. 

Cohort studies have shown that not only antibodies against DENV but also antibodies 

induced by ZIKV infection and JEV vaccination cause the severity of DENV infection [30-

32]. To control these flavivirus infections, there has been concerted efforts to develop specific 

therapies and vaccines. However, no specific medications have been approved to date, and 

the number of effective vaccines is limited [33-36]. 

Approaches for vector control is effective in preventing vector-borne infections [37]. 

In particular, for MBFVs, genetically engineered mosquitoes have been developed to control 

mosquito proliferation, and their effectiveness has been experimentally demonstrated in the 
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field [38-40]. However, the use of the genetically engineered mosquito has been controversial 

from a variety of perspectives, such as ecological and ethical concerns [41]. Hence, the 

development of specific therapeutics and vaccines is still an urgent need. 

Another effective control of flavivirus infection is epidemiological approach. For 

flavivirus infections, especially DENV infections, it is important to determine the history of 

previous flavivirus infections because pre-existing anti-flavivirus antibodies facilitate the risk 

of severe disease as previously mentioned. There are several serodiagnostic tests, including 

detection of binding or neutralizing antibodies [42]. While the neutralizing test is the most 

accurate and specific serological method for the diagnosis of flavivirus infections, this assay 

acquires high biosafety level facility [42, 43]. Therefore, an easy and accurate serodiagnostic 

method that can detect viral species-specific antibodies is needed. However, antibodies 

induced by flavivirus infection cross-react to other flavivirus species, so that it is difficult to 

determine the accurate history of the flavivirus infection by serodiagnosis [44, 45]. Most of 

cross-reactive antibodies recognize structural proteins, which are highly conserved among 

MBFVs [46-48]. The conservation of structural proteins extends not only to MBFVs but also 

to nonpathogenic insect-specific flaviviruses (ISFVs) [49-52]. A different epidemiological 

approach is polymerase chain reaction (PCR)-based diagnostic systems that detect viral RNA. 

While diagnostics for the detection of viral RNA are highly specific and effective, the timing 

of diagnosis is only limited to acute phase after infection [36]. Serodiagnosis is an effective 

method to search for a history of the disease, even if a long period of time has passed since 

infection.  

Thus, this study was conducted to develop effective serodiagnostic method, which is 

able to determine the specific viral species. In Chapter I, the antigenicity of structural proteins 

of pathogenic and nonpathogenic flaviviruses was investigated. In Chapter II, recombinant 

viral proteins were engineered to reduce cross-reactive epitopes, and applied to enzyme-

linked immunosorbent assay (ELISA)-based serodiagnostic method and vaccine antigen.  
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Chapter I:  Serological characterization of lineage II insect-specific 
flaviviruses compared with pathogenic mosquito-borne flaviviruses. 
 
Introduction 

Flavivirus is an enveloped RNA virus, including TBFVs, MBFVs, and ISFVs. TBFVs 

and MBFVs infect vertebrates sometimes producing disease. ISFVs are phylogenetically 

divided into lineage I (also called classical ISFV) and lineage II. In phylogenetic analyses, 

lineage II ISFVs cluster with the MBFVs [53]. Therefore, lineage II ISFVs are considered to 

be dual-host affiliated ISFVs, which may be transmitted to mammals other than mosquitoes, 

as are MBFVs [50, 54]. However, there have been no reports of lineage II ISFVs infecting 

vertebrate cells under natural conditions [55, 56]. 

Flaviviruses have positive-sense, single-stranded RNA genomes encoding a 

polyprotein composed of structural and nonstructural proteins [4]. Reaction analyses using 

antibodies against the structural protein of MBFVs have demonstrated that those antibodies 

are mutually cross-reactive among MBFVs, especially DENV, ZIKV, JEV, and WNV [46, 47, 

57-59]. These studies suggest that structural proteins are conserved among these MBFVs. 

Recently, hemagglutination inhibition assays and reaction analyses using a panel of anti-

lineage II ISFV monoclonal antibodies showed that lineage II ISFV also possessed 

antigenically similar structural proteins to MBFVs [50-52]. 

The lineage II ISFVs are phylogenetically further divided into lineage IIa and IIb, and 

lineage IIa ISFVs seem to be associated Aedes species [60]. While the antigenic relationship 

between lineage II ISFV and MBFV have been investigated, the characterization of lineage 

IIa and IIb ISFVs compared with MBFVs are still poorly understood. In this study, antibody-

based analyses were performed using anti-lineage IIa and IIb ISFV sera to MBFV antigens 

to identify antigenic similarity among lineage IIa and IIb ISFVs, and the MBFVs. Therefore, 

two lineage II ISFVs, Psorophora flavivirus (PSFV, lineage IIa ISFV) isolated from 

Psorophora albigenu in Bolivia, and Barkedji virus (BJV, lineage IIb ISFV) isolated from 

Culex spp. in Zambia, were used [54, 60].  
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Materials and methods 
Cells 

Vero9013 cells (Vero cells; JCRB, Ibaraki, Japan) were maintained in Dulbecco’s 

Modified Eagle Medium (DMEM, Nissui, Tokyo, Japan) supplemented with 10% fetal 

bovine serum (FBS). K562 cells (JCRB) were maintained in Roswell Park Memorial Institute 

1640 (RPMI1640) medium (Thermo Fisher Scientific, Waltham, MA, USA) supplemented 

with 10% FBS. Vero cells and K562 cells were cultured at 37°C and 5% CO2. Aedes 

albopictus-derived C6/36 mosquito cells (ATCC, Manassas, VA, USA) were cultured at 28°C, 

5% CO2 in Eagle's Minimum essential medium (MEM, Nissui) supplemented with 10% FBS 

and non-essential amino acids (Thermo Fisher Scientific). 

 
Viruses 

DENV type2 (DENV2) hu/INDIA/09-74 strain (GenBank accession no. LC367234), 

ZIKV MR766-NIID strain (GenBank accession no. LC002520), JEV Beijing strain 

(GenBank accession no. L48961), and WNV zmq16m11 strain (GenBank accession no. 

LC318700) were used as vertebrate-infecting MBFVs. PSFV (GenBank accession no. 

LC567151) and BJV zmq17L31 strain (GenBank accession no. LC497470) were used as 

lineage IIa and IIb ISFVs, respectively. All viral strains were propagated in C6/36 cells in 

MEM containing 2% FBS and incubated for three to five days, after which culture 

supernatants were collected and stored at −80°C until use. 

 
Analysis of homology and molecular phylogenetics 

The genome sequences of the flaviviruses used were obtained from GenBank. The 

sequence similarities of the MBFVs and the lineage II ISFVs used in this study were 

evaluated using basic local alignment search tool analysis. For phylogenetical analyses, 

amino acid sequence alignments based on whole amino acid sequences or precursor 

membrane (prM) and envelope (E) proteins were generated using the MUSCLE algorithm of 

the CLC Genomics Workbench 20.1 (Qiagen, Hilden, Germany). Maximum-likelihood (ML) 

phylogenetic trees were constructed using the best-fit models of the Le_Gascuel_2008 model 

with gamma rate categories with invariant sites, with empirical frequencies (LG+G+I+F) for 

the whole amino acid sequences and LG+G+I for the prME protein, and bootstrap values of 

1,000 replicates in MEGA X software [61]. The phylogenetic trees were visualized using 

Interactive Tree Of Life version 6.5.2 [62]. 
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Focus forming assay (FFA) 
Vero cells (1.5 × 105 cells/well) for MBFVs or C6/36 cells (1.0 × 106 cells/well) for 

lineage II ISFVs, grown in 24-well plates (Corning, Tewksbury, MA, USA) were inoculated 

with 10-fold serial dilutions of each virus and incubated for 1 h at 37°C (Vero cells) or 28°C 

(C6/36 cells). An overlay medium was added (MEM containing both 0.5% methyl cellulose 

and 2% FBS) and incubated for 32 h (ZIKV, JEV, and WNV) or 72 h (PSFV, BJV, and 

DENV2). After incubation, the cells were fixed with pre-chilled methanol at −30°C for more 

than 10 min. The fixed cells were blocked with Phosphate-buffered saline (PBS, pH7.4) 

containing 1% bovine serum albumin (BSA) at room temperature (RT) for 30 min. Anti-

flavivirus nonstructural protein 1 (NS1) monoclonal 4G4 antibody (kindly provided by Prof. 

Roy, Hall University of Queensland, St Lucia, Queensland, Australia) [63] for MBFVs or 

anti-flavivirus envelope monoclonal BJ-6E6 (6E6) antibody (kindly provided by Prof. Roy 

Hall) [52] for lineage II ISFVs in 0.1% BSA-PBS was then added to each well and incubated 

at RT for 1 h. Alexa Fluor 488-conjugated anti-mouse immunoglobulin (Ig) G antibody 

(Invitrogen, Waltham, MA, USA) in 0.1% BSA-PBS was applied as a secondary antibody at 

RT for 1 h, and viral focus images were acquired using a fluorescence microscope (IX73, 

Olympus, Tokyo, Japan). The virus titers were calculated based on the number of foci and 

expressed as focus-forming units (ffu) per ml. 

 

Ethical statement 

All animal experiments were performed in accordance with the National University 

Corporation, Hokkaido University, Regulations on Animal Experimentation. The protocol 

was approved by the Institutional Animal Care and Use Committee of Hokkaido University 

(approval numbers. 18-0036 and 18-0149). 
 

MBFV-infected serum 

AG129 mice deficient in interferon-α/β and -γ receptors were obtained from Marshall 

BioResources (Hull, East Yorkshire, UK) and bred in-house in an animal facility for use in 

infection experiments with DENV and ZIKV because these viruses cannot infect 

immunocompetent mice. Male AG129 mice (10-week-old) were inoculated subcutaneously 

with 1.0 × 105 ffu of DENV2 or ZIKV. Female BALB/c mice (6-week-old, Japan SLC, 

Shizuoka, Japan) were inoculated subcutaneously with 1.0 × 106 ffu of JEV or 1.0 × 104 ffu 

of WNV. The body weight of the virus-inoculated mice was monitored daily. When mice 

showed a 10% decrease in their body weight, they were euthanized using excess isoflurane 
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anesthesia, and sera were collected. The mouse sera were inactivated by incubation at 56°C 

for 30 min and stored at −80°C until use. 

 
Virus purification 

At four days post inoculation with either PSFV or BJV in C6/36 cells, the culture 

supernatants were harvested and filtrated through a 0.45 μm syringe filter and pelleted by 

ultracentrifugation with a 20% sucrose cushion using an SW32Ti rotor (Beckman Coulter, 

Brea, CA, USA) at 153,720 ×g for 3 h [64]. The pellets were resuspended in PBS. The protein 

concentrations of the resuspended samples were determined using BCA assays (Thermo 

Fisher Scientific) conducted according to the manufacture’s protocol. Virus suspensions were 

stored at −80°C until immunization. 

 
Immunization 

Female BALB/c mice (6-week-old) were subcutaneously inoculated with 20 μg of 

PSFV or BJV, or PBS as a negative control. Four weeks post inoculation, the mice were 

euthanized using excess isoflurane anesthesia, and the sera were collected, inactivated by 

incubation at 56°C for 30 min and stored at −80°C until use. 

 
ELISA 

Vero cells (6.0 × 105 cells/well) or C6/36 cells (4.0 × 106 cells/well) in six-well plates 

(Corning) were inoculated with MBFV or lineage II ISFV at a multiplicity of infection (MOI) 

of 0.1. At 72 hours post infection (hpi) (PSFV, BJV, and DENV2) or 48 hpi (ZIKV, JEV, and 

WNV), the cells were lysed in lysis buffer [1% NP-40, 20 mM Tris-HCl (pH 7.5), 150 mM 

NaCl, 5 mM EDTA]. After centrifugation to remove the cell debris, the virus-infected cell 

lysates were collected from the supernatant. Flat-bottom 384-well plates (Thermo Fisher 

Scientific) were coated with 50-fold diluted cell lysates at 37°C for 3 h. Each antigen was 

blocked with 5% skim milk-PBS at RT for 30 min. Immunized mouse sera and pan-flavivirus 

D1-4G2-4-15 (4G2) monoclonal antibody (ATCC) used as a positive control were serially 

10-fold diluted with 1% skim milk-PBS and added to each well. Following incubation for 2 

h at 37°C, the plates were washed five times with 0.01% PBS-Tween20 (PBST). Horseradish 

peroxidase (HRP) conjugated anti-mouse IgG antibody (Thermo Fisher Scientific) was added 

and incubated at 37°C for 1 h. After washing five times, 1-Step Ultra TMB-ELISA Substrate 

Solution (Thermo Fisher Scientific) was added as a HRP substrate. After incubation at RT for 

15 min, the reaction was stopped by the addition of 2 M sulfuric acid. The optical density 
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(OD) value was measured at 450 nm using a GroMax Discover Microplate Reader (Promega, 

Madison, WI, USA). The binding titer was defined as the endpoint serum dilution, which is 

the reciprocal of the highest dilution over the cut-off value; the mean plus three times the 

standard deviation (SD) of non-immunized control sera. The values lower than the cut-off 

value were expressed as the limit of detection. 

 
Focus reduction neutralization test (FRNT) assay 

Vero cells (7.5 × 104 cells/well) or C6/36 (5.0 × 105 cells/well) cells were seeded in 

48-well plates (Corning) 24 h before infection. Serum samples were serially 10-fold diluted 

with DMEM containing 2% FBS and incubated with 50 ffu of each virus at 37°C for 1 h. The 

cells were inoculated with the serum-virus complexes and incubated at 37°C for 1 h. After 

incubation, the inoculum was removed, and the cells were treated with overlay media and 

incubated for 32 h (ZIKV, JEV, and WNV) or 72 h (PSFV, BJV, and DENV2). Fixation and 

primary antibody treatments were performed, as described in method for FFA. After 

inoculation with HRP-conjugated anti-mouse IgG antibody (Thermo Fisher Scientific) as a 

secondary antibody at 37°C 1 h, virus-derived foci were stained with TrueBlue Peroxidase 

Substrate (Sera Care Life Sciences Inc., Milford, MA, USA) and counted. Neutralizing 

antibody titers were defined as the reciprocal of the highest serum dilution showing a 50% 

reduction in the number of foci compared to non-immunized control serum (as FRNT50), as 

previously reported [65]. 

 
Antibody-dependent enhancement (ADE) of MBFV infection 

Flow cytometry-based assays were performed to measure the ADE of MBFV 

infection, as previously reported [57]. Serial 10-fold dilutions of serum samples were 

incubated with MBFV (MOI of 0.1) for 1 h at 37°C, and 5.0 × 104 K562 cells in RPMI 

containing 10% FBS were added to each well in round-bottom 96-well plates (Corning). At 

48 hpi (JEV and WNV) or 72 hpi (DENV2 and ZIKV), cells were fixed with 4% 

paraformaldehyde, and permeabilized with PBS containing 0.2% BSA and 0.05% saponin. 

Viral antigens were stained with 4G2 antibody, and Alexa Fluor 488-conjugated goat anti-

mouse IgG antibody (Invitrogen). The virus-infected cells were counted using an FACSCanto 

(BD Biosciences, Franklin Lakes, NJ, USA) and analyzed using FlowJo software version 

10.7.1 (Treestar Inc., Ashland, OR, USA). Data were expressed as overall ADE, calculating 

the area under the curve using GraphPad Prism software version 8.0 (GraphPad Software, 
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San Diego, CA, USA). 

 
Statistical analysis 

All statistical analyses were performed using GraphPad Prism software version 8.0. 

The methods of statistical analysis are described in the Figure Legends for each experiment.  
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Results 
 
The prME proteins of lineage IIa ISFVs are phylogenetically closely related to those of 
MBFVs 

ML phylogenetic analysis based on whole amino acid sequences showed that both 

lineage IIa and IIb ISFVs (PSFV and BJV) were grouped within the cluster of MBFVs (Fig. 

1A). The cluster of lineage I ISFVs was distinct from those of MBFVs and lineage II ISFVs, 

as previously reported [66], indicating that lineage II ISFVs have a more similar amino acid 

sequence to MBFVs compared to lineage I ISFVs. 

In general, the amino acid sequences of the prME proteins were highly similar among 

flaviviruses [2, 3]. Thus, the prME amino acid sequences of the MBFVs and lineage II ISFVs 

used in this study, were compared. The prME of DENV2, ZIKV, JEV, and WNV had 45-78% 

amino acid sequence identity and over 60% similarity to one another. The prMEs of PSFV 

and BJV also had 59–65% amino acid sequence similarity to those of DENV2, ZIKV, JEV, 

and WNV, which was comparable to the similarity among these MBFVs (Table 1). The 

fusion loop (FL) domain in prME, which is known to be highly conserved in MBFVs, was 

conserved in both lineage II ISFVs (Fig. 2) [67]. ML phylogenic analysis on the prME amino 

acid sequences of the flaviviruses was also performed. Lineage IIa ISFVs belonged to a clade 

of MBFVs, while lineage IIb ISFVs were associated with a different clade (Fig. 1B). These 

results suggest that the prME protein of lineage IIa ISFVs is more closely related to MBFVs 

than that of lineage IIb ISFVs. 

 
Anti-PSFV sera cross-react with MBFV antigens with ADE activity 

To evaluate the antigenic similarity between MBFV and lineage II ISFV, serological 

analysis was conducted using antisera from mice immunized with purified PSFV from 

lineage IIa ISFV or BJV from lineage IIb ISFV via subcutaneous (SC) route. 

The production of antibodies against PSFV or BJV in mice sera was evaluated using 

ELISAs of lineage II ISFV-infected cell lysates. All anti-PSFV or BJV sera (n = 7 each) 

reacted to cellular lysates infected with each lineage II ISFV, indicating that immunization 

with each lineage II ISFV via SC route induced anti-PSFV or BJV antibody in each serum 

(Figs. 3A, 3B, and 4A). The reactivity of antisera to cellular lysates infected with MBFVs, 

including DENV2, ZIKV, JEV, and WNV, was evaluated. Pan-flavivirus 4G2 antibody was 

used as a positive control and reacted against all the lysates infected with MBFVs (Figs. 3C 

and 3D). There were no differences in non-specific binding to cell lysates of non-infected 
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Vero cells between the anti-PSFV sera, anti-BJV sera, and non-immunized control sera (Fig. 

3E). ELISA revealed that anti-PSFV sera possessed broad binding activity to cell lysates 

infected with DENV2 (positivity rate 6/7), ZIKV (positivity rate 6/7), JEV (positivity rate 

1/7), and WNV (positivity rate 3/7) (Figs. 3F and 4B). On the other hand, anti-BJV sera had 

binding activity to DENV2 (positivity rate 4/7), ZIKV (positivity rate 3/7), and WNV 

(positivity rate 1/7) but not to JEV (positivity rate 0/7) (Figs. 3F and 4B). 

Antibodies which recognize structural proteins such as prME enhance flavivirus 

infection by incorporating virus-bound antibodies via the Fcγ receptor [68, 69]. This 

enhancement of antibody-dependent viral infection has been called ADE. It was found that 

anti-PSFV and BJV sera reacted to cell lysates infected with DENV2, ZIKV, JEV, or WNV, 

suggesting that anti-PSFV and BJV sera may elicit ADE. Therefore, flow cytometry-based 

ADE assays using Fcγ receptor-expressing K562 cells was performed to evaluate the ADE 

activity of anti-PSFV or BJV sera. Enhancement of the number of K562 cells infected with 

DENV2, ZIKV, JEV, or WNV was observed in the presence of anti-PFSV sera (Fig. 5A), and 

the overall ADE activity of anti-PSFV sera was significantly higher than those of control sera 

(Fig. 5B). In contrast, anti-BJV sera had only a slightly enhanced number of infected cells 

with each MBFV (Fig. 5A), and their overall ADE activity was not significantly higher than 

those of control sera (Fig. 5B). These results indicated that anti-PSFV sera potentially cross-

reacted to DENV2, ZIKV, JEV, and WNV, accompanied by ADE activity. It has been reported 

that ADE is elicited by antibodies showing reactivity with structural proteins in flavivirus 

infection [47]. It was confirmed that structural proteins of MBFVs were recognized by anti-

PSFV or BJV sera using western blotting and found that both sera reacted with the prM and 

E proteins of MBFVs (Fig. 6). 

 
Anti-lineage II ISFV sera had no or low neutralizing activity against MBFVs 

Then, the neutralizing activity of lineage II ISFV antisera against the lineage II ISFV 

or MBFV infection, was evaluated. First, inhibition of PSFV or BJV infection in C6/36 cells 

by anti-PSFV or BJV sera was confirmed using FRNT (Figs. 7A and 7B). Some of those 

antisera neutralized not only their own virus infection but also other lineage II ISFV 

infections. Next, it was confirmed that the positive controls of MBFV antisera obtained from 

MBFV-infected mice completely inhibited the foci formation of each virus in Vero cells in a 

serum dilution-dependent manner (Fig. 7C). In contrast, anti-PSFV and BJV sera showed 

few or no foci reductions against DENV2, ZIKV, JEV, or WNV (Fig. 7C). The FRNT50 titers 



 14 

of both anti-ISFV sera were significantly lower than those of positive control sera against all 

MBFVs (Fig. 7D). However, a few anti-PSFV sera suppressed foci formation to below 50% 

for DENV2 (positivity rate 1/7), ZIKV (positivity rate 1/7), WNV (positivity rate 1/7), and 

anti-BJV sera also decreased the foci formation of WNV (positivity rate 1/7). These results 

suggested that the epitopes recognized by anti-MBFV neutralizing antibodies might be 

present in PSFV and BJV.  
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Fig. 1 Phylogenetic analysis of ISFV based on amino acid sequences. 

MBFVs, including DENV2, ZIKV, JEV and WNV used in this study are highlighted in the 

black squares. Lineage II ISFVs, PSFV and BJV, are highlighted in the dot-lined square. 

Phylogenetic trees were generated based on (A) whole amino acid sequence and (B) prME 

by the maximum-likelihood method using best-fit models with bootstrap values of 1,000 

replicates. 

  

NC 003996 Tamana bat virus
NC 005064 Kamiti River virus
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Table 1. Comparison of amino acid sequences of the prME proteins. 

 

 

Fig 2. Comparison of the amino acid sequence of the fusion loop domain. Dots indicate 

the same amino acid residue with common flaviviruses.   

  

D R G W G N G C G L F G
lineage IIa PSFV ・ ・ ・ ・ ・ ・ ・ ・ P ・ ・ A

lineage IIb BJV G ・ ・ ・ ・ ・ ・ ・ A ・ ・ ・

DENV2 ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・

ZIKV ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・

JEV ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・

WNV ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・

common flaviviruses 

MBFV

FL domain

Identity Similarity Identity Similarity Identity Similarity Identity Similarity Identity Similarity Identity Similarity
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

PSFV - - 43 60 39 59 42 62 44 64 45 63

BJV - - 43 62 43 64 46 65 47 65

DENV2 - - 51 72 45 64 46 65

ZIKV - - 52 74 52 74

JEV - - 78 90

WNV - -

WNVPSFV BJV DENV2 ZIKV JEV
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Fig. 3 Anti-PSFV or BJV serum were subjected to ELISA.  

(A) Binding activity of non-immunized control sera (control sera), anti-PSFV sera or anti-

BJV sera to non-infected C6/36 cell lysates. (B) Binding of anti-PSFV or anti-BJV sera to 

PSFV or BJV-infected C6/36 cell lysates. (C and D) Binding of pan-flavivirus 4G2 

monoclonal antibody as positive control to non-infected Vero cell lysates (C) and cell lysates 

infected with DENV2, ZIKV, JEV, and WNV (D). (E and F) Binding of control sera, anti-

PSFV or anti-BJV sera to non-infected Vero cell lysate (E) and cell lysates infected with 

DENV2, ZIKV, JEV, and WNV (F). Dotted line indicates cut-off value (mean plus three times 

the SD of non-immunized control sera). The values in the graphs are expressed as the mean 

± SD of seven serum samples (n = 7).  

Fig. S2 Anti-PSFV or BJV serum was subjected to ELISA. (A) Binding activity of non-immunized control sera 
(control serum), anti-PSFV serum or anti-BJV serum to non-infected C6/36 cell lysate. (B) Binding activity of 
anti-PSFV or anti-BJV serum to PSFV or BJV-infected C6/36 cell lysate, respectively. (C and D) Binding activity 
of pan-flavivirus 4G2 monoclonal antibody as positive control to non-infected Vero cell lysate (C) and cell lysates 
infected with DENV2, ZIKV, JEV and WNV (D). (E and F) Binding activity of  control serum, anti-PSFV or anti-
BJV serum to non-infected Vero cell lysate (E) and cell lysates infected with DENV2, ZIKV, JEV and WNV (F).  
OD; optical density. Dot line indicates cut-off value (mean plus 3 times standard deviation of non-immunized 
control sera). The values in the graphs are expressed as the mean ± SD of seven serum samples.

Fig. S3 Viral proteins recognized  by anti-PSFV or BJV pooled serum were shown by western blotting 
of Vero cells uninfected or infected with DENV2, ZIKV, JEV or WNV. Mixture of monoclonal 
antibodies targeting to prM protein of DENV2, prM protein of ZIKV, prM protein of WNV and E 
protein, were used as positive control.
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Fig. 4 Binding activity of anti-PSFV or BJV sera to cell lysates infected with each virus.  

Binding activity of anti-PSFV or BJV sera to cell lysates infected with (A) lineage II ISFVs 

and (B) MBFVs was evaluated using ELISA. The dotted line indicates the limit of detection 

(LOD). The values in the graphs are expressed as the mean ± SD of seven serum samples (n 

= 7).  

Fig. 2

A

B
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Fig. 5 ADE of MBFV infection by anti-PSFV or BJV sera. 

(A) Non-immunized control sera, anti-PSFV sera and anti-BJV sera were evaluated for their 

enhancement of MBFV infections in K562 cells. (B) Overall ADE activity was determined 

from the area under the curve (AUC) shown in Fig. 3A. The values in the graphs are 

expressed as the mean ± SD of seven serum samples (n = 7). **: p < 0.005, ***: p < 0.001 

from one-way ANOVA with Dunn’s multiple comparison test.  

A

B

Fig. 3
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Fig. 6 Viral proteins recognized by anti-PSFV or BJV pooled serum as shown by western 

blotting of Vero cells infected or uninfected with DENV2, ZIKV, JEV, or WNV.  

Mixtures of monoclonal antibodies targeting the prM proteins of DENV2, prM proteins of 

ZIKV, prM proteins of WNV, and E protein, were used as positive control.  

Anti-PSFV 
pooled serum

Mixture of 
monoclonal 
antibodies

Non-immunized 
pooled serum

Anti-BJV 
pooled serum

No
n-

in
fe

ct
ed

DE
NV

2

ZI
KV

JE
V

W
N

V

No
n-

in
fe

ct
ed

DE
NV

2

ZI
KV

JE
V

W
N

V

No
n-

in
fe

ct
ed

DE
NV

2

ZI
KV

JE
V

W
N

V

No
n-

in
fe

ct
ed

DE
NV

2

ZI
KV

JE
V

W
N

V

E

Core-prM
prM

β-actin



 21 

Fig. 7 Neutralizing activities of anti-PSFV or BJV sera against MBFVs. (A) FRNTs 

against PSFV or BJV were performed using C6/36 cells. (B) The FRNT50 titer was 

determined from the data shown in Fig. 4A. *: p < 0.01 using t-tests with Mann-Whitney 

tests. (C) FRNT against MBFVs using Vero cells. (D) The FRNT50 titer was determined from 

data shown in Fig. 4C. Dotted lines indicate 50% foci reduction (A and C) and detection 

limits (B and D). The values in the graphs are expressed as the mean ± SD of seven serum 

samples (n = 7). *: p < 0.01, **: p < 0.005 using one-way ANOVA with Dunn’s multiple 

comparison test.  

A

C

B

D

Fig. 4
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Discussion 
Previous studies using MBFV antisera showed that hemagglutination activities of 

lineage IIa ISFVs such as Aripo virus, La Tina virus, Marisma mosquito virus and lineage 

IIb ISFV such as Nanay virus were inhibited by various MBFV antisera [50, 51], suggesting 

that these lineage II ISFVs antigens were cross-reactive with MBFV antisera. Cross-

reactivities of both lineage IIa and IIb ISFVs antisera with MBFVs antigens were evaluated 

in this study. The results showed that the lineage IIa ISFV PSFV antisera had higher positivity 

for binding to MBFV antigens and induced more ADE of MBFV infections than lineage IIb 

ISFV BJV antisera. These results suggest that PSFV is more antigenically similar to MBFVs 

than BJV. It was further found that both lineage II antisera recognized prM and E proteins of 

each MBFV (Fig. 6). Taken together, these observations suggest that lineage IIa PSFV had 

prME proteins more antigenically similar to those of DENV2, ZIKV, JEV, and WNV than 

lineage IIb BJV. This finding was consistent with the result of the ML phylogenetic analysis 

using prME protein sequences (Fig. 1B).  

The obtained results and previous studies showed lineage II ISFV possessed 

antigenically similar viral proteins to MBFVs [50-52]. Furthermore, this study demonstrated 

the existence of antigenic differences between genetically closely related lineage IIa and IIb 

ISFVs by antibody-based analyses. It should be noted, however, this study only used a single 

virus strain as representative of each lineage IIa or IIb ISFV in this study. To clarify the 

differences in the viral proteins of the lineage II ISFVs, further studies, such as structural 

analysis or reactive analysis using monoclonal antibodies with other virus strains, will be 

required.  
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Summary 
The genus Flavivirus includes pathogenic tick- and mosquito-borne flaviviruses as 

well as non-pathogenic ISFVs. Phylogenetic analysis based on whole amino acid sequences 

has indicated that lineage II ISFVs have similarities to pathogenic flaviviruses. In this study, 

we used reactive analysis with immune serum against PSFV as a lineage IIa ISFV, and BJV 

as a lineage IIb ISFV, to evaluate the antigenic similarity among lineage IIa and IIb ISFVs, 

and pathogenic MBFVs. Binding and antibody-dependent enhancement assays showed that 

anti-PSFV sera had broad cross-reactivity with MBFV antigens, while anti-BJV sera had low 

cross-reactivity. Both of the lineage II ISFV antisera were rarely observed to neutralize 

MBFVs. These results suggest that lineage IIa ISFV PSFV has more antigenic similarity to 

MBFVs than lineage IIb ISFV BJV.  
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Chapter II:  Design of flavivirus subviral particle (SVP) to suppress bindings of cross-
reactive anti-flavivirus antibodies for serodiagnosis and vaccine development. 
 
Introduction 

Flaviviruses are phylogenetically divided into MBFV, TBFVs, lineage I ISFVs, and 

lineage II ISFVs. It has been demonstrated that lineage II ISFVs are phylogenetically and 

antigenically close to MBFV; however, lineage I ISFVs are not close to them [49, 52, 56]. 

Thus far, there is no clear evidence about pathogenicity of lineage I and II ISFVs to 

vertebrates [55, 56]. Meanwhile, MBFVs such as DENV, ZIKV, JEV, and WNV are able to 

infect vertebrates and these infections result in lethal encephalitis and hemorrhagic fever [2]. 

However, no specific therapeutic agents against these infections has yet been developed, and 

also clinically available vaccines for MBFVs are limited [4].  

Structural proteins of flaviviruses contain capsid protein, prM and E proteins. It has 

been reported that some flavivirus antibodies cross-react with other flavivirus antigens [70, 

71], and epitopes for these antibodies are mainly located in prME regions, which are highly 

conserved among flaviviruses [47]. In particular, FL domain in domain II of E protein (EDII) 

is known as mostly conserved region in flaviviruses [72]. Therefore, the anti-FL monoclonal 

antibody (Mab) reacts to the diverse range of flaviviruses, including MBFV and lineage II 

ISFVs [52]. 

According to the clinical studies, antisera against DENV, ZIKV, JEV and WNV 

potentially enhance other flavivirus infections [30, 57, 59]. This ADE of flavivirus infections 

is caused by cross-reactive antibodies with binding activity to different flavivirus species. If 

non-neutralizing cross-reactive antibodies are induced by primary flavivirus infection, the 

antibodies facilitate viral entry through Fcγ receptors upon secondary infection, resulting in 

the promotion of ADE [73]. The prM and FL domains have been found as predominant 

epitopes for antibodies eliciting ADE [74-76]. It has also been demonstrated that prM and FL 

domains in EDII are not effective for neutralization but effective for cross-reaction to the 

other flaviviruses [77]. Domains I and II in E protein have virus-specific non-neutralizing 

and neutralizing epitopes, respectively [46, 72, 78-80]. Therefore, an attempt has been made 

to use E proteins with mutation in FL domain as vaccine antigen without ADE epitopes [67]. 

Moreover, these mutated E proteins were also used as antigen for serological analysis, which 

is an important approach for the evaluation of the risk of severe flavivirus disease, including 

past histories of flavivirus infections which may cause ADE [81]. However, there have been 

few reports on the design of viral proteins that can be applied as antigens for both vaccines 
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and serodiagnosis [82, 83]. 

It has been reported that W101 residue in FL domain is the key epitope of several 

anti-FL Mab [84-86], and mutation of W101 in FL domain inhibit binding of FL domain-

reactive Mab [87]. This mutation not only reduced cross-reactivity but also disrupted 

neutralizing E dimer epitope or reduced protein expression [77, 86, 88, 89]. 

Modification of the FL domain is an effective method for the production of flavivirus-

specific antibodies, although the mutation must be able to maintain the original neutralizing 

epitope of the viral particle. In this study, various subviral particles were established, which 

can detect and induce flavivirus-specific antibody responses, by amino acid mutations in the 

FL domain.  
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Materials and Methods 
Cell culture 

Vero cells (JCRB) were maintained at 37℃, 5% CO2 in DMEM (Nissui) 

supplemented with 10% FBS. K562 cells were maintained at 37℃, 5% CO2 in RPMI1640 

(Nissui) supplemented with 10% FBS. Aedes albopictus C6/36 mosquito cells (ATCC, 

Manassas, VA, USA) were cultured at 28℃, 5% CO2 in Eagle’s MEM supplemented 10% 

FBS and non-essential amino acids. Expi293F cells (Thermo Fisher Scientific) were at 37℃, 

8% CO2 in Expi293 Expression Medium (Thermo Fisher Scientific).  

 
Viruses 

DENV2 hu/INDIA/09-74 strain (GenBank accession no. LC367234), ZIKV MR766-

NIID strain (GenBank accession no. LC002520) and PRVABC59 strain (GenBank accession 

no. KU501215), JEV Beijing strain (GenBank accession no. L48961), WNV NY-99 strain 

(GenBank accession no. KC407666.1) and Zmq16m11 strain (GenBank accession no. 

LC318700.1), PSFV (GenBank accession no. LC567151), BJV (GenBank accession no. 

LC497470), Cell fusing agent virus (CFAV, isolated from Aedes aegypti collected in Zambia), 

Culex flavivirus (CxFV, isolated from Culex quinquefasciatus collected in Zambia) were 

used. All virus strains were propagated in C6/36 cells in MEM containing 2% FBS. After five 

days, culture supernatant was collected and stored at −80°C until use. 

 
FFA 

Vero cells (1.5 × 105 cells/well) in 24-well plates (Corning, Tewksbury, MA, USA) 

were inoculated with 10-fold serial dilutions of each virus and incubated for 1 h at 37°C (Vero 

cells) or 28°C (C6/36 cells). An overlay medium was added (MEM containing both 0.5% 

methyl cellulose and 2% FBS) and incubated for 32 h (ZIKV, JEV, and WNV) or 72 h 

(DENV2). After incubation, the cells were fixed with pre-chilled methanol at −30°C for more 

than 30 min. The fixed cells were blocked with PBS containing 1% BSA at RT for 30 min. 

Anti-flavivirus NS1 monoclonal 4G4 antibody (kindly provided by Prof. Roy Hall) in 0.1% 

BSA-PBS was then added to each well and incubated at RT for 1 h. The 4G4 antibody Alexa 

Fluor 488-conjugated anti-mouse IgG antibody (Invitrogen) in 0.1% BSA-PBS was applied 

as a secondary antibody at RT for 1 h, and viral focus images were acquired using a 

fluorescence microscope (IX73, Olympus). The virus titers were calculated based on the 

number of foci and expressed as ffu per ml. 
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Indirect fluorescent assay (IFA) 
C6/36 cells were infected with DENV2, JEV, PSFV and BJV at MOI of 1. CFAV and 

CxFV were 100-fold diluted and inoculated to C6/36 cells. Supernatant (100 μl) of infected 

cells with CFAV or CxFV were collected at 12 hpi and 72 hpi for Quantitative reverse 

transcription PCR (RT-qPCR). Following incubation for 4 days, the cells were fixed with 4% 

paraformaldehyde and blocked with PBS containing 1% BSA for 30 min at RT. Two anti-FL 

4G2 (ATCC) and 6E6 (kindly provided by Prof. Roy Hall) Mabs derived from hybridoma, 

and anti-double stranded RNA (dsRNA) J2 Mab (Nordic MUbio, Susteren, Netherland) were 

used as primary antibody at RT for 1 h. The hybridoma producing 4G2 and 6E6 Mabs were 

generated by immunization to mouse with DENV antigens and with lineage II ISFV Binjari 

virus, respectively [52, 90]. Alexa Fluor 488-conjugated anti-mouse IgG antibody 

(Invitrogen) in presence of Hoechst 33342 were applied as a secondary antibody at RT for 1 

h. Images were acquired using a fluorescence microscope (IX73, Olympus). 

 
RT-qPCR 

Aliquots of supernatant from the supernatants of infected C6/36 cells with CFAV and 

CxFV were extracted using Direct-Zol kit (Zymo research, CA, USA) following the 

manufacturer’s instructions. The amounts of viral RNAs were quantified using PrimeScript 

One-step RT-PCR kit Ver.2 (Takara, Shiga, Japan) and each virus-specific primer set (for 

CFAV, primer 1: 5’-AGA AAG CTC ACC AAC CAA CG-3’ ,primer 2: 5’-AGG GGT GTC 

AAC CGA AAA TG-3’, for CxFV, primer 3: 5’-AGT TAT ATC AGA TGC CGA CGA C-3’, 

primer4: 5’-AGA GCC CAC AAC ACT TCC GT-3’), under the following thermal condition: 

42°C for 5 min, 95°C for 10 sec, and 40 cycles of 95°C for 5 sec and 60°C for 30 sec. Each 

standard curve was generated using a series of diluted PCR product and RNA copy number 

of RNA in each sample was calculated. 

 
Protein expression and purification of SVP 

The coding sequence for prME from DENV2 hu/INDIA/09-74 strain (1-661), ZIKV 

MR766-NIID strain (1-672), JEV Beijing strain (1-667), WNV NY-99 strain (1-668) were 

optimized to homo sapience (GeneArt, Life Technologies) and cloned into pCXSN vector 

[64] with signal sequence (SS) derived from core protein sequences at N-terminus (23 amino 

acids) of JEV Beijing strain. The SVPs were expressed in Expi293F cells following the 

manufacturer’s instructions. The SVP mutants were created by inserting substitutions D98N, 

N103T, G106F/L, L107K/E, and F108W in FL domain. Cultured supernatant fluid was 
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harvested and clarified by centrifugation and filtration with 0.45 μm. The clarified fluids were 

pelleted by ultracentrifugation with 20% sucrose cushion at 153,720 ×g for 2 h. The pellet 

was resuspended with PBS/MgCl (phosphate buffered saline supplemented with 1mM MgCl2, 

and 1mM CaCl2). SVPs were further purified by ultracentrifugation through a 10-50% 

sucrose gradient in PBS at 153,720 ×g for 3 h. Gradient fractions were collected and analyzed 

by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), Coomassie blue 

staining, and antigen capture ELISA to confirm fractions containing E protein and particle 

formation. E protein-enriched fractions were pelleted by ultracentrifugation with PBS at 

153,720 ×g for 2 h. The pellet was resuspended with PBS/MgCl. Amount of E protein in 

purified SVPs was assessed by SDS-PAGE followed by Coomassie bule staining using 

bovine serum albumin as a standard. 

 
Western blotting 

Protocol of western blotting has already been described [49]. In brief, the purified 

SVPs were separated using SDS-PAGE and transferred onto polyvinylidene difluoride 

membranes (Millipore, Burlington, MA, USA). Following blocking with 5% skim milk-PBS 

with 0.01% Tween20, primary antibodies were used the following antibodies, FL: 4G2 

antibody; E: anti-DENV E antibody, anti-ZIKV E antibody, and anti-JEV E antibody 

(GeneTex, Irvine, CA, USA), anti-WNV E antibody (Novus Biologicals, CO, USA); prM: 

anti-DENV prM antibody and anti-ZIKV prM antibody (GeneTex), anti-WNV prM antibody 

(Abcam, Cambridge, UK). HRP-conjugated anti-mouse IgG antibody (Thermo Fisher 

Scientific) or rabbit IgG antibody (Thermo Fisher Scientific) were used as secondary 

antibody and Immobilon Western HRP Substrate (Millipore). The signal was visualized using 

an ImageQuant 800 (Cytiva, Marlborough, MA, USA). 

 
Antigen capture ELISA 

E protein monoclonal antibody clone 402 (kindly provided by Kanonji Institute of the 

Research Foundation for Microbial Diseases of Osaka University, Kagawa, Japan) was 

coated in 384-well plate overnight at 4°C. The antibodies were blocked with 1% BSA-PBS 

for 1 h at RT. Gradient fractions were added to each well and incubated for 2 h at 37°C. After 

washing with PBST at five times, plate was incubated for 1 h at 37°C with HRP-conjugated 

anti-E monoclonal antibody (clone 402). After washing, plate was added with 1-Step Ultra 

TMB-ELISA Substrate Solution (Thermo Fisher Scientific). After incubation at RT for 15 



 29 

min, the reaction was stopped by the addition of 2 M sulfuric acid. The OD value was 

measured at 450 nm using a GloMax Discover Microplate Reader (Promega). 

 
Ethical statement 

All animal experiments were performed in accordance with the National University 

Corporation, Hokkaido University, Regulations on Animal Experimentation. The protocol 

was approved by the Institutional Animal Care and Use Committee of Hokkaido University 

(approval numbers 18-0036 and 18-0149). 

 
Serum 

For the production of infected serum, interferon-α/β and -γ receptors-deficient AG129 

mice were obtained from Marshall BioResources (Hull) and bred in-house in an animal 

facility. For standard mouse infected serum, 16-18-week-old male AG129 mice (n =3) were 

inoculated subcutaneously with 1.0 × 105 ffu of DENV2 hu/INDIA/09-74 strain or ZIKV 

MR766-NIID strain. Six-weeks old female C3H (n =3) or BALB/c mice (n =3) (SLC, 

Shizuoka, Japan) were inoculated subcutaneously with 1.0 × 104 ffu of JEV Beijing strain or 

1.0 × 104 ffu of WNV NY-99 strain, respectively. For challenge mouse infected serum, 10 or 

15-week-old AG129 mice (n = 3, two 10-week-old male mice and a 15-week-old female 

mouse) or 6-week-old female BALB/c mice (n = 6) were inoculated subcutaneously with 1.0 

× 103, 1.0 × 104, 1.0 × 105, 1.0 × 106 ffu of ZIKV PRVABC5 strain or 1.0 × 104 ffu of WNV 

Zmq16m11 strain, respectively. The body weight of the virus-inoculated mice was monitored 

daily. When mice showed a 10% decrease in their body weight, they were euthanized using 

excess isoflurane anesthesia, and sera were collected. 

For mouse immunization, 6-week-old female BALB/c mice (SLC) were 

subcutaneously inoculated with SVP (1 μg of E protein content) admixed with equivalent 

volume of Imject Alum Adjuvant (Thermo Fisher Scientific) twice at a 3-week interval. Three 

days after second immunization, mice were euthanized using excess isoflurane anesthesia, 

and sera were collected. All infected and immunized sera were inactivated by incubation at 

56°C for 30 min and stored at −80°C until use. 

 
ELISA 

Each SVP protein (250 ng/ml of E protein content for antibody titer and standard 

serum, 500 ng/ml of E protein content for challenge serum) was put onto each well of 384-

well plates and incubated overnight at 4°C. SVPs in each well was blocked with 10% horse 
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serum in PBS for 1 h at RT. Mouse sera were diluted at 100-, 500-, 1,000-, 5,000-, and 10,000-

fold with 0.1% horse serum in PBS and incubated for 2 h at 37°C. After washing with PBST 

at five times, plate was incubated for 1 h at 37°C with HRP-conjugated anti-mouse IgG 

(Sigma-Aldrich, Merck, St. Louis, MO, USA), IgM (Thermo Fisher Scientific), IgA antibody 

(Abcam, Cambridge, UK), total Ig (Thermo Fisher Scientific). Following a washing step, 

signal was detected as described previously in antigen capture ELISA. Endpoint titers were 

determined as the reciprocal of the highest dilution over eightfold blank values. 

 
FRNT assay 

FRNT assay was performed as previous described [49]. Vero cells (7.5 × 104 

cells/well) were seeded in 48-well plates (Corning) 24 h before infection. Serial 10-fold 

diluted serum and 50 ffu of each virus were mixed and incubated for 1 h at 37°C. The cells 

were then inoculated with the serum-virus complex and incubated for 1 h at 37°C. Following 

the incubation, the cells were treated with overlay media and incubated for 32 h. Fixation and 

primary staining were conducted, as described in FFA. HRP-conjugated anti-mouse Ig 

antibody (Thermo Fisher Scientific). Virus foci were stained with TrueBlue Peroxidase 

Substrate (Sera Care Life Sciences Inc., Milford, MA, USA) and counted. Neutralizing 

antibody titers were defined as the reciprocal of the highest serum dilution showing a 50% 

reduction in the number of foci compared to virus control (as FRNT50), as previously reported 

[65]. 

 
ADE assay  

Flow cytometry-based ADE assay was slightly modified from previously described 

[49]. Serial 2-fold dilutions of serum specimens were incubated DENV, ZIKV, JEV and WNV 

(MOI of 1) for 1 h at 37°C, and 5.0 × 104 K562 cells in RPMI containing 10% FBS were 

added to each well in round-bottom 96-well plates (Corning). For the evaluation of ADE 

activity of ZIKV, antibody-virus complex-containing cultured media was changed to fresh 

RPMI because ZIKV effectively infects to K562 without antibodies. At 48 hpi (JEV and 

WNV) or 72 hpi (DENV2 and ZIKV), cells were fixed with 4% paraformaldehyde, and 

permeabilized with PBS containing 0.2% BSA and 0.05% saponin. Virus-infected cells were 

stained with 4G2 antibody, and Alexa Fluor 488-conjugated goat anti-mouse IgG antibody. 

The cells were counted using an FACSCanto (BD Biosciences, Franklin Lakes, NJ, USA) or 

LSRFFortessa (BD Biosciences) and analyzed using FlowJo software version 10.7.1 
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(Treestar Inc., Ashland, OR, USA). Data were expressed as ADE, calculating the area under 

the curve using GraphPad Prism software version 8.0 (GraphPad Software, San Diego, CA, 

USA). 

 
Statistical analysis 

All statistical analyses were performed using GraphPad Prism software version 8.0. 

The methods of statistical analysis are described in the figure legends for each experiment.  
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Results 
 
Homology and antigenicity of FL domain 

The FL domain is highly conserved among flaviviruses. Therefore, anti-FL domain 

antibodies exhibit broad cross-reactivity against most flaviviruses. To assess the homology 

of the FL domain in flaviviruses, alignment analysis using 12 amino acid sequences of FL 

domains among MBFV, lineage I and II ISFVs was conducted. The analysis revealed that 

lineage I ISFVs contained more amino acid differences at the FL domain compared to lineage 

II ISFVs and MBFVs (Fig. 8A). 

Next, antigenicity of the FL domain was evaluated using two different Mabs for FL 

domain, clones 4G2 and 6E6, which were obtained from mice immunized with DENV 

antigens and with lineage II ISFV Binjari virus, respectively [52, 90]. These Mabs were used 

to detect viral antigen in each virus infected cell by IFA (Fig. 8B). Both of Mabs 4G2 and 

6E6 bound to DENV2- and JEV-infected cells. Viral antigen was detected in cells infected 

with lineage II ISFVs, PSFV and BJV, by Mab 6E6 but not 4G2. However, neither of these 

Mabs bound to cells infected with lineage I ISVFs, CFAV and CxFV. In this experiment, viral 

infections with all flaviviruses were confirmed by staining for viral dsRNAs using Mab J2. 

RT-qPCR also showed that viral RNA of these lineage I ISFVs were increased in culture 

media at 72 hpi compared to 12 hpi (Fig. 8C). These results demonstrated that two Mabs 

which react with different FL epitope did not bind with cells infected by CFAV and CxFV. 

Thus, The FL domain of lineage I ISFV has different antigenicity compared to those of 

MBFV and lineage II ISFV. 

 
Mutations of FL domain to avoid binding with anti-FL Mab 

Mabs 4G2 and 6E6 were derived from immunization of DENV as MBFVs and Binjari 

virus as lineage II ISFV, respectively. To determine amino acid residues responsible for the 

binding of anti-FL antibody, JEV-based SVPs were generated. The JEV SVP wild type (WT) 

was composed of prME proteins containing the capsid-derived 23 amino acids at the C-

terminus as a signal peptide (Fig. 9A). SVP mutants were created by replacing amino acid 

residues of FL domain in JEV with those of lineage I ISFV (Fig. 9B).  

Western blotting using anti-E antibody exhibited that JEV SVP WT, mutant (mut) 1 

(D98N), mut3 (G106F, L107K, and F108W) and mut4 (G106L, L107E, and F108W) were 

secreted in culture supernatant of the transfected cells, while three SVP mutants (mutant 2, 5, 

and 6) containing N103T mutation were not detected (Fig. 9C). These results also showed 
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that the SVP mut4 was the most highly expressed in the supernatant among all of the mutants. 

Moreover, the SVPs mut3 and 4 were able to impair the binding of anti-FL antibody, but 

mut1 was still detectable by the Mab. Therefore, SVP mut4, which has the highest expression 

without functional epitopes for the anti-FL antibody, was used for further experiments. 

In addition to JEV, SVP WT and mut4, insertion of G106L, L107E, and F108W, were 

generated for DENV2, ZIKV and WNV. The purified SVPs by ultracentrifugation were 

assessed for binding with anti-FL antibody by Western blotting. The result showed that both 

SVP WT and mut4 were reacted with anti-E and anti-prM antibodies (Fig. 9D). Binding of 

anti-FL antibody was confirmed only for SVP WT, but not for the SVP mut4. 

 
Identification of virus-specific antibody subclasses in infected serum by ELISA using 
SVP mutants 

By replacing a part of the FL domain of MBFV SVP with those of the lineage I ISFV 

(G106L, L107E, and F108W), SVP mut4 was able to avoid binding of anti-FL antibody. Next, 

to evaluate the binding activities of flavivirus-infected sera to the SVPs, ELISA was 

performed using SVP WT or mut4 as antigens. In the ELISA, amounts of SVPs were adjusted 

with the amount of E protein. Flavivirus-infected sera was produced by infection of each 

flavivirus, DENV2, ZIKV, JEV, and WNV described in the materials and methods section. 

At first, the ELISA was performed to measure signals of positive-to-negative ratio (P/N ratio) 

of IgM, IgG, IgA, and total Ig which bind with each SVP antigen in the flavivirus-infected 

sera in order to examine the antibody subclass as with high viral species-specific signals.  

It was difficult to determine DENV2-specific responses among IgM, IgG, IgA and 

total Ig, because DENV2-infected sera broadly cross-reacted to heterologous viral antigens, 

even when the SVP mut4 was used (Fig. 10A and 10B). In the ELISA with ZIKV-infected 

sera, ZIKV SVP WT antigen showed higher signals of IgM, IgG, IgA, and total Ig at each 

dilution of serum than those of other SVPs (Fig. 10C). However, non-specific signals were 

also detected in all Ig classes. Meanwhile, ZIKV SVP mut4 reacted with ZIKA-infected sera 

with the marked higher signals of all of Ig subclass compared to those of other mut4 SVPs 

(Fig. 10D). Especially, non-specific antibody responses of IgG and total Ig subclasses to SVP 

mut4 were markedly suppressed compared with those of SVP WT. JEV-infected sera showed 

the JEV-specific response with little non-specific responses to both of SVP WT and mut4 

(Fig. 10E and 10F). In contrast to DENV2 or ZIKV-infected sera, no JEV-specific IgM and 

IgA responses were detected in JEV-infected sera, while signals of IgG and total Ig to JEV 
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WT and mut4 SVPs were markedly high. In sera infected with WNV which is the same 

serotype as JEV, high signals of IgG and total Ig to SVP WT and mut4 of WNV and JEV 

were observed (Fig. 10G and 10H). Similar to the binding properties of JEV-infected sera, 

there was no specific antibody responses in IgM and IgA subclasses in WNV-infected sera. 

In summary, virus-specific IgM, IgG, IgA, and total Ig responses were induced in ZIKV-

infected sera, while JEV- and WNV-infected sera showed virus-specific antibody responses 

only in IgG and total Ig. These observations indicate that the IgG and total Ig to each antigen 

are suitable for the detection of viral species-specific antibodies. 

Next, the signals of IgG and total Ig in the flavivirus-infected serum of each individual 

mouse to each SVP antigen were compared. Heatmap for signals of DENV2-infected sera 

showed that non-specific IgG and total Ig responses to JEV antigen were the highest signals 

at 100-fold serum dilution (Fig. 11A). When each serum was diluted in 1,000-fold, the signals 

of IgG and total Ig to DENV2 SVP WT or mut4 were higher than those of other SVP antigens. 

In ZIKV-infected individual serum, the highest signal of IgG and total Ig to ZIKV SVP 

antigen were observed (Fig. 11B). In particular, non-specific signals to DENV2, JEV, and 

WNV SVP antigens were markedly decreased in SVP mut4 at all diluted serum. JEV-infected 

individual serum clearly showed specific binding to JEV SVP antigens without non-specific 

binding to DENV2, ZIKV and WNV SVPs WT and mut4 (Fig. 11C). Although similar 

signals in WNV SVP WT and JEV SVP WT antigens were observed in WNV-infected 

individual mouse serum, signals of IgG and total Ig to WNV SVP mut4 antigen were higher 

than JEV SVP mut4 (Fig. 11D). The cross-reactive signals of WNV-infected serum to JEV 

SVP mut4 antigen were decreased by dilution. These results indicated that the SVP mu4 in 

ELISA diminished the non-specific binding of cross-reactive antibodies and detected virus 

species-specific antibodies with high sensitivities. 

 
ELISA with SVP mutants applied to serodiagnosis 

The ELISA using SVP mut4 as antigen could detect virus-specific IgG and total Ig 

responses in flavivirus-infected sera of the same virus species and strain as SVPs. These 

results suggest that the SVP mut4 are useful for serodiagnosis of flavivirus infections. To 

assess whether ELISA with SVP mut4 can be utilized as a serodiagnosis, ELISA with serum 

of mice infected with different viral strains (challenge serum) from SVP antigen was 

conducted. IgG responses in sera of mice infected with ZIKV (PRVABC59 strain) or WNV 

(Zmq16m11 strain) were measured by ELISA using SVP mut4 in this experiment. The virus-
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specific ELISA signals of challenge sera may be reduced since the viruses used for the 

infected sera and SVP antigens are the same species but different strains. Therefore, to clearly 

detect the virus-specific signal, the amount of SVP antigen was increased to 0.5 μg/ml. 

The result of ELISA with ZIKV-infected serum showed that little cross-reactive 

antibodies to DENV2, JEV, or WNV were detected, and the highest signal of IgG to ZIKV 

SVP mut4 was observed at all the diluted serum (Fig. 12A). In WNV-infected serum, cross-

reactivity to JEV SVP was observed in all mouse individuals, but the highest signal was 

detected in the homologous virus combination (Fig. 12B). Furthermore, dilution of serum 

decreased cross-reactivity to JEV SVP mut4, while binding to WNV SVP mut4 was 

maintained. 

Next, the effect of viral infectious dose on the ELISA P/N pattern of challenge serum 

was examined. ZIKV-infected challenge sera were produced by the inoculation of 103, 105, 

or 106 ffu of ZIKV to each mouse. As the result, at any amount of ZIKV infection (103, 105, 

or 106 ffu), ELISA with SVP mut4 demonstrated ZIKV-specific IgG responses without cross-

reactive IgG responses (Fig. 12C, 12D, and 12E). These results suggest that ELISA with 

SVP mut4 reduces non-specific detection of cross-reactive IgG antibodies induced by 

flavivirus infections and clarifies virus-specific IgG responses in a virus species-dependent 

and virus strain-independent manner. 

 
Induction of virus-specific antibodies by immunization with the SVP mutant 

The substitution of amino acids in the FL domains of MBFVs with those of lineage I 

ISFV was found to reduce non-specific cross-reactive binding to flavivirus SVPs. To further 

evaluate whether the substitution of FL domain in flavivirus SVPs has potential of eliciting 

virus-specific antibodies, mice were subcutaneously immunized with the combination of 

SVP and Alum adjuvant two times at three-weeks interval (Fig. 13A). The SVPs of ZIKV 

and JEV were used as immunogens from different flavivirus serotypes because of their higher 

protein yield than the SVPs of DENV2 and WNV. 

Following the collection of serum from the immunized mice, ELISA was conducted 

to measure antibody titer to each SVP antigen. There was no clear difference in endpoint 

titers of ZIKV or JEV SVPs-immunized sera against DENV2 antigen between WT and mut4 

(Fig. 13B). Likewise, the endpoint titers against ZIKV antigen in those immune sera showed 

no significant difference between the WT and the mut4 (Fig. 13B). The endpoint titers against 

JEV antigen were significantly lower in sera immunized with ZIKV SVP mut4 compared to 
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those with the WT, while in the JEV SVP immunization group, there was no difference in the 

titers between WT and mut4 SVPs (Fig. 13B). The titers against WNV antigen tended to 

decrease, although not significantly, in the sera immunized with ZIKV SVP mut4 compared 

with those with the WT, and there was a significant decrease in the titers in immunized sera 

with JEV SVP mut4 compared to those of the WT. 

Next, these antibodies induced by immunization with SVPs were assessed for ADE 

activities. ADE activities against infections of all virus species excepted for ZIKV were 

significantly inhibited in sera of mice immunized with ZIKV SVP mut4 compared to those 

with the SVP WT (Fig. 13C). ADE activity of JEV SVP mut4-immunized sera to DENV2 

infection was also significantly inhibited compared to the WT-immunized sera (Fig. 13C). 

The ADE activity against JEV infection were shown in both JEV SVPs WT and mut4, 

meanwhile that against WNV, which is same serotype to JEV, was relatively lower in the SVP 

mut4-immunized sera than the WT SVP-immunized sera (Fig. 13C). 

In addition, neutralizing activity was also evaluated to ensure that the neutralizing 

epitope was not destroyed by mutation of the FL domain. PRNT assay showed neutralization 

activity against ZIKV or JEV in a subset of mouse sera immunized with SVPs of ZIKV and 

JEV (Fig. 13D). Some immune sera from mice immunized with ZIKV SVP mut4 exhibited 

neutralizing activity against ZIKV infection comparable to those immunized with the WT 

(Fig. 13D). The sera from mice immunized with JEV SVP inhibited ZIKV and JEV infections 

regardless of whether wild type or mut4 SVP was used as the immunogen (Fig. 13D).  
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Fig. 8 Comparison of homology and antigenicity for FL domain in flaviviruses. 

(A) Sequence alignment of FL domain in MBFVs, lineage I ISFVs, and lineage II ISFVs. (B) 

Antigenicity in FL domain of MBFV, lineage II and lineage I ISFVs were evaluated using 

anti-FL monoclonal antibodies. Scale bar indicates 100 μm. (C) Propagation of CFAV and 

CxFV were measured by quantitative reverse transcription PCR.  

98 99 100 101 102 103 104 105 106 107 108 109
D R G W G N G C G L F G

NC_001477 Dengue virus 1 ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・

NC_001474 Dengue virus 2 ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・

NC_001475 Dengue virus 3 ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・

NC_002640 Dengue virus 4 ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・

NC_035889 Zika virus ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・

NC_001437 Japanese encephalitis virus ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・

NC_009942 West Nile virus ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・

NC_006551 Usutu virus ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・

NC_007580 Saint Louis encephalitis virus ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・

NC_002031 Yellow fever virus ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・

NC_009029 Kokobera virus ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・ ・

LC567151 Psorophora flavivirus ・ ・ ・ ・ ・ ・ ・ ・ P ・ ・ A
NC_016997 Donggang virus ・ ・ ・ ・ ・ ・ ・ ・ G ・ ・ ・

MG587038 Binjari virus ・ ・ ・ ・ ・ ・ ・ ・ V ・ ・ ・

KC692067 Ilomantsi virus ・ ・ ・ ・ ・ ・ ・ ・ G ・ ・ ・

MN954647 Hidden Valley virus ・ ・ ・ ・ ・ ・ ・ ・ V ・ ・ ・

LC497469 Barkedji-like virus G ・ ・ ・ ・ ・ ・ ・ A ・ ・ ・

LC497470 Barkedji virus G ・ ・ ・ ・ ・ ・ ・ A ・ ・ ・

NC_040610 Nanay virus G ・ ・ ・ ・ ・ ・ ・ G ・ ・ ・

NC_001564 Cell fusing agent virus N ・ ・ ・ ・ T ・ ・ F K W ・

NC_008604 Culex flavivirus N ・ ・ ・ ・ T ・ ・ F K W ・

NC_034242 Ochlerotatus caspius flavivirus N ・ ・ ・ ・ T ・ ・ F K W ・

NC_033694 Palm Creek virus N ・ ・ ・ ・ T ・ ・ F K W ・

NC_012932 Aedes flavivirus N ・ ・ ・ ・ T ・ ・ F K W ・

NC_040682 Culex theileri flavivirus N ・ ・ ・ ・ T ・ ・ F K W ・

YP_009259488.1 Nakiwogo virus N ・ ・ ・ ・ T ・ ・ L E W ・

FL epitope

common flaviviruses

MBFV

Lineage II
ISFV

Lineage I
ISFV

Fig. 1
A

B

C

12 72
2

3

4

5

6

7

hpi

V
ira

l l
oa

d
(lo

g1
0 

R
N

A 
co

pi
es

)

CxFV

DENV2 JEV PSFV BJV CFAV CxFV Mock

6E6

4G2

J2

AlexaFluor488 / Nuc

an
ti-

FL
M

ab
an

ti-
ds

R
N

A
M

ab

MBFV Lineage II ISFV Lineage I ISFV



 38 

 

Fig. 9 SVP mutants replaced with FL domain of lineage I ISFV. (A) Scheme of the 

construction of SVPs. (B) FL domains of generated SVP mutants based on JEV SVPs. (C) 

Western blotting of supernatant of transfected with plasmids encoded each SVPs. Anti-JEV 

E polyclonal antibody and 4G2 Mab was used as anti-E and anti-FL antibodies, respectively. 

E: envelope. (D) Western blotting of purified SVP proteins for DENV2, ZIKV, JEV, and 

WNV.  
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Fig. 2 Subviral particle (SVP) mutants replaced with FL domain of linage I ISFV. (a) Scheme of the 
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Fig. 10 ELISA with SVPs WT and mut4 using flavivirus-infected sera.  

(A to H) IgM, IgG, IgA and total IgG to each SVP antigen in mouse sera infected with 

DENV2 (A and B), ZIKV (C and D), JEV (E and F) or WNV (G and H) were measured by 

ELISA. SVP WT (A, C, E, and G) and SVP mut4 (B, D, F, and H) were used as ELISA 

antigens. The values in the graphs are expressed as the mean ± sem of serum samples (n = 3). 
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Fig. 3 Enzyme-linked immunosorbent assay (ELISA) with SVPs WT and mut4 using flavivirus-
infected sera. (a to h) Immunoglobulin (Ig) M, IgG, IgA and total IgG to each SVP antigen in mouse 
infected sera with DENV2 (a and b), ZIKV (c and d), JEV (e and f) or WNV (g and h) were 
measured by ELISA. SVP WT (a, c, e and g) and SVP mut4 (b, d, f and h) were used as ELISA 
antigens. The values in the graphs are expressed as the mean ± sem of serum samples (n = 3) dil.: 
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 (Figure 10 continued) 
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Fig. 11 Heatmap for cross-reactivities of IgG and total Ig in individual flavivirus-

infected serum to each SVP WT and mut4 antigen. 

(A to D) Heatmaps of IgG and total Ig from individual mouse serum infected with DENV2 

(A), ZIKV (B), JEV (C), and WNV (D). #, each individual mouse.  
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Fig. 4 Heatmap for cross-reactivities of IgG and total Ig in individual flavivirus-infected serum to 
each SVP WT and mut4 antigen. (a to d) Heatmaps of IgG and total Ig from individual mouse 
serum infected with DENV2 (a), ZIKV (b), JEV (c) and WNV (d). #, each individual mouse.
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Fig. 12 Heatmap for cross-reactivity of IgG in serum from infected mouse with ZIKV 

(PRVABC59 strain) and WNV (Zmq16m11 strain) to each SVP mut4 antigen. 

(A and B) Heatmaps of IgG from individual mouse serum infected with ZIKV (A) and WNV 

(B) at 104 ffu/mouse. (C to E) ZIKV-infected mouse serum was produced by inoculation with 

103, 105, and 106 ffu/mouse, respectively. Heatmap for IgG from individual mouse serum 

infected with ZIKV at 103 (C), 105 (D), and 106 (E) ffu/mouse. #, each individual mouse.  
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Fig. 5 Heatmap for cross-reactivity of IgG in serum from infected mouse with different strains of 
ZIKV and WNV to each SVP mut4 antigen. (a and b) Heatmaps of IgG from individual mouse 
serum infected with ZIKV (a) and WNV (b) at 104 ffu/mouse. (c to e) ZIKV-infected mouse serum 
was produced by inoculation with 103, 105 and 106 ffu/mouse, respectively. Heatmap for IgG from 
individual mouse serum infected with ZIKV at 103 (c), 105 (d) and 106 (e) ffu/mouse.
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Fig. 13 Binding, ADE and neutralization activities of antibodies induced by 

immunization with SVP mut4. 

(A) Schedule of immunization to mice. (B) Binding activities of each immunized sera were 

measured by ELISA using SVP WT antigen. (C) Each serum wase evaluated for their 

enhancement of MBFV infections in K562 cells by flow cytometry. (D) Neutralization 

activity of each serum was measured by FRNT50. The values in the graphs are expressed as 

the mean ± sem of serum samples (n = 6; vehicle, ZIKV WT, ZIKV mut4, and JEV mut4, n 

= 4; JEV mut4). Dotted lines indicate detection limits. P values were analyzed with Mann-

Whitney U test.  
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Fig. 6 Binding, antibody-dependent enhancement (ADE) and neutralization activities of antibodies 
induced by immunization with SVP mut4. (a) Schedule of immunization to mice. (b) Binding 
activities of each immunized sera were measured by ELISA using SVP WT antigen. (c) Each sera 
were evaluated for their enhancement of MBFV infections in K562 cells by flow cytometory. ADE 
activity was determined for the area under the curve (AUC) shown in Fig. S4. (d) Neutralization 
activities of each sera was measured by 50% focus reduction neutralization test (FRNT50). The 
values in the graphs are expressed as the mean ± sem of serum samples (n = 6; vehicle, ZIKV WT, 
ZIKV mut4 and JEV mut4, n = 4; JEV mut4). Dotted lines indicate detection limits. P values were 
analyzed with Mann-Whitney U test.
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Discussion 
Mutations of G106, L107E, and F108W in the FL domain of SVP inhibited binding 

of non-specific cross-reactive antibodies in sera infected with DENV2, ZIKV, JEV, and 

WNV. However, DENV2-infected sera were strongly cross-reactive to heterologous viral 

antigens at their high concentration (Fig. 11A). Previous study has shown that more than 

80% of anti-DENV E Mabs isolated from DENV-infected patients cross-react with antigens 

of DENV group and JEV [47]. These results suggest that the prME protein of DENV2 may 

have more cross-reactive epitopes than those of other viruses. To inhibit bindings of non-

specific cross-reactive antibodies to DENV2 SVP, further study is needed to find the other 

cross-reactive epitopes. 

The use of SVP mut4 as the ELISA antigen diminished the signals of non-specific 

cross-reactive antibodies in ZIKV- and WNV-infected serum (Fig. 12). These results suggest 

that antibodies to the FL domain may be induced in murine serum at a high frequency by 

these viral infections. These antibodies induced by ZIKV or WNV infections could cause 

ADE. Previous studies have demonstrated that ZIKV- and WNV-infected sera have the 

potential to induce ADE of the other flavivirus infections in mouse, non-human primate and 

human [31, 32, 57, 91]. 

Furthermore, it was found that immunization with SVP mut4 induced neutralizing 

antibodies without ADE activity (Fig. 13C and 13D). Vaccination of adenovirus vectors 

carrying ZIKV prME with FL domain of lineage I ISFV has also been indicated to elicit 

neutralizing antibodies that do not cause ADE [86]. Hence, it is suggested that flavivirus 

structural proteins carrying the FL domain of the lineage I ISFV may be useful as vaccine 

antigens against several flavivirus infections. However, further studies are needed to 

understand the detailed mechanism of ADE, since there is a discrepancy between binding 

and ADE activities in the SVP mut4 immune sera (Fig. 13B and 13C). Previous study has 

shown that Mab reacting to flavivirus antigens regardless with or without neutralizing 

activity, exhibits ADE activity in an antibody concentration-dependent manner [92]. 

Immune sera contain polyclonal antibodies with or without neutralizing and ADE activities. 

Therefore, the combined action of these polyclonal antibodies may have resulted in a 

discrepancy between binding activity and ADE activity [93, 94]. Accordingly, it is 

speculated that further ADE verification under polyclonal conditions using multiple Mabs 

is needed. 

Taken together, this study shows that MBFV SVPs with amino acid substitutions to 
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lineage I ISFV may have potential applications as serodiagnosis and vaccine antigens. 

However, this SVP mutant still contains cross-reactive epitopes. Therefore, the generation 

of non-cross-reactive antigens by further substitution of other possible cross-reactive 

epitopes using the lineage I ISFV is expected.  
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Summary 
The FL domain in envelope protein is highly conserved among the diverse species of 

flavivirus. It has been difficult to establish accurate serodiagnostic method and safe vaccine 

because anti-FL antibodies, which have properties of highly cross-reactivity, poor 

neutralizing, and ADE activities to a wide range of flaviviruses, are induced by natural 

infection and vaccination. In this study, it was found that the FL domain of lineage I ISFV 

has different antigenicity from those of pathogenic MBFV and lineage II ISFV, and JEV-

based SVPs with amino acid mutations (G106L, L107E, and F108W), which are originally 

contained in the FL domain of lineage I ISFV, avoid binding of anti-FL antibody. In addition 

to JEV, these mutations were also applied to SVPs of DENV2, ZIKV, and WNV. ELISA using 

SVP mutants allowed inhibition of non-specific cross-reactive antibodies and clearly 

detection of viral species-specific IgG and total Ig signals in ZIKV-, JEV-, and WNV-infected 

sera. When sera of mice infected with the different strain of ZIKV or WNV was applied to 

the ELISA, the virus-specific IgG signal was also observed. Furthermore, it was verified 

whether these SVP mutants could induce virus-specific antibodies without ADE activities. 

Immunization of ZIKV or JEV SVP mutant elicited antibody responses. These antibodies 

significantly suppressed ADE of heterologous viral infection compared the those of wild type 

SVP immunized mice and possessed neutralization activities against ZIKV or JEV. This study 

suggests that SVP mutants, substitution of G106L, L107E, and F108W, have potential to 

apply to ELISA-based serodiagnostic method and vaccine against flavivirus infections.  
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Conclusion 
 

MBFVs have highly conserved amino acid sequences of structural proteins among 

different virus species. Therefore, antibodies to these structural proteins are cross-reactive. 

Because the cross-reactive antibodies bind to a variety of flavivirus structural proteins, 

serodiagnostic methods capable of detecting viral species-specific antibodies have not yet 

been developed. In this study, the antigenicity of MBFV and ISFV was evaluated, and viral 

antigens were designed to reduce nonspecific binding of cross-reactive antibodies using 

amino acid sequences of viruses with different antigenic properties. 

 

In chapter I, reaction analysis with immune serum against lineage IIa ISFV, PSFV, 

and lineage IIb ISFV, BJV, was conducted to evaluate the antigenic similarity among lineage 

IIa and IIb ISFVs, and MBFV. Binding and ADE assays demonstrated that anti-PSFV sera 

had higher cross-reactivity with MBFV antigens than anti-BJV sera, while their 

neutralization activities against MBFV were not observed. These results show that lineage 

IIa ISFV, PSFV, has more similar structural proteins to MBFVs than lineage IIb ISFV, BJV. 

This suggests that when the ISFV migrates to humans and other vertebrates via of the virus-

infected mosquito bites, memory B cells induced by past MBFV infections may be 

reactivated. However, it is undetermined whether these ISFVs infect mosquitoes and are 

secreted into their saliva. Therefore, further experiments using alive mosquitoes are needed. 

 

In chapter II, MBFV SVPs (SVP mut4) with mutations in FL domain of lineage I 

ISFV were generated and applied to ELISA antigens. The SVP mut4 used as ELISA antigen 

suppressed non-specific cross-reactive binding of infected sera with MBFVs, especially 

ZIKV and WNV compared to SVP WT. Moreover, the SVP mut4 also decreased the non-

specific cross-reactive binding of and clearly detected the signal of infected sera with 

different strain of ZIKV and WNV. These results suggest that the ELISA using SVP mut4 

antigen becomes one of the candidates for serological test to diagnose flavivirus infection. 

SVP mut4-immunized sera also showed low cross-reactivity and comparatively specific 

binding to the antigen same as immunogen than SVP WT-immunized sera. These sera 

induced by immunization of the SVP mut4 suppressed significantly or more strongly ADE 

activities against heterologous viral infections than those of the SVP WT. A part of SVP mut4- 

or SVP WT-immunized sera neutralized infections of ZIKV or both of ZIKV and JEV 
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infections. These findings suggest that SVP mut4 could be a vaccine antigen which does not 

induce ADE activity.  
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Summary in Japanese 
 

     病原性蚊媒介性フラビウイルス（MBFV）は、異なるウイルス種間で構造タン

パク質のアミノ酸配列が高度に保存されている。そのため、これらの構造タンパク

質を認識する抗体は、交差反応性を示す。その交差反応性抗体は、幅広いフラビウ

イルスの構造タンパク質に結合するため、ウイルス種特異的な抗体を検出可能な血

清診断法は未だ開発されていない。本研究では、これまで報告されてきた MBFV 間

ではなく、MBFV と昆虫特異的フラビウイルス（ISFV）間の抗原性を比較し、異な

る抗原性を有するウイルスアミノ酸配列を用いて、交差反応性抗体の非特異的な結

合を低減させるウイルス抗原作出を試みた。 

 

第一章 MBFV と比較した lineage II ISFV の血清学的性状解析 

 

第一章では、分子系統学的に MBFV に近縁な lineage II ISFV の構造タンパク

質の抗原性を MBFV の構造タンパク質と比較した。まず、系統樹解析を実施した結

果、lineage II ISFV は lineage IIa ISFV と lineage IIb ISFV にクラスターが別れること

が明らかになった。そこで、これら二種類の lineage II ISFV の抗原性をそれぞれの

ウイルスに対する抗血清を用いて評価した。これまでに所属研究室で分離してきた

lineage IIa ISFV である PSFV と lineage IIb ISFV である BJV をマウスに免疫するこ

とにより、抗血清を作出した。それらの抗血清は一部の MBFV（DENV:デングウイ

ルス、ZIKV:ジカウイルス、JEV:日本脳炎ウイルスおよび WNV:ウエストナイルウイ

ルス）の感染細胞抗原に対し結合活性を示し、更に、それらの抗体は、フラビウイ

ルス感染症で問題となっている抗体依存性感染増強（ADE）活性をそれぞれの

MBFV に対して有していることを示した。また、PSFV 及び BJV に対する抗血清間

で、MBFV の ADE 活性が異なることも明らかにした。本結果から、lineage IIa ISFV

と lineage IIb ISFV では、抗原性が異なることが示唆され、lineage IIa ISFV である

PSFV と lineage IIb ISFV である BJV が MBFV（DENV、ZIKV、JEV 及び WNV）と

類似した抗原性の構造タンパク質を有していることを示した。本結果により、MBFV

感染歴のある患者が、ISFV 感染蚊に吸血されることにより、MBFV に対する抗体

が再活性化され、更にその抗体が ADE を誘導する可能性が示唆された。しかしな

がら、ISFV が感染した蚊の吸血により吸血対象へウイルスが導入されるかについ

ては不明であるため今後、更なる研究が必要である。 
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第二章 フラビウイルス種特異的な抗体の検出及び誘導を可能にするウイルスタ

ンパク質デザイン 

 

第二章では、MBFV、lineage II ISFV 及び lineage I ISFV の fusion loop（FL）ド

メインの抗原性を利用した交差反応を低減させるウイルスタンパク質の創出を試

みた。FL ドメインは、異なるフラビウイルス種間で高度に保存されており、抗 FL

抗体は幅広いフラビウイルスで交差反応することが報告されている。本研究では、

lineage I ISFV の FL ドメインは MBFV や lineage II ISFV と異なる抗原性を有するこ

とを明らかにした。更に、lineage I ISFV の FL ドメインの一部を搭載した MBFV

（DENV、ZIKV、JEV 及び WNV）の変異型ウイルス様粒子（SVP）を作出し、その

変異型 SVP へのフラビウイルス感染血清の交差反応性と、その免疫により誘導さ

れる抗体の交差反応性を評価した。その結果、野生型 SVP と比較して、変異型 SVP

ではフラビウイルス感染血清（同ウイルス種・株）の交差反応性を低減させ、ウイ

ルス種特異的な結合シグナルを検出できた。また、チャレンジフラビウイルス（同

ウイルス種・異なるウイルス株）の感染血清においても、強いウイルス種特異的な

結合シグナルを検出することができた。さらに、変異型 SVP を免疫した血清におい

て、交差反応性が低下し、ADE 活性が抑制された抗体が誘導され、それらの抗体は

中和活性を有することを示した。本成果は、変異型 SVP を ELISA 抗原として用い

ることにより、交差反応性抗体の非特異的な結合を減少させ、ウイルス特異的な抗

体が検出できる血清診断法への応用可能性を示した。更に、変異型 SVP 免疫血清で

は、野生型 SVP と比べ劇的に ADE 活性が抑制され、一部に中和活性が認められた。

以上の結果から、変異型 SVP は新規フラビウイルスワクチン抗原の候補になり得

ることが期待される。しかしながら、交差反応エピトープは FL ドメイン以外にも

存在する。そのため、今後、更なる交差エピトープを抗原性が異なる lineage I ISFV

に置換することにより、血清診断法及びワクチン開発に応用可能なウイルス抗原の

作出を目指す。 


