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Viral subunit vaccines often suffer low efficacy. We recently showed that when taken out of the context of whole virus particles, recombinant subunit vaccines contain artificially exposed surface regions that are non-neutralizing and reduce their efficacy, and thus these regions need to be re-buried in vaccine design. Here we used the envelope protein domain III (EDIII) of Japanese encephalitis virus (JEV), a subunit vaccine candidate, to further validate this important concept for subunit vaccine designs. We constructed monomeric EDIII, dimeric EDIII via a linear space, dimeric EDIII via an Fc tag, and trimeric EDIII via a foldon tag. Compared to monomeric EDIII or linearly linked dimeric EDIII, tightly packed EDIII oligomers via the Fc or foldon tag induce higher neutralizing antibody titers in mice and also protect mice more effectively from lethal JEV challenge. Structural analyses demonstrate that part of the artificially exposed surface areas on recombinant EDIII becomes re-buried in Fc or foldon-mediated oligomers. This study further establishes the artificially exposed surfaces as an intrinsic limitation of subunit vaccines, and suggests that re-burying these surfaces through tightly packed oligomerization is a convenient and effective approach to overcome this limitation.
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Significance

When recombinant viral subunit vaccines are made, large areas on their surface become artificially exposed and contain non-neutralizing regions that reduce their efficacy. To overcome this intrinsic limitation of subunit vaccine design, this study investigated whether oligomerization of subunit vaccines can re-bury part of their artificially exposed surface regions and hence enhance their efficacy. To this end, this study designed different oligomers of a Japanese encephalitis virus (JEV) subunit vaccine comprised of its envelope E protein domain III (EDIII), and revealed that when EDIII forms tightly packed oligomers, both the neutralizing immunogenicity and protective efficacy were significantly improved. Therefore, oligomerization of viral subunit vaccines is a convenient and effective approach for the design and development of highly efficacious viral subunit vaccines.



Introduction

Compared to traditional viral vaccines such as live attenuated or inactivated virus particles, recombinant viral subunit vaccines are safe and convenient, but often suffer low efficacy (Dormitzer et al., 2008; Kwong et al., 2011; Dormitzer et al., 2012; Kulp and Schief, 2013; Wan et al., 2021; Islam et al., 2022). In a recent study, we identified an intrinsic limitation of subunit vaccine design that at least partially accounts for the low efficacy of viral subunit vaccines (Kwon et al., 2012; Wang et al., 2015; Du et al., 2016). Specifically, when recombinant subunit vaccines are taken out of the context of the whole virus particle, large surface areas on the subunit vaccines that were previously buried on the whole virus particle now become exposed. These artificially exposed surfaces may contain immunodominant non-neutralizing epitopes that can distract the immune system from reacting to neutralizing epitopes. As a result, subunit vaccines fail to induce sufficient neutralizing immune responses, and their efficacy is significantly hampered. To overcome the above intrinsic limitation of subunit vaccines, the non-neutralizing epitopes on their surface need to be covered so that they can no longer be accessible to the immune system. Using a subunit vaccine comprised of the receptor-binding domain (RBD) of the Middle East respiratory syndrome coronavirus (MERS-CoV), we showed that engineered glycan probes can mask these non-neutralizing epitopes on subunit vaccines, causing the host immune system to refocus on neutralizing epitopes and leading to enhancement of vaccine efficacy. Other than the glycan probe approach, epitope resurfacing can alter non-neutralizing epitopes and reduce their negative contribution to vaccine efficacy (Wu et al., 2010; Malito et al., 2013; Cabrera Infante et al., 2014; Zhou et al., 2020). However, both of these approaches require identification of individual immunodominant non-neutralizing epitopes, which can be plenty on the surface of subunit vaccines. A more convenient approach to generally cover non-neutralizing regions can facilitate the development of highly efficacious subunit vaccines.

Japanese encephalitis virus (JEV) is the leading cause of epidemic viral encephalitis in humans in Asian countries, with case fatality rates of ~25-30% (Morita et al., 2015; Dong and Soong, 2021; Ramli et al., 2022; Xu et al., 2022). It is a member of the Flavivirus family and belongs to the arbovirus genus; this genus also includes human pathogens Zika virus (ZIKV), West Nile virus (WNV), Dengue virus (DENV), and Yellow Fever virus (YFV) (Kuno et al., 1998; Van den Eynde et al., 2022). JEV is an enveloped and positive-stranded RNA virus. The virus-surface envelope protein (E) is responsible for JEV entry into host cells. During virus entry, the E protein of JEV first binds to a receptor on the host cell surface for viral attachment and subsequently fuses viral and host membranes, although the receptor for JEV is still being investigated (Liu et al., 2015). The tertiary structures of the E proteins from JEV and several other flaviviruses have been determined (Kanai et al., 2006; Luca et al., 2012). The flavivirus E proteins all form dimers, and the dimers further pack following a five-fold symmetry on virus surfaces (Kuhn et al., 2002). Each monomeric E protein contains four domains; among these domains, domain III (EDIII) contains the receptor-binding site and induces protective neutralizing antibodies (Mason et al., 1989; Wu et al., 2003; Alka et al., 2007). Thus, the JEV EDIII is a subunit vaccine candidate against JEV infections. However, like other viral subunit vaccines, recombinant JEV EDIII vaccine suffer low efficacy (Mason et al., 1989; Wu et al., 2003; Alka et al., 2007). Enhancing the efficacy of JEV EDIII subunit vaccines is a high priority in humans’ battle against JEV infections.

Here we show that when recombinant JEV EDIII molecules are made in tightly packed oligomeric forms, the potentially non-neutralizing regions on the artificially exposed surface of JEV EDIII can be re-buried at the oligomer interface, enhancing the vaccine efficacy. This study confirms artificially exposed surfaces as an intrinsic limitation of viral subunit vaccines, establishes oligomerization as a convenient approach to overcome this limitation, and reveals JEV EDIII in tightly packed oligomeric forms as promising subunit vaccine candidate to combat JEV infections.



Materials and Methods


Ethics Statement

All experiments involving animals were approved by the Institutional Animal Care and Use Committee (IACUC) of the Laboratory Animal Center, State Key Laboratory of Pathogen and Biosecurity, Beijing Institute of Microbiology and Epidemiology (Permit Number IACUC-DWZX-2021-071).



Expression and Purification of Recombinant JEV EDIII fragments

The recombinant JEV P3 strain EDIII fragments were expressed and purified as previously described (Du et al., 2013). Briefly, JEV EDIII fragments (residues 292-402; accession number AY243844) were expressed in HEK293T cells and secreted into the cell culture medium. EDIII, EDIII-EDIII, EDIII-Fd and E with a C-terminal His6 tag were purified on Ni-NTA column (Qiagen), and EDIII-Fc was purified on Protein A affinity column (GE Healthcare). The yeild of used expression and purification system for each recombinant protein is larger than 0.5 mg/L, and the purity of each recombinant protein is higher than 95%.



SDS-PAGE and Western Blot

The purified recombinant EDIII fragments were run on 10% Tris-Glycine gels, and then either stained with Coomassie blue or transferred onto nitrocellulose membranes for Western blot analysis. For Western blot analysis, after blocking with 5% non-fat milk in PBST overnight at 4°C, the membranes were incubated with an EDIII-specific mAb (1:1,000, LSBio) for 1.5 h at room temperature. After three washes, the membranes were incubated with horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (1:5,000, Invitrogen) for 0.5 h at 37°C, followed by incubation with ECL Western blot substrate reagents.



Flow Cytometry

Binding of recombinant EDIII fragments to Vero cells was measured using flow cytometry analysis as previously described with some modifications (Du et al., 2013). Briefly, proteins (20 μg/mL) were incubated with Vero cells for 30 min at 37°C. After washes, cells were stained with FITC-labeled anti-His-tag antibodies (for proteins with His tag), or anti-human IgG-Fc antibodies (for proteins with Fc tag) for 20 min at room temperature. BSA at the same concentration was used as the control. The binding of the proteins to cells was analyzed using flow cytometer.



Mouse Immunization and Virus Challenge

Mouse immunization and JEV challenge were carried out as previously described with modifications (Alka et al., 2007). Briefly, six- to eight-week-old female BALB/c mice were intramuscularly immunized with one of the recombinant EDIII fragments (10 μg/mouse) in the presence of aluminum adjuvant (Invitrogen), and boosted once at 4-week intervals. PBS was used as the control. Mouse sera were collected 10 days post-boost for the detection of EDIII-specific total IgG antibodies and neutralizing antibodies. Three months post-boost, mice were challenged with a lethal dose (100-Fold LD50) of JEV P3 strain (accession number AY243844), harvested from infected Vero cells supernatant. Survival rate and body weight of the mice were then monitored daily for 10 days.



ELISA

The titers of JEV E-specific total IgG antibodies in mouse sera were measured using ELISA as previously described with some modifications (Wu et al., 2003). Briefly, 96-well ELISA plates were pre-coated with full-length JEV E protein (1 μg/mL, produced in Lab), and blocked with 2% non-fat milk-PBST for 2 h at 37°C. Serially diluted mouse sera were then added to the plates, and incubated for 2 h at 37°C. After four washes with PBST, E protein-bound antibodies were incubated with HRP-conjugated goat anti-mouse IgG (1:5,000, Invitrogen) for 1 h at 37°C. Then ELISA substrate 3,3’,5,5’-tetramethylbenzidine (TMB) (Invitrogen) was added. After incubation for 10 min, the reaction was stopped by 1N H2SO4. The absorbance of resulting ELISA products at 450 nm was measured using ELISA plate reader (Tecan).



Neutralization Assay

Plaque reduction neutralization test (PRNT) was carried out to measure the titers of neutralizing antibodies in mouse sera as previously described (Verma et al., 2009). Briefly, the viral suspension of JEV (P3 strain) at 100 PFU were incubated with serially diluted sera for 90 min at 37°C. The sera-virus mixtures were transferred onto monolayers of BHK-21 cells. After incubation for 1 h at 37°C, overlay medium (1% carboxymethyl cellulose in DMEM containing 2% FBS) was added and cultured further at 37°C for 5 days. The number of plaque formation was counted after stained by 0.5% crystal violet. The titers of neutralizing antibodies are presented as the highest dilution of sera that result in a complete inhibition of virus infectivity in at least 50% of the wells (NT50).



Statistical Analysis

Statistical significance among different groups was calculated by Student’s t test using GraphPad Prism statistical software. *, **, and *** indicate P < 0.05, P <0.01, and P <0.001, respectively.




Results


Design of Recombinant JEV EDIII Fragments

This study aimed to investigate whether oligomerization of recombinant viral subunit vaccines can cluster vaccine molecules together and re-bury the artificially exposed surface regions of the subunit vaccines. To this end, we designed four different recombinant JEV EDIII fragments: monomeric EDIII molecule (i.e., EDIII), two EDIII molecules linked head to tail through a short linear spacer Gly-Gly-Gly-Gly-Ser (i.e., EDIII-EDIII), two EDIII molecules clustered side by side through a Fc dimerization tag (i.e., EDIII-Fc), and three EDIII molecules clustered side by side through a foldon trimerization tag (i.e., EDIII-Fd) (Figure 1). The goal of these designs was to produce EDIII fragments in different oligomeric forms: monomer (EDIII), loosely packed linear dimer (EDIII-EDIII), tightly packed side-by-side dimer (EDIII-Fc), and tightly packed side-by-side trimer (EDIII-Fd).




Figure 1 | Design of recombinant JEV EDIII fragments. Schematic diagrams of JEV E protein and recombinant EDIII fragments are shown. EDIII contains a C-terminal His6 tag; EDIII-EDIII was constructed by linking two EDIII molecules head to tail through a short linear spacer, and it also contains a C-terminal His6 tag, EDIII-Fc was constructed through a C-terminal Fc dimerization tag; EDIII-Fd was constructed through a C-terminal foldon trimerization tag, and it also contains a C-terminal His6 tag.





Preparation and Biochemical Characterization of Recombinant JEV EDIII Fragments

We expressed and purified the above four recombinant JEV EDIII fragments as secreted proteins in mammalian cells. We performed gel electrophoresis of the purified EDIII fragments to detect their quality and oligomeric state (Figure 2A). After Coomassie blue staining, all of the purified EDIII fragments were shown to be homogenous. Moreover, after being boiled for complete denaturing, the EDIII fragments migrated on the gel at the same speed as their monomeric molecular weight indicated (~13 kDa for EDIII, ~25 kDa for EDIII-EDIII, ~35 kDa for EDIII-Fc, and ~13 kDa for EDIII-Fd). On the other hand, when not being boiled to partially preserve their native structure, the EDIII fragments migrated on the gel at the same speed as their oligomeric molecular weight indicated (~13 kDa for EDIII, ~25 kDa for EDIII-EDIII, ~70 kDa for EDIII-Fc, and ~40 kDa for EDIII-Fd). Thus, all of the EDIII fragments are in their respective oligomeric state as expected. We also performed Western blot of the purified EDIII fragments using a monoclonal antibody (mAb) specifically targeting JEV EDIII (Figure 2A). The result showed that all of the EDIII fragments bound strongly to the mAb, suggesting that the recombinant EDIII fragments maintained their antigenic structure. Furthermore, we carried out flow cytometry to investigate whether the recombinant EDIII fragments bound to JEV-susceptible cells (Figure 2B). The result showed that all of the EDIII fragments bound to the cells, but with different binding affinity: low affinity for EDIII, higher affinity for EDIII-EDIII, highest affinity for EDIII-Fc and EDIII-Fd. The high cell-binding affinity of oligomeric EDIII fragments likely resulted from their multivalent receptor-binding sites. Overall, the purified recombinant EDIII fragments maintain their antigenic structure, receptor-binding site, and form oligomers as designed.




Figure 2 | Biochemical characterization of recombinant JEV EDIII fragments. (A) SDS-PAGE and Western blot analyses of purified recombinant EDIII fragments. Protein samples (10 μg) were either boiled at 95°C for 5 min or not boiled, and then subjected to either SDS-PAGE and Coomassie blue staining (left) or Western blot and recognition by an EDIII-specific mAb (right). (B) Flow cytometry analysis of the binding of recombinant EDIII fragments to JEV-susceptible Vero cells. Cells were sequentially incubated with either one of the recombinant EDIII fragments (20 µg/mL) or BSA control (gray shade), followed by incubation with either FITC-labeled anti-human IgG (for EDIII-Fc) or anti-His tag antibody (for EDIII, EDIII-EDIII, EDIII-Fd).





Immunogenicity of Recombinant JEV EDIII Fragments

We evaluated the immunogenicity of recombinant JEV EDIII fragments. To this end, mice were immunized with one of the JEV EDIII fragments, respectively, and their sera were subsequently analyzed for the titers of JEV E-specific total IgG antibodies and neutralizing antibodies. ELISA was performed between the full-length JEV E protein and each of the mouse sera to measure the titers of JEV E-specific total IgG antibodies induced by each of the EDIII fragments (Figure 3A). The results showed that all of the EDIII fragments induce the production of high titers of JEV E-specific total IgG antibodies. Moreover, plaque reduction neutralization assay was carried out to detect the efficiency of each of the mouse sera in inhibiting the formation of JEV plaques on monolayers of JEV-susceptible cells, a reflection of the titers of neutralizing antibodies in each of the mouse sera (Figure 3B). EDIII-Fc and EDIII-Fd are both significantly more efficient than EDIII and EDIII-EDIII in the capacity to induce the production of neutralizing antibodies. Therefore, all of the EDIII fragments are immunogenic, but EDIII-Fc and EDIII-Fd have significantly higher neutralizing immunogenicity than EDIII and EDIII-EDIII.




Figure 3 | Immunogenicity of recombinant JEV EDIII fragments. (A) Measurement of the titers of total IgG antibodies in sera of mice immunized with one of the EDIII fragments. To this end, ELISA was carried out between the full-length JEV E protein and mouse sera. The titers of JEV E-specific total IgG antibodies are expressed as the endpoint dilutions that remain positively detectable. (B) Measurement of the titers of neutralizing antibodies in sera of mice immunized with one of the EDIII fragments. To this end, plaque reduction neutralization assay was performed to detect the efficiency of mouse sera in inhibiting the formation of JEV plaques. The titers of neutralizing antibodies are presented as the highest dilution of sera that result in a complete inhibition of virus infectivity in at least 50% of the wells (NT50). In both panels, PBS was used as a control, and the data are presented as mean ± SD of five mice in each group, *P < 0.05, ***P < 0.001.





Efficacy of Recombinant JEV EDIII Fragments in Protecting Animals From Lethal JEV Challenge

We investigated the efficacy of recombinant JEV EDIII fragments in protecting mice from lethal JEV challenge. To this end, mice were immunized with one of the JEV EDIII fragments, respectively, challenged with JEV, and then monitored for their survival rate and weight change rate (Figures 4A, B). Non-immunized mice were used as controls. The result showed that upon JEV challenge, EDIII-Fd and EDIII-Fc conferred 100% and 80% protection, respectively, for immunized mice. In contrast, EDIII-EDIII conferred only 40% protection for immunized mice, and mice immunized with EDIII or non-immunized mice all died on the 8th day and 4th day post-infection, respectively. Consistent with the survival rates of immunized mice, the weight change rate of mice immunized with EDIII-Fd or EDIII-Fc were much higher than those of mice immunized with EDIII, EDIII-EDIII, or non-immunized mice. Thus, EDIII-Fd and EDIII-Fc confer significantly higher protection for immunized mice from JEV infections than EDIII-EDIII and EDIII, which is consistent with the neutralizing immunogenicity of these recombinant EDIII fragments.




Figure 4 | Efficacy of recombinant JEV EDIII fragments in protecting animal models from lethal JEV challenge. Mice were immunized with one of the recombinant EDIII fragments, respectively, and then challenged with JEV (P3 strain, 100× LD50). Challenged mice were observed daily for survival rate (A) and weight change rate (B). The data are presented as mean ± SD of five mice in each group. *P < 0.05, **P < 0.01 and "ns" means no significance.





Modeling Tertiary Structures of JEV EDIII Fragments

To understand the spatial relationships among different subunits in EDIII oligomers, we constructed tertiary structural models for each of the recombinant EDIII fragments (Figure 5). EDIII is part of the full-length dimeric E protein that further packs following a five-fold symmetry on mature JEV virus particles (Figures 5A–C). Thus, monomeric EDIII contains large areas of artificially exposed surface regions. Like EDIII, EDIII-EDIII also contains large exposed surface areas because there is little contact between the two subunits in EDIII-EDIII (Figure 5D). In contrast, the subunits in both EDIII-Fc and EDIII-Fd are tightly packed together with significant inter-subunit contacts (Figures 5E, F). Thus, compared with EDIII and EDIII-EDIII, both EDIII-Fc and EDIII-Fd contain much less exposed surface areas. Therefore, when taken out of the context of the JEV particles, recombinant EDIII contains artificially exposed surface areas that still exist in loosely packed EDIII dimer, but become re-buried in tightly packed EDIII dimer and trimer.




Figure 5 | Modeled tertiary structures of JEV EDIII fragments. (A) EDIII of JEV E protein (PDB ID: 3P54). N- and C-terminal are shown in figure. (B) Dimeric JEV E protein (PDB ID: 3P54). EDIII is in blue. (C) Dimeric JEV E protein packed in a five-fold symmetry as on JEV virions (Kanai et al., 2006). (D) EDIII-EDIII. Two EDIII molecules (in blue and red, respectively) are linked head to tail through a short linear spacer (shown in the figure). (E) EDIII-Fc. Two EDIII molecules (in blue and red, respectively) are tightly packed side by side through an Fc dimerization tag (in cyan; PDB ID: 1IGT). (F) EDIII-Fd. Three EDIII molecules (in blue, red and magenta, respectively) are tightly packed side by side through a foldon trimerization tag (in cyan; PDB ID: 4NCV).






Discussion

It had been a long-time mystery why recombinant viral subunit vaccines often suffer low efficacies. Using MERS-CoV spike protein receptor-binding domain (RBD) as a model system, our recent study revealed an intrinsic limitation associated with subunit vaccine designs (Du et al., 2016). That is, when recombinant subunit vaccines are taken out of the context of the whole virus particles, large surface areas on the subunit vaccines become artificially exposed; these artificially exposed areas contain immunodominant non-neutralizing epitopes that distract the host immune system from reacting to neutralizing epitopes and thus reduce vaccine efficacy. To overcome this intrinsic limitation, these immunodominant non-neutralizing epitopes need to be masked by a glycan probe or resurfaced. However, both the glycan probe and epitope resurfacing approaches require identification of individual non-neutralizing epitopes. Using JEV EDIII as a model system, the current study aimed to establish tightly packed oligomerization of subunit vaccines as a convenient and efficient approach to re-bury artificially exposed non-neutralizing regions and enhance the protective efficacy of viral subunit vaccines.

In this study we designed four JEV EDIII fragments: EDIII (monomeric subunit vaccine), EDIII-EDIII (linearly linked dimer), EDIII-Fc (Fc-tagged dimer), and EDIII-Fd (foldon-tagged trimer). We examined the biochemical features, immunogenicity and protective efficacy of each of these EDIII fragments. EDIII-Fc and EDIII-Fd demonstrate higher neutralizing immunogenicity and protective efficacy than EDIII and EDIII-EDIII. Previous studies also revealed good neutralizing immunogenicity and protective efficacy of Fc-tagged and Fd-tagged coronavirus subunit vaccines (Ma et al., 2014; Tai et al., 2016; Du et al., 2017; Tai et al., 2017). However, different from these previous studies, the current study performed detailed comparisons among different JEV EDIII fragments including monomer, linearly linked dimer, Fc-tagged dimer, and Fd-tagged trimer. Our results suggest that compared to monomeric subunit vaccines, the improved efficacy of Fc- and Fd-mediated oligomeric subunit vaccines is unlikely due to their increased number of neutralizing epitopes because of two reasons. First, in the same mass amounts of monomers and oligomers, the molar amounts of neutralizing epitopes in oligomers are not higher than those in monomers. In fact, because both Fc and Fd tags contain significantly more mass than His tag, His-tagged monomers contain more neutralizing epitopes than Fc- or Fd-tagged oligomers. Second, the current study shows that although both being dimers, JEV EDIII-Fc has significantly higher immunogenicity and protective efficacy than EDIII-EDIII. Then, why compared to monomeric subunit vaccines and loosely packed oligomeric subunit vaccines, tightly packed oligomeric subunit vaccines contain fewer neutralizing epitopes but higher neutralizing immunogenicity and protective efficacy? The reason likely results from fewer non-neutralizing epitopes displayed on the surface of oligomeric subunit vaccines. This can be demonstrated from the tertiary structural models of recombinant EDIII fragments, which shows that recombinant EDIII and EDIII-EDIII contain large artificially exposed surface areas, much of which become re-buried in EDIII-Fc and EDIII-Fd. In summary, Fc- and Fd-mediated oligomerization of viral subunit vaccines can conveniently and effectively overcome the intrinsic limitation of subunit vaccine design by re-burying artificially exposed and non-neutralizing surface regions.



Data Availability Statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding authors.



Ethics Statement

All experiments involving animals were approved by the Institutional Animal Care and Use Committee (IACUC) of the Laboratory Animal Center, State Key Laboratory of Pathogen and Biosecurity, Beijing Institute of Microbiology and Epidemiology (Permit Number IACUC-DWZX-2021-071).



Author Contributions

GZ, WT and ML conceived and designed this study. XH, ZC, YD, WT and ML wrote the first draft of the article and finalized it. XH, ZC, YD, XC, HH, YW, YF, GL and MZ performed the experiments, and XH, YW, YZ, BY and WX completed analysis and interpretation the data. GZ and WT make critical comments on the manuscript. GZ, WT and ML revised the article. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by grants from the National Key Research and Development Plan of China (2021YFC2300200-04), the National Natural Science Foundation of China (32100755), the National Natural Science Foundation of China (82102369), and the Independent Fund of the State Key Laboratory of Pathogen and Biosecurity (SKLPBS2101).



References

 Alka,, Bharati, K., Malik, Y. P. S., and Vrati, S. (2007). Immunogenicity and Protective Efficacy of the E-Coli-Expressed Domain III of Japanese Encephalitis Virus Envelope Protein in Mice. Med. Microbiol. Immunol. 196 (4), 227–231. doi: 10.1007/s00430-007-0043-4

 Cabrera Infante, Y., Pupo, A., and Rojas, G. (2014). A Combinatorial Mutagenesis Approach for Functional Epitope Mapping on Phage- Displayed Target Antigen. Mabs. 6 (3), 637–648. doi: 10.4161/mabs.28395

 Dong, X., and Soong, L. (2021). Emerging and Re-Emerging Zoonoses are Major and Global Challenges for Public Health. Zoonoses. 1 (1), 1–2. doi: 10.15212/zoonoses-2021-0001

 Dormitzer, P. R., Grandi, G., and Rappuoli, R. (2012). Structural Vaccinology Starts to Deliver. Nat. Rev. Microbiol. 10 (12), 807–813. doi: 10.1038/nrmicro2893

 Dormitzer, P. R., Ulmer, J. B., and Rappuoli, R. (2008). Structure-Based Antigen Design: A Strategy for Next Generation Vaccines. Trends Biotechnol. 26 (12), 659–667. doi: 10.1016/j.tibtech.2008.08.002

 Du, L., Kou, Z., Ma, C., Tao, X., Wang, L., Zhao, G., et al. (2013). A Truncated Receptor-Binding Domain of MERS-CoV Spike Protein Potently Inhibits MERS-CoV Infection and Induces Strong Neutralizing Antibody Responses: Implication for Developing Therapeutics and Vaccines. PloS One 8 (12). doi: 10.1371/journal.pone.0081587

 Du, L., Tai, W., Yang, Y., Zhao, G., Zhu, Q., Sun, S., et al. (2016). Introduction of Neutralizing Immunogenicity Index to the Rational Design of MERS Coronavirus Subunit Vaccines. Nat. Commun. 7. doi: 10.1038/ncomms13473

 Du, L., Yang, Y., Zhou, Y., Lu, L., Li, F., and Jiang, S. (2017). MERS-CoV Spike Protein: A Key Target for Antivirals. Expert Opin. Ther. Targets. 21 (2), 131–143. doi: 10.1080/14728222.2017.1271415

 Du, L., Zhao, G., Sun, S., Zhang, X., Zhou, X., Guo, Y., et al. (2013). A Critical HA1 Neutralizing Domain of H5N1 Influenza in an Optimal Conformation Induces Strong Cross-Protection. PloS One 8 (1). doi: 10.1371/journal.pone.0053568

 Islam, N., Lau, C., Leeb, A., Mills, D., and Furuya-Kanamori, L. (2022). Safety Profile Comparison of Chimeric Live Attenuated and Vero Cell-Derived Inactivated Japanese Encephalitis Vaccines Through an Active Surveillance System in Australia. Hum. Vaccin. Immunother. 18 (1), 2020573. doi: 10.1080/21645515.2021.2020573

 Kanai, R., Kar, K., Anthony, K., Gould, L. H., Ledizet, M., Fikrig, E., et al. (2006). Crystal Structure of West Nile Virus Envelope Glycoprotein Reveals Viral Surface Epitopes. J. Virol. 80 (22), 11000–11008. doi: 10.1128/JVI.01735-06

 Kuhn, R. J., Zhang, W., Rossmann, M. G., Pletnev, S. V., Corver, J., Lenches, E., et al. (2002). Structure of Dengue Virus: Implications for Flavivirus Organization, Maturation, and Fusion. Cell. 108 (5), 717–725. doi: 10.1016/s0092-8674(02)00660-8

 Kulp, D. W., and Schief, W. R. (2013). Advances in Structure-Based Vaccine Design. Curr. Opin. Virol. 3 (3), 322–331. doi: 10.1016/j.coviro.2013.05.010

 Kuno, G., Chang, G. J., Tsuchiya, K. R., Karabatsos, N., and Cropp, C. B. (1998). Phylogeny of the Genus Flavivirus. J. Virol. 72 (1), 73–83. doi: 10.1128/JVI.72.1.73-83.1998

 Kwong, P. D., Mascola, J. R., and Nabel, G. J. (2011). Rational Design of Vaccines to Elicit Broadly Neutralizing Antibodies to HIV-1. Cold Spring Harbor Perspect. Med. 1 (1). doi: 10.1101/cshperspect.a007278

 Kwon, W. T., Lee, W. S., Park, P. J., Park, T. K., and Kang, H. (2012). Protective Immunity of Pichia Pastoris-Expressed Recombinant Envelope Protein of Japanese Encephalitis Virus. J. Microbiol. Biotechnol. 22 (11), 1580–1587. doi: 10.4014/jmb.1205.05047

 Liu, H., Liu, Y., Wang, S., Zhang, Y., Zu, X., Zhou, Z., et al. (2015). Structure-Based Mutational Analysis of Several Sites in the E Protein: Implications for Understanding the Entry Mechanism of Japanese Encephalitis Virus. J. Virol. 89 (10), 5668–5686. doi: 10.1128/JVI.00293-15

 Luca, V. C., AbiMansour, J., Nelson, C. A., and Fremont, D. H. (2012). Crystal Structure of the Japanese Encephalitis Virus Envelope Protein. J. Virol. 86 (4), 2337–2346. doi: 10.1128/JVI.06072-11

 Malito, E., Faleri, A., Lo Surdo, P., Veggi, D., Maruggi, G., Grassi, E., et al. (2013). Defining a Protective Epitope on Factor H Binding Protein, a Key Meningococcal Virulence Factor and Vaccine Antigen. Proc. Natl. Acad. Sci. United. States America. 110 (9), 3304–3309. doi: 10.1073/pnas.1222845110

 Mason, P. W., Dalrymple, J. M., Gentry, M. K., McCown, J. M., Hoke, C. H., Burke, D. S., et al. (1989). MOLECULAR CHARACTERIZATION OF A NEUTRALIZING DOMAIN OF THE JAPANESE ENCEPHALITIS-VIRUS STRUCTURAL GLYCOPROTEIN. J. Gen. Virol. 70, 2037–2049. doi: 10.1099/0022-1317-70-8-2037

 Ma, C., Wang, L., Tao, X., Zhang, N., Yang, Y., Tseng, C.-T. K., et al. (2014). Searching for an Ideal Vaccine Candidate Among Different MERS Coronavirus Receptor-Binding Fragments-The Importance of Immunofocusing in Subunit Vaccine Design. Vaccine. 32 (46), 6170–6176. doi: 10.1016/j.vaccine.2014.08.086

 Morita, K., Nabeshima, T., and Buerano, C. C. (2015). Japanese Encephalitis. Rev. Scientifique. Et. Technique-Office. Int. Des. Epizooties. 34 (2), 441–452. doi: 10.20506/rst.34.2.2370

 Ramli, N. S., Ismail, N. M., Zaini, N., Hayati, F., Jeffree, M. S., Abdul Rahim, S. S. S., et al. (2022). Seroepidemiological Studies on Japanese Encephalitis: A Systematic Review. Oman. Med. J. 37 (2), e366. doi: 10.5001/omj.2021.86

 Tai, W., Wang, Y., Fett, C. A., Zhao, G., Li, F., Perlman, S., et al. (2017). Recombinant Receptor-Binding Domains of Multiple Middle East Respiratory Syndrome Coronaviruses (MERS-CoVs) Induce Cross-Neutralizing Antibodies Against Divergent Human and Camel MERS-CoVs and Antibody Escape Mutants. J. Virol. 91 (1). doi: 10.1128/JVI.01651-16

 Tai, W., Zhao, G., Sun, S., Guo, Y., Wang, Y., Tao, X., et al. (2016). A Recombinant Receptor-Binding Domain of MERS-CoV in Trimeric Form Protects Human Dipeptidyl Peptidase 4 (Hdpp4) Transgenic Mice From MERS-CoV Infection. Virology. 499, 375–382. doi: 10.1016/j.virol.2016.10.005

 Van den Eynde, C., Sohier, C., Matthijs, S., and De Regge, N. (2022). Japanese Encephalitis Virus Interaction With Mosquitoes: A Review of Vector Competence, Vector Capacity and Mosquito Immunity. Pathogens. 11 (3). doi: 10.3390/pathogens11030317

 Verma, S. K., Gupta, N., Pattnaik, P., Babu, J. P., Rao, P. V. L., and Kumar, S. (2009). Antibodies Against Refolded Recombinant Envelope Protein (Domain III) of Japanese Encephalitis Virus Inhibit the JEV Infection to Porcine Stable Kidney Cells. Protein Pept. Lett. 16 (11), 1334–1341. doi: 10.2174/092986609789353709

 Wang, S. Y., Cheng, X. H., Li, J. X., Li, X. Y., Zhu, F. C., and Liu, P. (2015). Comparing the Immunogenicity and Safety of 3 Japanese Encephalitis Vaccines in Asia-Pacific Area: A Systematic Review and Meta-Analysis. Hum. Vaccin. Immunother. 11 (6), 1418–1425. doi: 10.1080/21645515.2015.1011996

 Wan, J., Wang, T., Xu, J., Ouyang, T., Wang, Q., Zhang, Y., et al. (2021). Novel Japanese Encephalitis Virus NS1-Based Vaccine: Truncated NS1 Fused With E. Coli. Heat. Labile. Enterotoxin. B. Subunit. EBioMed. 67, 103353. doi: 10.1016/j.ebiom.2021.103353

 Wu, X., Yang, Z.-Y., Li, Y., Hogerkorp, C.-M., Schief, W. R., Seaman, M. S., et al. (2010). Rational Design of Envelope Identifies Broadly Neutralizing Human Monoclonal Antibodies to HIV-1. Science. 329 (5993), 856–861. doi: 10.1126/science.1187659

 Wu, S. C., Yu, C. H., Lin, C. W., and Chu, I. M. (2003). The Domain III Fragment of Japanese Encephalitis Virus Envelope Protein: Mouse Immunogenicity and Liposome Adjuvanticity. Vaccine 21 (19-20), 2516–2522. doi: 10.1016/S0264-410X(03)00042-2

 Xu, C., Zhang, W., Pan, Y., Wang, G., Yin, Q., Fu, S., et al. (2022). A Bibliometric Analysis of Global Research on Japanese Encephalitis From 1934 to 2020. Front. Cell Infect. Microbiol. 12, 833701. doi: 10.3389/fcimb.2022.833701

 Zhou, D., Pei, C., Liu, Z., Yang, K., Li, Q., Chen, H., et al. (2020). Identification of a Protective Epitope in Japanese Encephalitis Virus NS1 Protein. Antiviral Res. 182, 104930. doi: 10.1016/j.antiviral.2020.104930




Conflict of Interest: Authors YD and HH are employed by Beijing Hemu Biotechnology Co., Ltd.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Han, Cai, Dai, Huang, Cao, Wang, Fang, Liu, Zhang, Zhang, Yang, Xue, Zhao, Tai and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb-12-927674-g005.jpg
£ LRl 3
@ ST s T
Es 9;* N
EDIII SYAN

9

.0@ Packing of JEV E
¢ dimer on virion

D
0
, Q 2
<—Link 1 /
Inker ’ %‘ F
EDII-EDIII EDIII-Fc EDIII-Fd

©






OEBPS/Images/fcimb.2022.927674_cover.jpg
, frontiers ‘ Frontiers in Cellular and Infection Microbiology

Re-burying Artificially Exposed
Surface of Viral Subunit Vaccines
Through Oligomerization Enhances
Vaccine Efficacy





OEBPS/Images/fcimb-12-927674-g002.jpg
-—

100

75 .
50

40 '-4
30 -
25\ 8

14

== EDIII-Fc

== EDIII-EDIII

w=ED||[-Fd == (-) control

~~EDII

Western blot

w
g
&
@
a
@





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Re-burying Artificially Exposed Surface of Viral Subunit Vaccines Through Oligomerization Enhances Vaccine Efficacy

      

        		

          Significance

        



        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Ethics Statement

          



          		

            Expression and Purification of Recombinant JEV EDIII fragments

          



          		

            SDS-PAGE and Western Blot

          



          		

            Flow Cytometry

          



          		

            Mouse Immunization and Virus Challenge

          



          		

            ELISA

          



          		

            Neutralization Assay

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Design of Recombinant JEV EDIII Fragments

          



          		

            Preparation and Biochemical Characterization of Recombinant JEV EDIII Fragments

          



          		

            Immunogenicity of Recombinant JEV EDIII Fragments

          



          		

            Efficacy of Recombinant JEV EDIII Fragments in Protecting Animals From Lethal JEV Challenge

          



          		

            Modeling Tertiary Structures of JEV EDIII Fragments

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          References

        



      



      



    



  



OEBPS/Images/fcimb-12-927674-g003.jpg
>

E-specific 1gG titers (by sera dilution)

106
108
104
108
102

10

W

%%k %
.+| =  %x%% !
—F e L
Z>120 .
| p——veryrn |
£ 100 k%%
2
£ 80
=
o 60
Xe]
& 40
[*)]
£
©
g 0 —_—
z

EDIII  EDII EDII EDIII (-)
-EDIIl -Fc -Fd control

EDIII EDIII EDIII EDIIl ~ (-)

-EDIIl -Fc

-Fd control





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-12-927674-g004.jpg
Survival rate (%)

B
100 <10
3 ~-EDIII
3
80 S 100 - EDII-EDIII
T - EDIIl-Fc
60 o 90 - EDIII-Fd
g &5 -e-(-) control
40 5
=
20 5 70
(]
0 = 60
0 ‘ 4 6 10 0 2 6 8 10
Days post-challenge Days post-challenge
Comparison of Survival Curves P Value Significant? P < 0.05? Summary
EDIIl vs EDII-EDIII 0.1642 No ns
EDIIl vs EDIII-Fc 0.0193 Yes *
EDIIl vs EDIII-Fd 0.0039 Yes a
EDIIl vs Control 0.0422 Yes $
EDIII-EDIII vs EDIII-Fc 0.2922 No ns
EDIII-EDIIl vs EDIII-Fd 0.0528 No ns
EDIII-EDIII vs Control 0.0153 Yes *
EDIII-Fc vs EDIII-Fd 0.3173 No ns
EDIII-Fc vs Control 0.0039 Yes i
EDIII-Fd vs Control 0.0039 Yes >






OEBPS/Images/logo.jpg
’ frontiers ’ Frontiers in Cellular and Infection Microbiology





OEBPS/Images/fcimb-12-927674-g001.jpg
JEV E

EDIll-Fd
EDIII-Fc
EDIII-EDIII

i

EDIIl

Fd: Fodon trimeric motif (27 amino acids); Fc dimeric motif (226 amino acids);
=”: Linker (Gly-Gly-Gly-Gly-Ser); “]”:6xHis tag

I





