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ABSTRACT

The genus Flavivirus includes pathogenic tick- and mosquito-borne flaviviruses

as well as non-pathogenic insect-specific flaviviruses (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 Psorophora flavivirus (PSFV) as a lineage Ila ISFV, and Barkeji

virus (BJV) as a lineage IIb ISFV, to evaluate the antigenic similarity among lineage Ila

and IIb ISFVs, and pathogenic mosquito-borne flaviviruses (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 Ila ISFV PSFV has more antigenic similarity to MBFVs

than lineage IIb ISFV BJV.

1. Introduction

Flavivirus is a genus of single-stranded, enveloped RNA viruses, which includes

tick-borne flaviviruses (TBFVs), mosquito-borne flaviviruses (MBFVs), and

insect-specific flaviviruses (ISFVs). TBFVs and MBFVs infect vertebrates sometimes
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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 [1]. Therefore, lineage Il ISFVs are considered to be dual-host affiliated

ISFVs, which may be transmitted to mammals other than mosquitoes, as are MBFVs

[2,3]. However, there have been no reports of lineage II ISFVs infecting vertebrate cells

under natural conditions [4,5].

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

polyprotein comprised of structural and nonstructural proteins [6]. Reactive analyses

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

antibodies are mutually cross-reactive among MBFVs, especially Dengue virus

(DENV), Zika virus (ZIKV), Japanese encephalitis virus (JEV), and West Nile virus

(WNYV) [7-11]. These studies suggest that structural proteins are conserved among these

MBFVs. Recently, hemagglutination inhibition assays and reactive analyses using a

panel of anti-lineage I ISFV monoclonal antibodies showed that lineage II ISFV also

possessed antigenically similar structural proteins to MBFVs [3,12,13].

The lineage Il ISFVs are phylogenetically further divided into lineage Ila and

IIb, and lineage I1a ISFVs seem to be associated Aedes species [14]. While the antigenic

relationship between lineage II ISFV and MBFV have been investigated, the
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characterization of lineage Ila and IIb ISFVs compared with MBFVs are still poorly

understood. In this study, we performed antibody-based analyses using anti-lineage Ila

and IIb ISFV sera to MBFV antigens to identify antigenic similarity among lineage Ila

and IIb ISFVs, and the MBFVs. Therefore, we used two lineage 11 ISFVs, Psorophora

flavivirus (PSFV; lineage Ila ISFV) isolated from Psorophora albigenu in Bolivia, and

Barkedji virus (BJV; lineage IIb ISFV) isolated from Culex spp. in Zambia [2,14].

2. Materials and methods

2.1. 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 RPMI medium

(Thermo Fisher Scientific) supplemented with 10% FBS. Vero cells and K562 cells

were cultured at 37°C and 5% COz. dedes albopictus-derived C6/36 mosquito cells

(ATCC, Manassas, VA, USA) were cultured at 28°C, 5% CO: in Eagle’s Minimum

Essential Medium (MEM; Nissui) supplemented with 10% FBS and non-essential

amino acids (Thermo Fisher Scientific, Waltham, MA, USA).
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2.2. Viruses

Dengue virus type 2 (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 zmql6m11 strain (GenBank

accession no. LC318700) were used as vertebrate-infecting mosquito-borne flaviviruses

(MBFVs). Psorophora flavivirus (PSFV) (GenBank accession no. LC567151) and

Barkedji virus (BJV) zmq17L31 strain (GenBank accession no. LC497470) were used

as lineage Ila 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.

2.3. 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 Il ISFVs used in this study

were evaluated using BLAST analysis. For phylogenetical analyses, amino acid

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

envelope (prME) proteins were generated using the MUSCLE algorithm of the CLC

Genomics Workbench 20.1 (Qiagen, Hilden, Germany). Maximum-likelihood (ML)
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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 1000 replicates in MEGA X software [15]. The phylogenetic

trees were visualized using Interactive Tree Of Life version 6.5.2 [16].

2.4. Focus forming assays (FFA)

Vero cells (1.5 x 10° cells/well) for MBFVs or C6/36 cells (1.0 x 10° 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 DENV?2). 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-buftered saline (PBS) containing 1% bovine serum albumin (BSA) at room
temperature (RT) for 30 min. Anti-flavivirus nonstructural protein 1 (NS1) monoclonal
4G4 antibody [17] for MBFVs or anti-flavivirus envelope monoclonal BJ-6E6 antibody

[13] for lineage II ISFVs in 0.1% BSA-PBS was then added to each well and incubated
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at RT for 1 h. Alexa Fluor 488-conjugated anti-mouse IgG 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.

2.5. 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 nos. 18-0036 and 18-0149).

2.6. MBFV-infected serum

AG129 mice deficient in interferon-o/f and -y receptors were obtained from
Marshall BioResources (Hull, East Yorkshire, UK), and bred in-house in an animal
facility. Ten-week-old male AG129 mice were inoculated subcutaneously with 1.0 x 10°
FFU of DENV2 or ZIKV. Six-week-old female BALB/c mice (Japan SLC, Shizuoka,
Japan) were inoculated subcutaneously with 1.0 x 10% FFU of JEV or 1.0 x 10*FFU of

WNV. The body weight of the virus-inoculated mice was monitored daily. When mice
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showed a 10% decrease in their body weight, they were euthanized using excess

isoflurane 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.

2.7. 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 pum syringe filter and

pelleted by ultracentrifugation with a 20% sucrose cushion using an SW32Ti rotor

(Beckman Coulter, Brea, CA, USA) at 153,720 xg for 3 h [18]. 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.

2.8. Immunization

Six-week-old female BALB/c mice were subcutaneously inoculated with 20 pg

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.
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2.9. Enzyme-linked immunosorbent assay (ELISA)

Vero cells (6.0 x 10° cells/well) or C6/36 cells (4.0 x 10° 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-HCI (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. The plates were blocked with 5% skim milk-PBS at RT for
30 min. Immunized mouse sera and pan-flavivirus 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 (PBS-T). 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 value was



178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

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 of non-immunized control sera. The values lower than the cut-off

value were expressed as the limit of detection.

2.10. Foci reduction neutralization test (FRNT)

Vero cells (7.5 x 10* cells/well) or C6/36 (5.0 x 10° 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 (ZIKYV, JEV, and WNV) or 72 h (PSFV, BJV,
and DENV?2). Fixation and primary antibody treatments were performed, as described
in Section 2.4. 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
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highest serum dilution showing a 50% reduction in the number of foci compared to

non-immunized control serum (FRNTS5), as previously reported [19].

2.11. Antibody-dependent enhancement (ADE) of MBFV infection

Flow cytometry-based assays were performed to measure the ADE of MBFV
infection, as previously reported [8]. Serial 10-fold dilutions of serum samples were
incubated with MBFV (MOI of 0.1) for 1 h at 37°C, and 5.0 x 10* 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, San Diego, CA, USA).

2.12. Statistical analysis
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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.

3. Results

3.1. The prME proteins of lineage Ila ISF'Vs are phylogenetically closely related to

those of MBF'Vs

ML phylogenetic analysis based on whole amino acid sequences showed that

both lineage Ila 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 [20], indicating that lineage II ISFVs have

a greater amino acid sequence similarity to MBFVs compared to lineage I ISFVs.

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

among flaviviruses [21,22]. We investigated the prME amino acid sequences of the

MBFVs and lineage II ISFVs used in this study. The prME of DENV2, ZIKV, JEV, and

WNV had 45-78% amino acid sequence identity and over 60% similarity to each other.

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
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MBFVs (Table S1). The fusion loop domain in prME, which is known to be highly

conserved in MBFVs, was conserved in both lineage II ISFVs (Fig. S1) [23]. We also

performed ML phylogenic analysis on the prME amino acid sequences of the

flaviviruses. Lineage Ila ISFVs belonged to a clade of MBFVs, while lineage IIb ISFVs

were associated with a different clade (Fig. 1B). This result suggested that the prME

protein of lineage Ila ISFVs is more closely related to MBFVs than that of lineage IIb

ISFVs.

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

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

performed serological analysis using antisera from mice subcutaneously immunized

with purified PSFV from lineage Ila ISFV or BJV from lineage IIb ISFV.

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. 2A, S2A and S2B). We evaluated the reactivity of antisera

to cellular lysates infected with MBFVs, including DENV2, ZIKV, JEV, and WNV.
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Pan-flavivirus 4G2 antibody was used as a positive control and reacted against all the

lysates infected with MBFVs (Figs. S2C and S2D). There were no differences in

non-specific binding to cell lysates of non-infected Vero cells between the anti-PSFV

sera, anti-BJV sera, and non-immunized control sera (Fig. S2E). 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. 2B and S2F). 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. 2B and S2F).

Antibodies which recognize structural proteins such as prME enhance flavivirus

infection by incorporating virus-bound antibodies via the Fcy receptor [24,25]. This

enhancement of antibody-dependent viral infection has been called antibody dependent

enhancement (ADE). We found that anti-PSFV and BJV sera reacted to cell lysates

infected with DENV?2, ZIKV, JEV, or WNYV, suggesting that anti-PSFV and BJV sera

may elicit ADE. Therefore, we used flow cytometry-based ADE assays using Fcy

receptor-expressing K562 cells 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. 3A), and the overall ADE activity
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of anti-PSFV sera was significantly higher than those of control sera (Fig. 3B). In

contrast, anti-BJV sera had only a slightly enhanced number of infected cells with each

MBFYV (Fig. 3A), and their overall ADE activity was not significantly higher than those

of control sera (Fig. 3B). 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 [10]. We 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. S3).

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

We evaluated the neutralizing activity of lineage II ISFV antisera against the

lineage I1 ISFV or MBFV infection. First, inhibition of PSFV or BJV infection in C6/36

cells by anti-PSFV or BJV sera was confirmed using FRNT (Figs. 4A and 4B). Some of

those antisera neutralized not only their own virus infection but also other lineage 11

ISFV infections. Next, we 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. 4C). In contrast,
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anti-PSFV and BJV sera showed few or no foci reductions against DENV2, ZIKV, JEV,

or WNV (Fig. 4C). The FRNT5o titers of both anti-ISFV sera were significantly lower

than those of positive control sera against all MBFVs (Fig. 4D). 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.

4. Discussion

Previous studies using MBFV antisera showed that hemagglutination activities

of lineage Ila 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 [3,12],

suggesting that these lineage I ISFVs antigens were cross-reactive with MBFV antisera.

In this study, we evaluated cross-reactivities of both lineage Ila and IIb ISFVs antisera

with MBFVs antigens. Our results showed that the lineage Ila 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
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antigenically similar to MBFVs than BJV. We further found that both lineage II antisera

recognized prM and E proteins of each MBFV (Fig. S3). Taken together, these

observations suggest that lineage Ila 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).

Our results and previous studies showed lineage II ISFV possessed antigenically

similar viral proteins to MBFVs [3,12,13]. Furthermore, this study demonstrated the

existence of antigenic differences between genetically closely related lineage Ila and I1b

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

virus strain as representative of each lineage Ila 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.

Declaration of competing interest

Shinsuke Toba, Kentaro Uemura and Akihiko Sato are employees of Shionogi &

Co., Ltd. Other authors declare no competing interests.



322

323

324

325

326

327

328

329

330

331

332

333

Acknowledgments

This work was supported by the Japan Agency for Medical Research and

Development (AMED) under grant number JP21wm0225018 (Y.O.), Japan Program for

Infectious Diseases Research and Infrastructure (AMED) under grant number

JP21wmO0125008 (H.S.), by the Ministry of Education, Culture, Sports, Science and

Technology, Japan (MEXT) /Japan Society for the Promotion of Science (JSPS)

KAKENHI under the grant number JP20K21298 (Y.O.) and JP20J22269 (K.T.), by the

Japan Science and Technology Agency (JST) Moonshot R&D under the grant number

JPMIMS2025 (Y.O.). We would like to thank Enago (www.enago.jp) for English

language review.


http://www.enago.jp/

334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369

[1] J. Hobson-Peters, J.J. Harrison, D. Watterson, et al., A recombinant platform for flavivirus
vaccines and diagnostics using chimeras of a new insect-specific virus, Sci Transl Med 11 (2019).
10.1126/scitranslmed.aax7888.

[2] C.E. Wastika, H. Harima, M. Sasaki, et al.,, Discoveries of Exoribonuclease-Resistant
Structures of Insect-Specific Flaviviruses Isolated in Zambia, Viruses 12 (2020).
10.3390/v12091017.

[3] A.J. Auguste, R.M. Langsjoen, D.L. Porier, et al., Isolation of a novel insect-specific flavivirus
with immunomodulatory effects in vertebrate systems, Virology 562 (2021) 50-62.
10.1016/j.virol.2021.07.004.

[4] T.B.H. Piyasena, N.D. Newton, ]. Hobson-Peters, et al.,, Chimeric viruses of the
insect-specific flavivirus Palm Creek with structural proteins of vertebrate-infecting flaviviruses
identify barriers to replication of insect-specific flaviviruses in vertebrate cells, ] Gen Virol 100
(2019) 1580-1586. 10.1099/jgv.0.001326.

[5] AAM.G. Colmant, J. Hobson-Peters, T.A.P. Slijkerman, et al., Insect-Specific Flavivirus
Replication in Mammalian Cells Is Inhibited by Physiological Temperature and the Zinc-Finger
Antiviral Protein, Viruses 13 (2021). 10.3390/v13040573.

[6] C.J. Neufeldt, M. Cortese, E.G. Acosta, et al., Rewiring cellular networks by members of the
Flaviviridae family, Nat Rev Microbiol 16 (2018) 125-142. 10.1038/nrmicro.2017.170.

[7] W.D. Crill, G.J. Chang, Localization and characterization of flavivirus envelope glycoprotein
cross-reactive epitopes, ] Virol 78 (2004) 13975-13986. 10.1128/JV1.78.24.13975-13986.2004.
[8] S.V. Bardina, P. Bunduc, S. Tripathi, et al., Enhancement of Zika virus pathogenesis by
preexisting antiflavivirus immunity, Science 356 (2017) 175-180. 10.1126/science.aal4365.

[9] H. Garg, R. Yeh, D.M. Watts, et al., Enhancement of Zika virus infection by antibodies from
West Nile virus seropositive individuals with no history of clinical infection, BMC Immunol 22
(2021) 5. 10.1186/s12865-020-00389-2.

[10] W. Dejnirattisai, A. Jumnainsong, N. Onsirisakul, et al., Cross-reacting antibodies enhance
dengue virus infection in humans, Science 328 (2010) 745-748. 10.1126/science.1185181.

[11] Y. Saito, M.L. Moi, N. Takeshita, et al., Japanese encephalitis vaccine-facilitated dengue
virus infection-enhancement antibody in adults, BMC Infect Dis 16 (2016) 578.
10.1186/s12879-016-1873-8.

[12] H. Guzman, M.A. Contreras-Gutierrez, A.P.A. Travassos da Rosa, et al., Characterization of
Three New Insect-Specific Flaviviruses: Their Relationship to the Mosquito-Borne Flavivirus
Pathogens, Am ] Trop Med Hyg 98 (2018) 410-419. 10.4269/ajtmh.17-0350.

[13] J.J. Harrison, J. Hobson-Peters, A.M.G. Colmant, et al., Antigenic Characterization of New
Lineage II Insect-Specific Flaviviruses in Australian Mosquitoes and Identification of Host

Restriction Factors, mSphere 5 (2020). 10.1128/mSphere.00095-20.



370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400

401

[14] Y. Orba, K. Matsuno, R. Nakao, et al., Diverse mosquito-specific flaviviruses in the Bolivian
Amazon basin, ] Gen Virol 102 (2021). 10.1099/jgv.0.001518.

[15] S. Kumar, G. Stecher, M. Li, et al., MEGA X: Molecular Evolutionary Genetics Analysis
across Computing Platforms, Mol Biol Evol 35 (2018) 1547-1549. 10.1093/molbev/msy096.

[16] I. Letunic, P. Bork, Interactive Tree Of Life (iTOL) v5: an online tool for phylogenetic tree
display and annotation, Nucleic Acids Res 49 (2021) W293-W296. 10.1093/nar/gkab301.

[17] D.C. Clark, M. Lobigs, E. Lee, et al., In situ reactions of monoclonal antibodies with a viable
mutant of Murray Valley encephalitis virus reveal an absence of dimeric NS1 protein, ] Gen Virol
88 (2007) 1175-1183. 10.1099/vir.0.82609-0.

[18] M. Sasaki, P.D. Anindita, W. Phongphaew, et al., Development of a rapid and quantitative
method for the analysis of viral entry and release using a NanoLuc luciferase complementation
assay, Virus Res 243 (2018) 69-74. 10.1016/j.virusres.2017.10.015.

[19] J.L. Slon Campos, M. Poggianella, S. Marchese, et al., DNA-immunisation with dengue
virus E protein domains I/II, but not domain III, enhances Zika, West Nile and Yellow Fever
virus infection, PLoS One 12 (2017) e0181734. 10.1371/journal.pone.0181734.

[20] B.]. Blitvich, A.E. Firth, Insect-specific flaviviruses: a systematic review of their discovery,
host range, mode of transmission, superinfection exclusion potential and genomic organization,
Viruses 7 (2015) 1927-1959. 10.3390/v7041927.

[21] T.C. Pierson, M.S. Diamond, The continued threat of emerging flaviviruses, Nat Microbiol
5 (2020) 796-812. 10.1038/541564-020-0714-0.

[22] E. Krol, G. Brzuska, B. Szewczyk, Production and Biomedical Application of Flavivirus-like
Particles, Trends Biotechnol 37 (2019) 1202-1216. 10.1016/j.tibtech.2019.03.013.

[23] B.S. Berneck, A. Rockstroh, J. Fertey, et al., A Recombinant Zika Virus Envelope Protein
with Mutations in the Conserved Fusion Loop Leads to Reduced Antibody Cross-Reactivity upon
Vaccination, Vaccines (Basel) 8 (2020). 10.3390/vaccines8040603.

[24] L. Priyamvada, K.M. Quicke, W.H. Hudson, et al., Human antibody responses after dengue
virus infection are highly cross-reactive to Zika virus, Proc Natl Acad Sci U S A 113 (2016)
7852-7857.10.1073/pnas.1607931113.

[25] A.P. Goncalvez, R.E. Engle, M. St Claire, et al., Monoclonal antibody-mediated
enhancement of dengue virus infection in vitro and in vivo and strategies for prevention, Proc

Natl Acad Sci U S A 104 (2007) 9422-9427. 10.1073/pnas.0703498104.



402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

Figure Legends

Fig. 1 Phylogenetic analysis of insect-specific flaviviruses (ISFVs) based on amino

acid sequences. Pathogenic mosquito-borne flaviviruses (MBFVs), including Dengue

virus type 2 (DENV2), Zika virus (ZIKV), Japanese encephalitis virus (JEV) and West

Nile virus (WNV) used in this study are highlighted in the black squares. Lineage 11

ISFVs, Psorophora flavivirus (PSFV) and Barked;ji virus (BJV), are highlighted in the

dot-lined square. Phylogenetic trees were generated based on (A) whole amino acid

sequence and (B) precursor membrane and envelope protein (prME) by the

maximum-likelthood method using best-fit models with bootstrap values of 1,000

replicates.

Fig. 2 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 11 ISFVs and (B) MBFVs was evaluated using enzyme-linked immunosorbent

assay (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. 3 Antibody-dependent enhancement (ADE) of MBFYV infection by anti-PSFV
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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.

Fig. 4 Neutralizing activities of anti-PSFV or BJV sera against MBFVs. (A) Foci

reduction neutralization tests (FRNTs) against PSFV or BJV were performed using

C6/36 cells. (B) The FRNTS5 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 FRNTS5 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.
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