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Abstract

:

Ebola virus disease is a severe disease, often fatal, with a mortality rate of up to 90%. Presently, effective treatment and safe prevention options for Ebola virus disease are not available. Therefore, there is an urgent need to develop control measures to prevent or limit future Ebola virus outbreaks. Ebola virus protein-based virus-like particle (VLP) and inactivated whole virion vaccines have demonstrated efficacy in animal models, and the addition of appropriate adjuvants may provide additional benefits to these vaccines, including enhanced immune responses. In this study, we screened 24 compounds from injectable excipients approved for human use in Japan and identified six compounds that significantly enhanced the humoral response to Ebola VLP vaccine in a murine model. Our novel adjuvant candidates for Ebola VLP vaccine have already been demonstrated to be safe when administered intramuscularly or subcutaneously, and therefore, they are closer to clinical trials than adjuvants whose safety profiles are unknown.
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1. Introduction


Ebola virus disease (EVD), discovered in 1976 in South Sudan and Zaire (now known as the Democratic Republic of the Congo, DRC), is an acute disease with a fatality rate that varies from 25%–90% [1]. EVD outbreaks have only occurred in Africa until now, with the largest outbreak occurring in West Africa from 2014 to 2016, primarily affecting Guinea, Sierra Leone, and Liberia, and resulting in 28,646 cases and 11,323 deaths as of 30 March 2016 [2]. Currently, an Ebola outbreak has been occurring in the DRC since August 2018, with 3409 cases and 2236 death as of 22 January 2020 [3]. The genus Ebolavirus currently includes six species: Zaire ebolavirus (EBOV), Sudan ebolavirus, Reston ebolavirus, Taï Forest ebolavirus, Bundibugyo ebolavirus, and the newly identified Bombali ebolavirus [4,5,6]. EBOV was responsible for the 2014–2016 outbreak in West Africa and is responsible for the current outbreak in the DRC [7,8].



To prevent EVD, several types of Ebola vaccines are under development, including inactivated vaccines, viral vector vaccines, subunit vaccines, and DNA vaccines [9,10]. Among them, rVSV-ZEBOV, a replication-competent recombinant vesicular stomatitis virus (VSV)-based vector expressing the EBOV glycoprotein (GP) [11], was recently approved for medical use in the United States by the U.S. Food and Drug Administration (FDA) [12]. rVSV-ZEBOV was been shown to be highly effective in protecting against Ebola virus infection in Guinea when given as part of a Phase III trial during the 2014–2016 Ebola outbreak [13]. However, safety concerns remain [14,15]. In addition, three types of Ebola vaccines that are adenovirus-based vectors expressing Ebola GP are currently in human trials [16,17,18].



Ebola virus protein-based virus-like particle (VLP) vaccines consist of Ebola GP and the matrix protein VP40, which are produced in insect or mammalian cells [19,20,21,22]. Ebola VLP vaccines have demonstrated efficacy in animal models [19,21,23]. Baculovirus-derived subunit vaccines have been tested in several viruses [24,25,26,27,28]. The major advantage of this system is that it can yield high-levels of VLPs and be easily scaled-up for manufacturing [24,26]; however, protein-based vaccines may not be as immunogenic as live vaccines [29,30] and, therefore, the addition of appropriate adjuvants may improve their efficacy and enhance immune responses. Previously, we showed the usability of certain injectable excipients, approved for human use and with good safety profiles, to enhance the humoral immune responses to a seasonal influenza vaccine [31]. To explore adjuvant candidates that are safe and enhance the immunogenicity of Ebola VLP vaccine, here we screened 24 injectable excipients for adjuvant effects with an Ebola VLP vaccine in mice. We identified six compounds that enhanced Ebola virus-specific antibody responses in mice. Our findings will facilitate the development of effective adjuvanted Ebola VLP and inactivated whole virion vaccines.




2. Materials and Methods


2.1. Cells, Antibodies, and Gene Resources


Spodoptera frugiperda Sf9 cells (ATCC, CRL-1711) were cultured in Grace’s insect medium (Gibco) supplemented with 10% FBS, 1% penicillin-streptomycin, and 0.1% Pluronic F68 solution (Gibco) at 28 °C without CO2. High Five Cells (BTI-TN-5B1-4, Invitrogen) were maintained in Express Five SFM medium (Gibco) supplemented with l-Glutamine and 1% penicillin-streptomycin. We used Grace’s insect medium (Gibco) supplemented with 3% FBS, 1% penicillin-streptomycin, and 0.1% Pluronic F68 solution to amplify the recombinant baculoviruses.



Rabbit antisera against GP (C2023) and VP40, which have been described previously [32,33], and mouse monoclonal antibodies against Ebola GP protein (mAb 42/3.71 or mAb 12/1.1; kindly provided by Dr. Ayato Takada, Hokkaido University, Hokkaido, Japan) were used for Western blot analysis. A monoclonal antibody against Ebola GP protein (mAb 42/3.71) was also used as an ELISA positive control.



The GP and VP40 cDNAs sequences were consistent with those of Zaire ebolavirus Ebola virus/H.sapiens-wt/SLE/2014/Makona-G3750.2, which was isolated from a patient during the 2014–2016 Ebola outbreak in West Africa (GenBank accession No. KM233059).




2.2. Generation of Ebola VLPs in an Insect Cell Expression System


We generated the Ebola VLPs in a Bac-to-Bac baculovirus expression system (Invitrogen, Carlsbad, CA, USA) similar to that described elsewhere [20,34,35,36]. Briefly, the GP and VP40 genes were cloned into a transfer vector (pFastBac), designated as pFastBac-GP and pFastBac-VP40, respectively, digested with BamH I and Not I, and then the recombinant pFastBac-GP and pFastBac-VP40 were transformed into DH10Bac bacteria to generate the recombinant bacmids. The purified recombinant bacmids carrying the Ebola GP or VP40 gene were transfected into Sf9 cells with Cellfectin II reagent (Invitrogen) according to the manufacturer’s protocol. The recombinant baculoviruses (rBV), designated as rBV-GP and rBV-VP40 viruses, were harvested from the media on day 6 post-transfection, and expanded in Sf9 cells to make the working virus stocks. High Five Cells were co-infected with rBV-GP and rBV-VP40 viruses and were incubated in magnetic culture vessels (250 mL media/1 L vessel) at 28 °C. The culture supernatants were collected at 60 h post-infection and clarified by centrifugation at 1400× g for 15 min at 4 °C. Supernatants were concentrated and purified by ultracentrifugation at 133,900× g for 1.5 h at 4 °C through a 25% sucrose cushion, and the VLP pellets were resuspended in PBS. The purified VLPs were aliquoted and stored at −80 °C until use. The concentration of total proteins was determined with a BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) following the manufacturer’s instructions.




2.3. Detection of Ebola VLP Secretion by Transmission Electron Microscopy (TEM)


High Five Cells were co-infected with rBV-GP and rBV-VP40 viruses at a multiplicity of infection (MOI) of 10 at 28 °C. After 24 h, the infected cells were collected and fixed chemically as previously described [37,38]. Ultrathin (50-nm-thick) sections were stained with 2% uranyl acetate and Reynold’s lead. The areas of interest were chosen randomly based on where budding VLPs and infected cells were observed. The images were then acquired with a Tecnai F20 transmission electron microscope (FEI Company, Eindhoven, The Netherlands) at 200 kV.




2.4. Generation of Soluble GP Mutant as an ELISA Coating Antigen


The GP mutant T42V/T230V GP1-632∆muc was generated by overlapping PCR using the GP cDNA as a template as described elsewhere [39]. Briefly, the GP mutant was generated by deletion of the mucin-like domain (residues 312–462) and transmembrane domain (residues 633–676) and mutation of two N-linked glycosylation sites (T42V and T230V). The GP mutant construct was cloned into the modified transfer vector pFastBac-Thrombin-His to add a 6 × His-tag at the C-terminal of the GP mutant for purification. The recombinant plasmid pFastBac-GP mutant was transformed into DH10Bac bacteria to generate the recombinant bacmid, and the purified recombinant bacmid carrying the GP mutant-His was introduced into the Sf9 cells by using Cellfectin II reagent. The recombinant baculovirus expressing GP mutant-His was collected on day 6 post-transfection and expanded in Sf9 cells to generate the working virus stock.



High Five Cells were infected with 20 mL of the working stock of the rBV-GP mutant-His for 1 h at 28 °C. Then, 230 mL of fresh Express Five SFM medium (Gibco) supplemented with l-Glutamine and 1% penicillin-streptomycin were added, and the cells were incubated at 28 °C with mild magnetic mixing for 60 h. The supernatant was harvested by centrifugation at 5000× g for 5 min at 4 °C. The GP mutant was purified from the clarified supernatant by using His trap excel (GE healthcare) with the AKTA protein purification system (GE Healthcare). After purification, the buffer of the purified GP mutant was exchanged for PBS by use of Amicon® Ultra 15 mL Centrifugal Filters (30 kDa cut-off, Merck Millipore, Burlington, MA, USA). The concentration of protein was determined with a BCA Protein Assay Kit (Thermo Fisher Scientific).




2.5. Characterization of Ebola VLPs by Immuno-EM


Purified VLP solution was absorbed to collodion-coated nickel grids and pre-fixed with 4% paraformaldehyde in 0.1 M cacodylate buffer for 1 min at room temperature (RT). After being washed three times with PBS, the samples were blocked with Blocking one (Nacalai) at RT for 15 min. The samples were subsequently incubated with anti-Ebola GP antibody (C2023) at RT for 1 h. After being washed 6 times with PBS, the samples were incubated with goat anti-rabbit IgG conjugated with 10-nm gold particles (BBInternational). After being washed with PBS, the samples were fixed with 2.5% glutaraldehyde at RT for 1 min and negatively stained with 1% Uranyl Acetate. The samples were then treated with carbon deposition and the areas of interest were chosen randomly. The images were acquired with a Tecnai F20 TEM (FEI Company, Eindhoven, The Netherlands) operated at 200 kV.




2.6. Coomassie Blue Staining and Western Blotting


Samples were added to 2 × SDS sample buffer (Novex) and heated at 95 °C for 5 min. Then, they were run on 4%–20% Mini-PROTEAN® TGX™ precast protein gels (Bio-Rad), 10 µL/well, at 200 V for 37 min, two gels in parallel. The proteins on one gel were transferred to Immobilon-FL PVDF Membrane (Millipore) by using Trans-Blot SD Cell (Bio-Rad). The membrane was blocked with Blocking one (Nacalai) at RT for 30 min. For the primary antibodies, we used the rabbit anti-Ebola GP antibody (C2023) and rabbit anti-Ebola VP40 antibody. The primary antibodies were incubated overnight at 4 °C, followed by incubation with the horseradish peroxidase (HRP)-conjugated secondary antibodies [i.e., HRP-conjugated sheep anti-mouse IgG (GE Healthcare, NA931) and HRP-conjugated donkey anti-rabbit IgG (GE Healthcare, NA934)]. Reactions were detected with Amersham ECL Prime Western Blotting Detection Reagent (GE Heathcare), and the images were acquired by using the ChemiDoc Touch imaging system (Bio-Rad). The other gel was put into Quick-CBB PLUS (Wako) staining for 30 min and then rinsed with distilled water for 60 min. The gel was then subjected to the ChemiDoc Touch imaging system to acquire the images.




2.7. Immunization of Mice with The Ebola VLP Vaccine


Five-week-old female BALB/c mice were purchased from Japan SLC Inc. After one week of adaptation, the mice were immunized with a 1 μg dose of purified Ebola VLPs with or without compounds (100 µg/dose) via intramuscular injection into the gastrocnemius muscle (four mice/group). For the screen, mice were immunized three times with PBS, the Ebola VLP vaccine only, or the Ebola VLP vaccine plus test compound [100 µg/dose; except for ethanol, which was used at 10% (v/v)] by intramuscular administration in a 100 µL volume with a two-week interval between the vaccinations. On day 14 after the boost-immunization and day 14 after the third immunization, 400 μL of blood was collected from each animal via the facial vein by using a goldenrod animal lancet (5 mm), and sera were isolated for measuring Ebola GP-specific antibody titers.




2.8. Measurement of Virus-Specific Antibody Titers


Virus-specific antibody titers in the mouse sera were determined by using a modified ELISA as previously described [31,40,41,42]. Briefly, 96-well ELISA plates (IWAKI) were coated with 5 µg/mL of purified GP mutant protein solution, which was produced as described in the Supplementary Information, overnight at 4 °C (50 µL/well). The plates were blocked with 200 µL of 20% Blocking one (Nacalai) in water at RT for 1 h. After being blocked, the plates were washed once with PBS containing 0.05% Tween-20 (PBS-T), and then 2-fold serially diluted serum samples were added to the plates, followed by a 1 h incubation at RT. Bound IgG was detected by using peroxidase-labeled goat anti-mouse IgG (gamma) antibody, F (ab’) 2 fragment (Kirkegaard & Perry Laboratory Inc.) or horseradish peroxidase-conjugated anti-mouse IgG1 or IgG2a antibodies (Southern Biotech). After the plates were washed four times with PBS-T, 100 µL of 2, 2′-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) diammonium salt substrate solution was added to each well to initiate the color reaction, and the OD was measured at a wavelength of 405 nm. Naive mouse serum was used as the negative control and a monoclonal antibody against Ebola GP protein (mAb 42/3.71) as the positive control. The antibody titer was defined as the reciprocal of the highest serum dilution that produced an OD405 > 0.1 after correcting for the negative serum control.




2.9. Statistics


For the analysis of the GP-specific total titers, we transformed the values to the log 2 scale to stabilize the variance. Next, we used a one-way ANOVA followed by Dunnett’s test to compare each compound against the reference group (either the vaccine alone, or the vaccine plus AddaVax). We used the R statistical package (www.r-project.org), and the Multcomp package [43]. For the comparison of the IgG1 and IgG2a titers elicited by the different compounds, we used two-tailed, unpaired Student t-tests for each compound separately. In all cases, we considered the differences to be significant if the p-values were less than 0.05.




2.10. Ethics


All experiments with mice were performed in the biosafety level 2 containment laboratory in the Institute of Medical Science, the University of Tokyo (Tokyo, Japan) in accordance with the Regulations for Animal Care of the University of Tokyo and the Guidelines for Proper Conduct of Animal Experiments by the Science Council of Japan, and were approved by the Animal Experiment Committee of the Institute of Medical Science, the University of Tokyo (Approval No. PA15-101).





3. Results


3.1. Generation and Characterization of Ebola Makona VLPs in a Baculovirus Expression System


We generated Ebola Makona VLPs composed of the Ebola GP and VP40 proteins in a Bac-to-Bac baculovirus expression system. The High Five Cells, which were co-infected with rBV-GP and rBV-VP40 viruses, produced filamentous particles from the cell surface as observed by TEM (Figure 1A). The filamentous VLPs were approximately 80 nm in diameter and 1000 nm in length, similar in size and morphology to virus particles observed in Ebola virus-infected cells [44,45]. The culture supernatant containing the Ebola Makona VLPs was concentrated by ultracentrifugation through a 25% sucrose cushion, and then the pellet was resuspended in PBS. The total protein concentration of the pellet was 5 µg/µL, as determined by using a BCA protein assay. The pellet was subjected to Western blot analysis, which showed that the Ebola Makona GP and VP40 proteins were present in the concentrated pellet (Figure 1B), indicating that the pellet contained substantial amounts of Ebola VLPs.



Since Ebola VP40 alone has been shown to form and be released as VLPs [20,21,37], we next examined whether the GP proteins were incorporated into the VLPs by using electron microscopy. Negative staining images showed that the concentrated VLPs contained filamentous particles (Figure 1C) that were identical in morphology to Ebola virus particles observed in Ebola virus-infected cells [44,45]. The immunogold staining of the VLPs with the anti-GP antibody showed that GP was present on the surface of the filamentous particles, whereas no signal was observed in the absence the anti-GP antibody (Figure 1C).




3.2. Identification of Six Compounds That Enhance the Humoral Response to the Ebola Makona VLP Vaccine in Mice


To identify novel adjuvants that enhance immune responses to Ebola Makona VLP vaccine, we screened 24 injectable excipients in a mouse model. These compounds have all been approved for intramuscular or subcutaneous administration in humans in Japan, including 14 compounds approved by the FDA (Table S1). Of the 24 compounds, 21 were found to have adjuvant effects on seasonal influenza vaccine in our previous study [31].



First, we performed an optimization experiment to determine the optimal dose of Ebola VLP vaccine for our screen by measuring levels of GP-specific antibodies in an ELISA with different doses of Ebola VLP vaccine. The soluble GP mutant was generated as described in the Supplementary Information (and Figure S1) and was used as an ELISA antigen. The commercially available adjuvant MF59-like AddaVax, a squalene-based oil-in-water nano-emulsion, was used as a positive control. We found that a dose of 1 µg of Ebola VLP vaccine alone elicited no or very low levels of GP-specific antibodies (Figure S2), whereas the GP-specific antibody response was significantly enhanced when the AddaVax adjuvant was administered to mice together with the Ebola VLP vaccine. In contrast, a dose of 3 µg of Ebola VLP vaccine induced high levels of GP-specific antibodies both in the presence and absence of AddaVax (Figure S2). Therefore, we decided to use the dose of 1 µg of Ebola VLP vaccine for our screen.



For the screen, mice were immunized three times with PBS, the Ebola VLP vaccine only, or the Ebola VLP vaccine plus test compound [100 µg/dose; except for ethanol, which was used at 10% (v/v)] by intramuscular administration in a 100 µL volume with a two-week interval between the vaccinations. Ebola VLP vaccine plus AddaVax was used as a positive control. On day 14 after the boost-immunization and day 14 after the third immunization, serum samples were collected from the immunized mice and subjected to ELISA to measure the titers of GP-specific antibodies. The antibody titers for the second immunization were relatively lower than those for the third immunization (Table S1). No antibody against Ebola GP protein was detected in the PBS group (Figure 2 and Table S1). Most of the mice immunized with the Ebola VLP vaccine alone produced no or low levels of GP-specific antibodies after three immunizations (Figure 2 and Table S1). For the statistical analysis of the GP-specific total titers, the values were transformed to the log 2 scale to stabilize the variance (Table S2). We defined hits as compounds that induced significantly higher antibody titers when combined with the Ebola VLP vaccine compared with the Ebola VLP vaccine alone group. According to these criteria, we identified six compounds that enhanced antibody production compared with Ebola VLP vaccine alone after three immunizations: EMANON CH-25 [polyoxyethylene (25) hydrogenated castor oil], EMANON CH-60K [polyoxyethylene (60) hydrogenated castor oil], ethanol, hydroxypropyl cellulose, RHEODOL AO-15V (sorbitan sesquioleate), and zinc oxide (Figure 2). These six hits are all novel adjuvant candidates for Ebola VLP vaccine. EMANON CH-25 induced the highest level of GP-specific antibodies after the third immunization (Figure 2 and Table S1).




3.3. Induction of Ebola Virus-Specific IgG1 and IgG2a Antibodies in Mice Immunized with the Adjuvanted Ebola VLP Vaccine


We next measured the Ebola virus-specific IgG1 and IgG2a titers in the serum samples collected from the immunized mice by using an ELISA because IgG1 and IgG2a are stimulated during Th2-type and Th1-type immune responses, respectively [46,47,48]. The IgG1 titers in the VLP vaccine plus zinc oxide and the VLP vaccine plus AddaVax groups were significantly higher than those in the VLP vaccine alone group (Table 1). Mice immunized with the VLP vaccine plus EMANON CH-25, EMANON CH-60K, ethanol, or zinc oxide raised significantly higher levels of IgG2a antibodies compared with the VLP vaccine alone group, whereas there was no significant difference between the IgG2a titers of mice immunized with the VLP vaccine plus AddaVax and those of mice immunized with the VLP vaccine alone (Table 1). We also calculated the IgG2a/IgG1 ratios. Those ratios for mice immunized with VLP vaccine plus AddaVax, EMANON CH-25, hydroxypropyl cellulose, or zinc oxide were 0.18, 0.49, 0.77, and 0.61, respectively (Table 1), suggesting that Th2-biased immune responses were induced in those groups. In contrast, the IgG2a/IgG1 ratio for the VLP vaccine plus ethanol group was 3.05, indicating the induction of Th1-biased immune responses in this group.





4. Discussion


Ebola VLP vaccine is a promising option for EVD prevention [19,21,23]. A baculovirus expression system has the advantages of easy use and easy scale-up for future manufacturing under Good Manufacturing Practice conditions [19]. Previous studies have demonstrated that Ebola VLPs activate dendritic cells, induce neutralizing antibodies, and confer effective protection against lethal challenge of Ebola virus in animal models [19,20,21,23,34,49,50]. High-dose Ebola VLP vaccines have been shown to provide complete protection from Ebola virus infection in mouse and nonhuman primate models [19,21,23]; however, the addition of appropriate adjuvants would reduce the vaccine doses and elicit enhanced immune responses [51,52]. Ideal adjuvants would be safe in humans and effectively enhance vaccine efficacy. Previously, we demonstrated that several injectable excipients, which are approved for human use in Japan, enhanced the efficacy of influenza vaccine against lethal virus challenge in a mouse model [31]. In the present study, we screened 24 injectable excipients, including 14 FDA-approved compounds (Table S1), and identified six novel adjuvant candidates that significantly enhanced the humoral response to Ebola VLP vaccine in mice (Figure 2), although the neutralizing antibody titers were not determined in this study. The safety of these compounds is expected to be high in humans given that they are already approved for human use. However, conjugation with Ebola VLP vaccine may affect the safety profile of the compounds, and therefore, it will be important to retest the safety of each compound in a future study. Nonetheless, they would theoretically move more quickly into clinical trials than compounds whose safety profiles have not yet been determined. These novel adjuvants are likely to be beneficial for inactivated Ebola whole virion vaccines [29].



IgG1 and IgG2a are stimulated during Th2-type and Th1-type immune responses, respectively [40,41,42]. Previous studies have shown that immunization of mice with Ebola VLPs strongly induces IgG2a antibodies but low levels of IgG1 antibodies [19,20]. Yet, a nonhuman primate study with a rabies virus-based bivalent vaccine showed that IgG1-biased humoral immune responses were beneficial for protection of the immunized animals against Ebola virus infection [53], and the authors specifically demonstrated that the protected animals had IgG2a/IgG1 ratios of less than 1.0, compared with the unprotected animals, whose IgG2a/IgG1 ratios were above 2.0 [53]. In the present study, we found that the addition of several adjuvant candidates, such as EMANON CH-25, hydroxypropyl cellulose, and zinc oxide, to the Ebola VLP vaccine induced both IgG1 and IgG2a antibodies in the immunized mice, and that the IgG2a/IgG1 ratios for these groups were below 1.0 (i.e., 0.49, 0.77, and 0.61, respectively) (Table 1). Taken together, our data show that the adjuvant candidates identified in this study not only enhance the production of Ebola GP-specific antibodies, but also induce the IgG subclass switch to IgG1, which would be beneficial for protection against Ebola virus infection.




5. Conclusions


Ebola VLP vaccines have experimentally exhibited efficacy in animal models; however, their immunogenicity is relatively low compared to that of live vaccines. To explore adjuvant candidates that are safe and enhance the immunogenicity of Ebola VLP vaccines, here we screened 24 compounds from injectable excipients approved for human use in Japan, and identified six compounds that enhanced Ebola virus-specific antibody responses in mice. Our findings are of value to the development of effective and safe adjuvanted Ebola VLP vaccines.
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The following are available online at https://www.mdpi.com/2076-393X/8/2/215/s1, Figure S1: Expression and characterization of the Ebola Makona GP mutant that was used as the coating antigen for the ELISA; Figure S2: Optimization of the vaccine doses used for the screen; Table S1: Resources and total IgG antibody titers of the injectable excipients used in this study (Excel file); Table S2: Antibody titers transformed to the log2-scale, which were used for the statistical analyses in this study (Excel file).





Author Contributions


H.F., M.Y., T.W. and Y.K. designed the experiments. H.F., S.N., M.I. and S.Y. performed the experiments. H.F., T.J.d.S.L., T.W. and Y.K. analyzed the data. T.W. and Y.K. oversaw the study. H.F., T.W. and Y.K. wrote the manuscript. All authors have read and agree to the published version of the manuscript.




Funding


This research was supported by Leading Advanced Projects for medical innovation (LEAP) from the Japan Agency for Medical Research and Development (AMED) (JP18am001007), by Grants-in-Aid for Scientific Research on Innovative Areas from the Ministry of Education, Culture, Science, Sports, and Technology (MEXT) of Japan (Nos. 16H06429, 16K21723, and 16H06434), by Research Program on Emerging and Re-emerging Infectious Diseases from AMED (JP19fk0108056; JP19fk0108104), by the Japan Initiative for Global Research Network on Infectious Diseases (J-GRID) from AMED (JP19fm0108006), by JSPS KAKENHI Grant Number 19K06399, by the NIAID-funded Center for Research on Influenza Pathogenesis (CRIP, HHSN272201400008C), and partially supported by NIH/NIAID Collaborative Influenza Vaccine Innovation Centers (CIVIC) contract 75N93019C00051.




Acknowledgments


We thank Susan Watson for editing the manuscript. We also thank Li Wu, Mutsumi Ito, Naomi Fujimoto, Izumi Ishikawa, Izumi Fujimori, Yuriko Tomita, Fujimi Arai, and Mikiko Tanaka for technical support.




Conflicts of Interest


Y.K. has received speaker’s honoraria from Toyama Chemical and Astellas; grant support from Chugai Pharmaceuticals, Daiichi Sankyo Pharmaceutical, Toyama Chemical, Tauns Laboratories, Otsuka Pharmaceutical, and Kyoritsu Seiyaku; and is a founder of FluGen. All of the other authors declare that they have no conflicts of interest.




References


	



WHO. Ebola Virus Disease. Available online: https://www.who.int/news-room/fact-sheets/detail/ebola-virus-disease (accessed on 22 January 2020).

	



Hong, S.; Park, S.; Yu, J.-W. Pyrin Domain (PYD)-containing Inflammasome in Innate Immunity. J. Bacteriol. Virol. 2011, 41, 133. [Google Scholar] [CrossRef]

	



Erb-Alvarez, J.; Wendelboe, A.M.; Chertow, D.S. Ebola Virus in the Democratic Republic of the Congo. Chest 2020, 157, 42–46. [Google Scholar] [CrossRef]

	



Goldstein, T.; Anthony, S.J.; Gbakima, A.; Bird, B.H.; Bangura, J.; Tremeau-Bravard, A.; Belaganahalli, M.; Wells, H.; Dhanota, J.; Liang, E.; et al. The discovery of Bombali virus adds further support for bats as hosts of ebolaviruses. Nat. Microbiol. 2018, 3, 1084–1089. [Google Scholar] [CrossRef]

	



Weingartl, H.; Nfon, C.; Kobinger, G. Review of Ebola Virus Infections in Domestic Animals. Anim. Genom. Anim. Health 2013, 135, 211–218. [Google Scholar] [CrossRef]

	



Feldmann, H.; Geisbert, T.W. Ebola haemorrhagic fever. Lancet 2011, 377, 849–862. [Google Scholar] [CrossRef]

	



Kingebeni, P.M.; Arenas, C.J.V.; Vidal, N.; Likofata, J.; Nsio-Mbeta, J.; Makiala-Mandanda, S.; Mukadi, D.; Mukadi, P.; Kumakamba, C.; Djokolo, B.; et al. Rapid Confirmation of the Zaire Ebola Virus in the Outbreak of the Equateur Province in the Democratic Republic of Congo: Implications for Public Health Interventions. Clin. Infect. Dis. 2018, 68, 330–333. [Google Scholar] [CrossRef] [PubMed]

	



Dixon, M.G.; Schafer, I.J. Ebola Viral Disease Outbreak—West Africa, 2014. MMWR. Morb. Mortal. Wkly. Rep. 2014, 63, 548–551. [Google Scholar] [PubMed]

	



Venkatraman, N.; Silman, D.; Folegatti, P.; Hill, A.V.S. Vaccines against Ebola virus. Vaccine 2018, 36, 5454–5459. [Google Scholar] [CrossRef] [PubMed]

	



Dhama, K.; Karthik, K.; Khandia, R.; Chakraborty, S.; Munjal, A.; Latheef, S.K.; Kumar, D.; Ramakrishnan, M.A.; Malik, Y.S.; Singh, R.; et al. Advances in Designing and Developing Vaccines, Drugs, and Therapies to Counter Ebola Virus. Front. Immunol. 2018, 9, 1803. [Google Scholar] [CrossRef] [PubMed]

	



Garbutt, M.; Liebscher, R.; Wahl, V.; Jones, S.; Möller, P.; Wagner, R.; Volchkov, V.; Klenk, H.-D.; Feldmann, H.; Ströher, U. Properties of Replication-Competent Vesicular Stomatitis Virus Vectors Expressing Glycoproteins of Filoviruses and Arenaviruses. J. Virol. 2004, 78, 5458–5465. [Google Scholar] [CrossRef]

	



IMerck Secures FDA Authorisation for Ebola Vaccine Ervebo. Available online: http://apps.who.int/ebola/current-situation/ebola-situation-report-30-march-2016) (accessed on 22 January 2020).

	



Henao-Restrepo, A.M.; Camacho, A.; Longini, I.M.; Watson, C.H.; Edmunds, W.J.; Egger, M.; Carroll, M.W.; Dean, N.E.; Diatta, I.; Doumbia, M.; et al. Efficacy and effectiveness of an rVSV-vectored vaccine in preventing Ebola virus disease: Final results from the Guinea ring vaccination, open-label, cluster-randomised trial (Ebola Ça Suffit!). Lancet 2017, 389, 505–518. [Google Scholar] [CrossRef]

	



Martins, K.A.; Jahrling, P.B.; Bavari, S.; Kuhn, J.H. Ebola virus disease candidate vaccines under evaluation in clinical trials. Expert Rev. Vaccines 2016, 15, 1101–1112. [Google Scholar] [CrossRef] [PubMed]

	



Huttner, A.; Dayer, J.-A.; Yerly, S.; Combescure, C.; Auderset, F.; Desmeules, J.; Eickmann, M.; Finckh, A.; Gonçalves, A.R.; Hooper, J.W.; et al. The effect of dose on the safety and immunogenicity of the VSV Ebola candidate vaccine: A randomised double-blind, placebo-controlled phase 1/2 trial. Lancet Infect. Dis. 2015, 15, 1156–1166. [Google Scholar] [CrossRef]

	



Zhu, F.-C.; Wurie, A.H.; Hou, L.-H.; Liang, Q.; Li, Y.; Russell, J.B.W.; Wu, S.-P.; Li, J.-X.; Hu, Y.-M.; Guo, Q.; et al. Safety and immunogenicity of a recombinant adenovirus type-5 vector-based Ebola vaccine in healthy adults in Sierra Leone: A single-centre, randomised, double-blind, placebo-controlled, phase 2 trial. Lancet 2017, 389, 621–628. [Google Scholar] [CrossRef]

	



Tapia, M.D.; Sow, S.O.; Lyke, K.E.; Haidara, F.C.; Diallo, F.; Doumbia, M.; Traore, A.; Coulibaly, F.; Kodio, M.; Onwuchekwa, U.; et al. Use of ChAd3-EBO-Z Ebola virus vaccine in Malian and US adults, and boosting of Malian adults with MVA-BN-Filo: A phase 1, single-blind, randomised trial, a phase 1b, open-label and double-blind, dose-escalation trial, and a nested, randomised, double-blind, placebo-controlled trial. Lancet Infect. Dis. 2015, 16, 31–42. [Google Scholar] [CrossRef]

	



Milligan, I.D.; Gibani, M.M.; Sewell, R.; Clutterbuck, E.A.; Campbell, D.; Plested, E.; Nuthall, E.; Voysey, M.; Silva-Reyes, L.; McElrath, M.J.; et al. Safety and Immunogenicity of Novel Adenovirus Type 26– and Modified Vaccinia Ankara–Vectored Ebola Vaccines. JAMA 2016, 315, 1610. [Google Scholar] [CrossRef]

	



Sun, Y.; Carrion, R.; Ye, L.; Wen, Z.; Ro, Y.-T.; Brasky, K.; Ticer, A.E.; Schwegler, E.E.; Patterson, J.L.; Compans, R.W.; et al. Protection against lethal challenge by Ebola virus-like particles produced in insect cells. Virology 2008, 383, 12–21. [Google Scholar] [CrossRef]

	



Ye, L.; Lin, J.; Sun, Y.; Bennouna, S.; Lo, M.K.; Wu, Q.; Bu, Z.; Pulendran, B.; Compans, R.W.; Yang, C. Ebola virus-like particles produced in insect cells exhibit dendritic cell stimulating activity and induce neutralizing antibodies. Virology 2006, 351, 260–270. [Google Scholar] [CrossRef]

	



Warfield, K.L.; Bosio, C.M.; Welcher, B.C.; Deal, E.M.; Mohamadzadeh, M.; Schmaljohn, A.; Aman, M.J.; Bavari, S. Ebola virus-like particles protect from lethal Ebola virus infection. Proc. Natl. Acad. Sci. USA 2003, 100, 15889–15894. [Google Scholar] [CrossRef]

	



Donaldson, B.; Lateef, Z.; Walker, G.F.; Young, S.L.; Ward, V.K. Virus-like particle vaccines: Immunology and formulation for clinical translation. Expert Rev. Vaccines 2018, 17, 833–849. [Google Scholar] [CrossRef]

	



Warfield, K.L.; Swenson, D.L.; Olinger, G.; Kalina, W.V.; Aman, M.J.; Bavari, S. Ebola Virus-Like Particle–Based Vaccine Protects Nonhuman Primates against Lethal Ebola Virus Challenge. J. Infect. Dis. 2007, 196, S430–S437. [Google Scholar] [CrossRef] [PubMed]

	



Gopal, R.; Schneemann, A. Production and Application of Insect Virus-Based VLPs. Adv. Struct. Saf. Stud. 2018, 125–141. [Google Scholar] [CrossRef]

	



Qi, Y.; Fan, J.; Huang, W.; Zhao, C.; Wang, Y.; Kong, W.; Jiang, C. Expression and characterization of hepatitis E virus-like particles and non-virus-like particles from insect cells. Biotechnol. Appl. Biochem. 2015, 63, 362–370. [Google Scholar] [CrossRef] [PubMed]

	



Kost, T.A.; Kemp, C.W. Fundamentals of Baculovirus Expression and Applications. Adv. Exp. Med. Biol. 2016, 896, 187–197. [Google Scholar] [CrossRef]

	



Arevalo, M.T.; Wong, T.M.; Ross, T. Expression and Purification of Virus-like Particles for Vaccination. J. Vis. Exp. 2016. [Google Scholar] [CrossRef]

	



Cox, M.; Hashimoto, Y. A fast track influenza virus vaccine produced in insect cells. J. Invertebr. Pathol. 2011, 107, S31–S41. [Google Scholar] [CrossRef]

	



Marzi, A.; Halfmann, P.; Hill-Batorski, L.; Feldmann, F.; Shupert, W.L.; Neumann, G.; Kawaoka, Y.; Feldmann, H. An Ebola whole-virus vaccine is protective in nonhuman primates. Science 2015, 348, 439–442. [Google Scholar] [CrossRef]

	



Gould-Fogerite, S. Targeting immune response induction with cochleate and liposome-based vaccines. Adv. Drug Deliv. Rev. 1998, 32, 273–287. [Google Scholar] [CrossRef]

	



Feng, H.; Yamashita, M.; Lopes, T.J.D.S.; Watanabe, T.; Kawaoka, Y. Injectable Excipients as Novel Influenza Vaccine Adjuvants. Front. Microbiol. 2019, 10. [Google Scholar] [CrossRef]

	



Jasenosky, L.D.; Neumann, G.; Lukashevich, I.; Kawaoka, Y. Ebola Virus VP40-Induced Particle Formation and Association with the Lipid Bilayer. J. Virol. 2001, 75, 5205–5214. [Google Scholar] [CrossRef]

	



Ito, H.; Watanabe, S.; Sanchez, A.; Whitt, M.A.; Kawaoka, Y. Mutational Analysis of the Putative Fusion Domain of Ebola Virus Glycoprotein. J. Virol. 1999, 73, 8907–8912. [Google Scholar] [CrossRef] [PubMed]

	



Warfield, K.L.; Dye, J.M.; Wells, J.B.; Unfer, R.C.; Holtsberg, F.W.; Shulenin, S.; Vu, H.; Swenson, D.L.; Bavari, S.; Aman, M.J. Homologous and Heterologous Protection of Nonhuman Primates by Ebola and Sudan Virus-Like Particles. PLoS ONE 2015, 10, e0118881. [Google Scholar] [CrossRef] [PubMed]

	



Margine, I.; Palese, P.; Krammer, F. Expression of Functional Recombinant Hemagglutinin and Neuraminidase Proteins from the Novel H7N9 Influenza Virus Using the Baculovirus Expression System. J. Vis. Exp. 2013, 10, e51112. [Google Scholar] [CrossRef] [PubMed]

	



Warfield, K.L.; Posten, N.A.; Swenson, D.L.; Olinger, G.; Esposito, D.; Gillette, W.K.; Hopkins, R.F.; Costantino, J.; Panchal, R.G.; Hartley, J.L.; et al. Filovirus-Like Particles Produced in Insect Cells: Immunogenicity and Protection in Rodents. J. Infect. Dis. 2007, 196, S421–S429. [Google Scholar] [CrossRef] [PubMed]

	



Noda, T.; Ebihara, H.; Muramoto, Y.; Fujii, K.; Takada, A.; Sagara, H.; Kim, J.H.; Kida, H.; Feldmann, H.; Kawaoka, Y. Assembly and Budding of Ebolavirus. PLoS Pathog. 2006, 2, e99. [Google Scholar] [CrossRef]

	



Noda, T.; Sagara, H.; Yen, A.; Takada, A.; Kida, H.; Cheng, R.H.; Kawaoka, Y. Architecture of ribonucleoprotein complexes in influenza A virus particles. Nature 2006, 439, 490–492. [Google Scholar] [CrossRef]

	



Lee, J.E.; Fusco, M.L.; Hessell, A.J.; Oswald, W.B.; Burton, D.R.; Saphire, E.O. Structure of the Ebola virus glycoprotein bound to an antibody from a human survivor. Nature 2008, 454, 177–182. [Google Scholar] [CrossRef]

	



Feng, H.; Nakajima, N.; Wu, L.; Yamashita, M.; Lopes, T.J.S.; Tsuji, M.; Hasegawa, H.; Watanabe, T.; Kawaoka, Y. A Glycolipid Adjuvant, 7DW8-5, Enhances the Protective Immune Response to the Current Split Influenza Vaccine in Mice. Front. Microbiol. 2019, 10, 2157. [Google Scholar] [CrossRef]

	



Feng, H.; Yamashita, M.; Wu, L.; Lopes, T.J.S.; Watanabe, T.; Kawaoka, Y. Food Additives as Novel Influenza Vaccine Adjuvants. Vaccines 2019, 7, 127. [Google Scholar] [CrossRef]

	



Uraki, R.; Das, S.C.; Hatta, M.; Kiso, M.; Iwatsuki-Horimoto, K.; Ozawa, M.; Coban, C.; Ishii, K.J.; Kawaoka, Y. Hemozoin as a novel adjuvant for inactivated whole virion influenza vaccine. Vaccine 2014, 32, 5295–5300. [Google Scholar] [CrossRef]

	



Hothorn, T.; Bretz, F.; Westfall, P. Simultaneous Inference in General Parametric Models. Biom. J. 2008, 50, 346–363. [Google Scholar] [CrossRef] [PubMed]

	



Bavari, S.; Bosio, C.M.; Wiegand, E.; Ruthel, G.; Will, A.B.; Geisbert, T.W.; Hevey, M.; Schmaljohn, C.; Schmaljohn, A.; Aman, M.J. Lipid raft microdomains: A gateway for compartmentalized trafficking of Ebola and Marburg viruses. J. Exp. Med. 2002, 195, 593–602. [Google Scholar] [CrossRef] [PubMed]

	



Geisbert, T.; Jahrling, P. Differentiation of filoviruses by electron microscopy. Virus Res. 1995, 39, 129–150. [Google Scholar] [CrossRef]

	



Hauge, S.; Madhun, A.S.; Cox, R.J.; Brokstad, K.A.; Haaheim, L.R. A Comparison of the Humoral and Cellular Immune Responses at Different Immunological Sites after Split Influenza Virus Vaccination of Mice. Scand. J. Immunol. 2007, 65, 14–21. [Google Scholar] [CrossRef] [PubMed]

	



Mosmann, T.R.; Coffman, R.L. Heterogeneity of Cytokine Secretion Patterns and Functions of Helper T Cells. Adv. Immunol. 1989, 46, 111–147. [Google Scholar] [CrossRef] [PubMed]

	



Stevens, T.L.; Bossie, A.; Sanders, V.M.; Fernandez-Botran, R.; Coffman, R.L.; Mosmann, T.R.; Vitetta, E.S. Regulation of antibody isotype secretion by subsets of antigen-specific helper T cells. Nature 1988, 334, 255–258. [Google Scholar] [CrossRef]

	



Warfield, K.L.; Olinger, G.; Deal, E.M.; Swenson, D.L.; Bailey, M.; Negley, D.L.; Hart, M.K.; Bavari, S. Induction of humoral and CD8+ T cell responses are required for protection against lethal Ebola virus infection. J. Immunol. 2005, 175, 1184–1191. [Google Scholar] [CrossRef]

	



Swenson, D.L.; Warfield, K.L.; Negley, D.L.; Schmaljohn, A.L.; Aman, M.; Bavari, S. Virus-like particles exhibit potential as a pan-filovirus vaccine for both Ebola and Marburg viral infections. Vaccine 2005, 23, 3033–3042. [Google Scholar] [CrossRef]

	



Sunay, M.M.; Martins, K.A.; Steffens, J.T.; Gregory, M.; VanTongeren, S.A.; Van Hoeven, N.; Garnes, P.G.; Bavari, S. Glucopyranosyl lipid adjuvant enhances immune response to Ebola virus-like particle vaccine in mice. Vaccine 2019, 37, 3902–3910. [Google Scholar] [CrossRef]

	



Lee, S.; Nguyen, M.T. Recent Advances of Vaccine Adjuvants for Infectious Diseases. Immune Netw. 2015, 15, 51–57. [Google Scholar] [CrossRef]

	



Blaney, J.E.; Marzi, A.; Willet, M.; Papaneri, A.; Wirblich, C.; Feldmann, F.; Holbrook, M.; Jahrling, P.; Feldmann, H.; Schnell, M.J. Antibody Quality and Protection from Lethal Ebola Virus Challenge in Nonhuman Primates Immunized with Rabies Virus Based Bivalent Vaccine. PLoS Pathog. 2013, 9, e1003389. [Google Scholar] [CrossRef] [PubMed]








[image: Vaccines 08 00215 g001 550] 





Figure 1. Generation and characterization of Ebola Makona virus-like particles (VLPs). (A) Budding of Ebola VLPs from insect cells. High Five Cells were infected with recombinant Baculovirus expressing GP protein (rBV-GP) and recombinant Baculovirus expressing VP40 protein (rBV-VP40). At 24 h post-infection, the cells were fixed with 2.5% glutaraldehyde. Ultrathin (50-nm-thick) sections were stained with 2% uranyl acetate and Reynold’s lead and were observed under a transmission electron microscope. (B) Western blot analysis of the purified Ebola VLPs subjected to SDS-PAGE followed by Western blot analysis with rabbit polyclonal antibodies against the Ebola VP40 and GP proteins. Purified VLP ×10, ×100, and ×1000 indicate the purified VLP diluted to 1:10, 1:100, and 1:1000. (C) Electronic microscopic analysis of the purified VLPs. The purified VLPs were immunogold stained for Ebola GP with a rabbit anti-GP polyclonal antibody as the primary antibody and a goat anti-rabbit IgG 10 nm gold as the secondary antibody, fixed, cut, and analyzed by means of electron microscopy. Arrows indicate 10 nm gold particles conjugated with goat anti-rabbit IgG. Scale bar indicates 50 nm. 
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Figure 2. Screening adjuvant candidates for Ebola Makona VLP vaccine Three groups of six-week-old BALB/c mice (n = 4) were intramuscularly immunized with PBS, Ebola VLPs alone, or Ebola VLPs plus compound three times. Ebola VLPs plus AddaVax was used as a positive control. Blood was collected two weeks after the third immunization. Ebola GP-specific antibodies were assessed by using an enzyme-linked immunosorbent assay (ELISA) using purified His-tagged GP mutant as the coating antigen. Asterisks indicate that the antibody titer was significantly higher in mice immunized with the Ebola VLP vaccine plus the respective compound compared with the vaccine alone group (* p < 0.05; ** p < 0.01). 
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Table 1. GP-specific IgG1 and IgG2a antibody titers of the six injectable compound hits in mice a.
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Immunogen

	
GP-Specific IgG1 Titers b

	
GP-Specific IgG2a Titers

	
IgG2a/IgG1 Ratio




	
Individual Titers

	
Mean Titers

	
Individual Titers

	
Mean Titers






	
PBS

	
<10, <10, <10, <10

	
NA c

	
<10, <10, <10, <10

	
NA

	
NA




	
Vaccine alone

	
40, 80, 40, <10

	
NA

	
40, 80, 20, <10

	
NA

	
NA




	
Vaccine + AddaVax

	
80, 320, 2560, 2560

	
1380.00 d

	
40, 640, 160, 160

	
250.00

	
0.18




	
Vaccine + EMANON CH-25

	
2560, 640, 640, 80

	
980.00

	
640, 320, 640, 320

	
480.00 d

	
0.49




	
Vaccine + EMANON CH-60K

	
320, 1280,20,80

	
425.00

	
1280, 160, 80, 160

	
420.00

	
0.99




	
Vaccine + Ethanol

	
320, 80, 40, 320

	
190.00

	
1280, 80, 640, 320

	
580.00 d

	
3.05




	
Vaccine + Hydroxypropyl cellulose

	
80, 10, 1280, 80

	
362.50

	
160, 320, 320, 320

	
280.00 d

	
0.77




	
Vaccine + RHEODOL AO-15V

	
40, 640, 80, 320

	
270.00

	
640, <10, 640, 160

	
NA

	
NA




	
Vaccine + Zinc oxide

	
320, 1280, 640, 640

	
720.00 d

	
640, 320, 160, 640

	
440.00 d

	
0.61








a Six-week-old BALB/c mice were intramuscularly immunized with PBS, Ebola VLP Vaccine alone, Ebola VLP Vaccine plus compound, or Ebola VLP Vaccine plus AddaVax, three times with a two-week interval between immunizations. Four mice were used per group. The serum samples were collected two weeks after the third immunization to measure the GP-specific IgG antibody titers. b The GP-specific antibody titers were determined by use of an ELISA with purified GP mutant as the coating antigen. The optical density (OD) was measured at a wavelength of 405 nm. The antibody titer was defined as the reciprocal of the highest serum dilution that produced an OD405 > 0.1 after correcting for the negative serum control. c NA, not applicable since the antibody titers in one or more mice were <10. d p < 0.05, Vaccine + compound or Vaccine + AddaVax group versus Vaccine alone group.
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