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Nipah virus (NiV) is a re-emerging pathogen that causes severe disease in animals and humans. Current treatment measures for NiV infection are insufficient, and there is no approved vaccine against NiV for either humans or animals. Nipah virus is listed as a high-priority pathogen for vaccine and therapeutic research by the World Health Organization (WHO). In the present study, we employed synthetic enhanced DNA technologies developed to design and produce novel consensus NiV Fusion (NiV-F) and Glycoprotein (NiV-G) antigen sequences for inclusion in synthetic DNA vaccines for NiV. The expression of each vaccine antigen was confirmed in vitro using immune-binding assays. Electroporation-enhanced intramuscular injection of each NiV-F and NiV-G into mice induced potent cellular immune responses to multiple epitopes of NiV-G and NiV-F that included antigen-specific CD8+ T cells. Both vaccines elicited high antibody titers in mice, with a single immunization sufficient to seroconvert 100% of immunized animals. Additionally, the NiV-F vaccine also induced antibodies to neutralize NiV-F-pseudotyped virus particles. These data support further study of these novel synthetic enhanced NiV nucleic acid-based antigens as potential components of an effective vaccine against the Nipah virus.
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Introduction

Nipah Virus (NiV) is a recently emerged member of the family paramyxoviridae that, together with Hendra virus (HeV), comprises the genus henipavirus (1–3). In contrast to other paramyxoviruses, the henipaviruses cause zoonotic infections exhibiting broad species tropism with the ability to cause fatal disease in humans and in a variety of animal species, including pigs, horses, dogs, and cats (4, 5). These enveloped viruses contain non-segmented, negative-sense RNA genomes (~18.2Kb) comprised of 6 major structural genes (N, P, M, F, G, and L). Members of the Paramyxoviridae has two membrane glycoproteins involved in receptor binding and viral entry, the attachment (G) and fusion (F) proteins, respectively; the G induces viral attachment to two cellular receptors, ephrin-B2 and ephrin-B3, despite a lack of hemagglutination or neuraminidase activity and this subsequently triggers F-mediated membrane fusion between virus and host cells (6). The likely cellular receptors for NiV is Ephrin-B2 and Ephrin-B3 which are predominantly expressed on neurons, smooth muscle, and endothelial cells (7). Both G and F have been implicated in viral pathogenesis and are major targets of neutralizing antibody (nAb) responses in NiV-infected people making them ideal targets for vaccine development (8–10).

Since 1998, outbreaks and/or reported in reservoir species of NiV have been reported in throughout countries in Southeast Asia including Malaysia, Cambodia, Thailand, Singapore, the Philippines, Bangladesh and India, among others, with mortality rates approaching 100% (2, 11–13). The disease has been either associated with naturally occurring outbreaks and/with sporadic outbreaks occurring since the disease was first reported in Malaysia in 1998. NiV isolates from Malaysia and Cambodia clustered together in NiV-MY clade, whereas isolates from Bangladesh and India clustered within NiV-BD clade (12, 14). In the outbreaks in Malaysia and Singapore, the case fatality ratio was around 40% and infected persons were noted to have had close contact with pigs (15). In the outbreaks in Bangladesh and India, case fatality rates have been reported to be from 70-100% and transmission has been seen in people who have ingested food contaminated by bat fecal matter and person to person transmission has also been observed (16).The rate of human-to-human transmission of NiV has increased (17–19), and there is evidence to suggest that the virus is shed in saliva, nasopharyngeal secretions, and urine (20–22). The respiratory epithelium is an early and prominent target for inhaled NiV, resulting in significant histopathological changes including pneumonia, pulmonary edema, and necrotizing alveolitis (21). In addition, NiV infection is associated with acute encephalitis and systemic vasculitis, and direct NiV infection of neurons has been noted in the brain (20). In fatal cases, death occurs between 1-2 weeks following initial symptom onset, and 20% of the survivors suffer from residual neurologic effects. Relapse/late-onset encephalitis occurs in approximately 7.5% of survivors, and 3.4% of individuals who were initially asymptomatic develop symptoms within a span of 4 years following initial exposure (23). Neuronal injury in the brain is extensive and viral inclusions are prominent, suggesting that relapse/late-onset encephalitis results from reactivation of the previous neuronal NiV infection (24). The mortality rate in the case of relapse/late-onset encephalitis is approximately 18%, and 61% of the survivors were found to have neurologic sequelae (23). According to the World Health Organization (WHO), the incubation period ranges from 4-to 14 days; however, incubations up to 45 days have been reported in a few cases.

DNA plasmid immunogens have multiple characteristics that make them an ideal platform for vaccines for emerging and re-emerging infectious disease agents. DNA plasmid vaccines can be designed and produced rapidly and cost-effectively. They are thermostable and do not require a frozen cold chain, making them well suited for field study and deployment in low- and middle-income countries (LMICs). While first-generation DNA vaccines were poorly immunogenic in the clinic, advances in plasmid design and the introduction of novel delivery strategies, including localized in vivo electroporation (EP), have greatly improved immunogenicity of DNA vaccines and have allowed for dose reduction while maintaining the positive safety profile of DNA vaccines seen in the initial clinical trials (25, 26). Several DNA vaccines against EIDs have been advanced into clinical trials, including vaccines against HIV, Zika virus, MERS, SARS-CoV-2 and Ebola virus (25–28). A DNA vaccine has been authorized under an emergency use authorization (EUA) for SARS-CoV2 in India after highly successful efficacy trials (29).

The re-emergence of Nipah in several recent outbreaks is troubling as there are no licensed vaccines or therapeutics currently available to combat NiV infection and/or disease (30). The basis for protective immunity against Nipah is not clear. Vaccines based on henipavirus G protein have been shown to protect small animals and monkeys from lethal henipavirus challenge (31). In another study, vaccines encoding NiV-G or -F genes were both able to protect hamsters from lethal NiV challenge, and passive transfer of antibodies induced by each vaccine was also able to protect animals from disease (32). Both Hendra virus and Nipah virus have continued to repeatedly cause spillover from animals and causes lethal disease across a broad range of vertebrate species including humans. Infection of Hendra virus in horses in Australia has occurred annually and have now been 7 human cases of which 4 have been fatal which was transmitted from infected horses to humans. A fully registered horse anti-Hendra virus subunit vaccine has been in use in Australia since 2012 (33). It has been reported that there is passive antibody protection targeting the F antigen in NiV-infected people (34, 35), making F protein a bona fide vaccine candidate (10, 36). This is also supported by identifying a specific epitope at the ascorbic acid peroxidase (APEX) of the F trimer (37, 38). In this study, we designed two highly optimized, synthetic enhanced DNA vaccines encoding the Nipah virus Glycoprotein (G) or Fusion (F) antigens. Our results show that both immunogens induced NiV-specific cellular and humoral immune responses, including neutralizing antibodies in mice. These data support further testing of these vaccines as a means to prevent NiV infection.



Materials and methods


DNA vaccine design and plasmid synthesis

For the vaccine design we used a focused consensus strategy to design Nipah virus Fusion (F) and Glycoprotein (G) antigen cassettes. The consensus sequences were designed through alignment of multiple F and G protein sequences available in the PubMed database including the genetically categorized two genotypes of NiV-Malaysia (NiV-MY) identified in Malaysia and Cambodia (NiV-M clade) and NiV-Bangladesh (NiV-B clade) identified in Bangladesh and India (39). The Nipah Virus proteins were downloaded from the NCBI database (https://www.ncbi.nlm.nih.gov/). Protein accession numbers are as follows: AAF73956.1; AAK29087.1; AAK50544.1; AAK50553.1; AAM13405.1; AAY43915.1; ACT32614.1; ADN51995.1; AEZ01388.1; AEZ1396.2; APT69633.1; APT69700.1; AWT50993.1; CAD92350.1; CAD92356.1; CAD92362.1; CAF25496.1; CBM41033.1; NP112026.1; QBQ56704.1; QCY54420.1; QHR78956.1; and QHR79001.1 were selected for the vaccine consensus construction and retrieved from the NCBI database in protein FASTA format. Several modification including plasmid optimizations which include RNA optimization to improve mRNA stability and more efficient translation on the ribosome, the addition of leader sequences to enhance translation efficiency in human cells as well as the creation of consensus immunogens to induce broader more cross-reactive responses to diverse viral isolates. We have focused on this area and reported improved in vivo expression of such designer plasmids, however, additional advances appear to be needed, as alone these approaches do not engender immunity in the range that was induced by other delivery platforms were performed to obtain enhanced expression of each antigen in mouse and human tissues (27, 40–50). Additionally, an enhanced IgE leader sequence was added to the 5’ end of each insert before cloning each into cytomegalovirus (CMV) promoter-containing expression plasmid (pVax1). GenScript Inc., (USA) carried out large-scale DNA amplification of each plasmid, and purified plasmid DNAs were reconstituted in water. The insert sizes were validated by agarose gel electrophoresis.



Animals, study approval, and electroporation

Six to eight-week-old female C57BL/6 mice (Charles River, USA) were used for all the experiments and were maintained in specific pathogen-free conditions (Wistar IACUC# 112785). Mice were immunized with 25μg of pVax1 empty vector or NiV-F or NiV-G plasmids into the anterior tibialis (TA) muscle, followed by the delivery of two 0.1 Amps of triangulated square-wave pulses per insertion with 3P CELLECTRA® adaptive constant current enhanced electroporation (EP) delivery device (Inovio Pharmaceuticals, USA) as described previously (28). Each group of vaccinated mice received two immunizations of pVax1, NiV-F, or NiV-G at the interval of two weeks. Animals were monitored for signs of distress after immunization once every week. All animals were humanely sacrificed at various times after vaccination as described in the text and shown in the figures. For sacrifice, mice were anesthetized with 2-5% isoflurane before euthanasia by carbon dioxide inhalation followed by confirmation of death by loss of vital signs and absence of corneal reflex. Blood samples were collected from each mouse by submandibular vein bleed using a lancet, and serum was recovered by centrifugation (47, 51).



Enzyme-linked immunosorbent assay 

MaxiSorp high-binding 96-well ELISA plates (Fisher, USA) were coated with recombinant NiV-F or NiV-G protein (1μg/ml in phosphate-buffered saline (PBS) and incubated overnight at 4°C. For the recombinant proteins, the coding sequence of NiV-F and NiV-G proteins, were cloned into the bacterial expression vector including His-Tag and protein cleavage site were fused in frame with target gene for purification. Purified proteins were subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis in a 12% acrylamide gel, and the resolved bands were visualized by staining with Coomassie brilliant blue. The recombinant His6-tagged proteins were purified from the soluble fraction of the lysates using a Ni-NTA chromatographic column (GenScript, USA), and the purified protein was eluted. The purified recombinant proteins were analyzed using a UV spectrophotometer and the concentration was determined at 593 nm using a standard curve. Following incubation with specific recombinant proteins, plates were washed with PBS-T (PBS with 0.05% Tween 20) and blocked using PBS containing 10% FBS for 1 hour at room temperature (RT). Subsequently, the plates were washed with PBS-T and incubated with hybridoma, serially diluted in PBS with 1% FBS and 0.1% Tween 20 for 30 minutes on a shaker and 90 minutes at room temperature. After another wash, the plates were treated with goat-anti-mouse IgG H+L conjugated to Horse Radish Peroxidase (Bethyl Laboratories, USA) at a dilution of 1:10000 for 1 hour at room temperature. Post final wash, the plates were developed with SigmaFast OPD substrate (Sigma-Aldrich, USA) for 5-10 min in the dark, and the reaction was stopped using 1N H2SO4. The plates were read using a Synergy2 plate reader (BioTek Instruments, USA) at an optical density of 450nm.

Subsequently, the plates were washed with PBS containing 0.01% Tween-20 (PBST) four times in order to remove any unbound antigen. Then 100μl of immune sera serially diluted (half log fashion) in ELISA dilution buffer (PBS containing 1% fetal bovine serum (FBS)) were added to the plates and then incubated for 2h followed by four washes with PBST. Then, peroxidase-conjugated anti-mouse IgG, IgG1, IgG2a, IgG2b and IgG3 antibodies (Sigma-Aldrich, USA) were added to the plates and incubated for 1h. Following washing with PBST, 100μl of 3,3’5,5’-Tetramethylbenzidine (TMB) substrate (Sigma-Aldrich, USA) solution was added to the plates to detect the amount of bound antibody. The reaction was stopped using 50μl of 2N-H2SO4, and finally the optical density was measured at 450 nm using an ELISA plate reader (Biotek, USA). Titers were determined as the highest dilution to obtain an OD value of 0.2. For calibrating IgG subclass, plates were coated with recombinant target proteins and immune sera; one week post third immunization (day 35), incubated overnight at 4°C, washed with PBST, and then probed with anti-mouse IgG subclass (IgG1, IgG2a, IgG2b and IgG3) horseradish peroxidase-conjugated antibody (Sigma-Aldrich, USA).



Design and generation of synthetic peptides

We designed libraries of 153 and138 individual synthetic peptides spanning the external domains of NiV-G and NiV-F, respectively, that consisted of 15mer peptides, overlapping by 11 amino acids. All the probable peptide sequences of length 8-11mer were determined in order to map the potential CD8+ T cell epitopes in positive 15mer peptides. SYFPEITHI database was used for the analysis of the binding of theoretical peptides to the mouse major histocompatibility complex (MHC) class I allele H2-b. The peptides of different amino acid sequence lengths were synthesized and tested. All the peptides were synthesized (10 mg scale, 70% purity) by GenScript Inc., (USA) and were dissolved in DMSO for usage.



ELISpot assay

This assay was carried out using an ELISpot mouse kit (Mabtech, USA) as per manufacturer’s protocol. Briefly, 96-well ELISpot plates were blocked using Roswell Park Memorial Institute Medium (RPMI) with 10% Fetal Calf Serum (FCS) (R10) for 2 h at room temperature. Spleens of the vaccinated mice were dissected and crushed using a Stomacher device (Seward, UK). The splenocyte suspensions obtained after red blood cell lysis treatment were then added to the plate at the concentration of 2 ×105 cells/well, followed by the addition of Nipah-specific F and G peptides pool in R10. For positive control 5 µg/ml Concanavalin A (ConA) in R10 medium and negative control 50µl R10 into indicated wells indicated wells. Following incubation for 24 h at 37°C; 5% CO2, the plates were washed with PBS and then incubated with biotinylated anti-mouse IFN-γ mAb (1:1000) for 2 h at room temperature, followed by washing. Subsequently, streptavidin-conjugated HRP was added to the plates and incubated for 1 h at room temperature. Thorough washing of the wells was done again before developing with the TMB substrate provided in the kit. Spots representing the T cells capable of producing IFN-γ were finally counted with the help of an automated ELISpot reader (CTL Limited, USA), and the results were presented as spot-forming units (SFU) per 106 splenocytes.



Cell surface markers/intracellular cytokine staining

Single-cell suspended mouse splenocytes (2x106 cells/well) were added to a U-bottom 96-well plate (ThermoFisher, USA) and were stimulated with or without Nipah-specific peptides (1µg/ml) for 5 hours at 37°C; 5% CO2, along with anti-mouse CD28 (1µg/ml) in the presence of GolgiPlug™ containing Brefeldin A (1µl/ml). Phorbol myristate acetate (PMA, 5 ng/ml; Sigma, USA) and ionomycin (250 ng/ml) were used as positive controls. The cells were fixed using a Cytofix/Cytoperm™ Plus kit (ThermoFisher, USA) as per manufacturer’s protocol, and stained with fluorochrome-conjugated monoclonal antibodies (mAbs) specific for cell surface antigens as well as intracellular cytokines, Extracellular antibodies used for staining included LIVE/DEAD Fixable Violet Dead Cell Stain kit (Invitrogen); anti-CD19 (V450; clone 1D3; BD Biosciences, USA); anti-CD4 (FITC; clone RM4-5; eBioscience, USA); anti-CD8α (APC-Cy7; clone 53–6.7; BD Biosciences, USA); anti-CD44 (A700; clone IM7; Biolegend, USA). For intracellular staining the following antibodies were used: anti-IFN-γ (APC; clone XMG1.2; Biolegend, USA); anti-TNF-α (PE; clone MP6-XT22; eBioscience, USA); anti-CD3ϵ (PerCP/Cy5.5; clone 145-2C11; Biolegend, USA); anti-IL-2 (PeCy7; clone JES6-SH4; eBioscience, USA). Appropriate isotype-matched controls for cytokines were included in case of each staining. The cells, after staining, were analyzed using LSRII flow cytometer (BD Biosciences, USA) and FlowJo software (Tree Star, USA) (51, 52).



Production of NiV-G/F pseudovirus and inhibition assay

NiV-G/F pseudotyped particles were prepared as described previously by co-transfection of HEK293T cells with a 1:1 ratio of DNA plasmids encoding NiV-G/F protein; or the plasmids encoding vesicular stomatitis virus G protein (VSV-G) were co-transfected with pNL4-3.luc.R-E- plasmid (NIH AIDS Reagent) to generate VSV-G pseudovirus as controls (40, 53–55). The supernatant containing pseudovirus was harvested 48hrs post-transfection and enriched with FBS to 12% total volume, sterile filtered, and stored at -80˚C. Pseudotyped viruses were diluted suitably to produce 1500-2000 relative light units (RLUs) in the control wells. Virus titers were determined by measuring RLU.

Pseudovirus inhibition assay was established to detect neutralizing activity of vaccinated mouse sera against infection of NIV-G/F pseudovirus in target cells. Briefly, NiV-G/F pseudovirus-containing supernatants were respectively incubated with serially diluted mouse sera at 37°C for 1h; 5% CO2 for adsorption before adding to confluent monolayers of Vero cells pre-plated in 96-well culture plates (104 cells/well). Twenty-four hours later, the inoculum was removed, cells were refed with fresh medium with 5% FBS and 1% penicillin-streptomycin, which was followed by lysing cells 72hrs later using cell lysis buffer (Promega) and transferring the lysates into 96-well luminometer plates. Luciferase substrate was added to the plates, and relative luciferase activity were performed according to the protocol recommended by the manufacturer with BriteLite reagent (PerkinElmer, USA). The inhibition of NiV-G/F pseudovirus was presented as % inhibition and the percent neutralization were calculated using GraphPad Prism 6.0 software (GraphPad Software, San Diego, CA, USA) (40).



Statistical analysis

The data are presented as mean with standard error (SE) or standard error mean (SEM). Two-tailed student t-test or modified ANOVA was used to determine statistical significance. A p-value less than 0.05 was considered significant. Statistical analyses were performed using Graph Pad Prism software.




Results


Generation of synthetic DNA vaccines targeting NiV-F and NiV-G antigens and characterization of immunogenicity in mice

We have developed and advanced into the clinic several synthetic DNA vaccines against viral EID targets, including MERS-CoV (26, 40), Zika virus (41, 50), Ebola (52), Mayaro virus (MAYV) (51); Powassan virus (POWV) (44) and recently, SARS-CoV-2 (46). Each of these DNA vaccines induced robust antigen-specific antibodies as well as strong CD8+ and CD4+ T cell responses in clinical trials (25–27, 56). We have been very active over the past decade in improving the tolerability and responses of DNA vaccines. Electroporation-enhanced delivery of DNA vaccines significantly increases in vivo transfection efficiency, which improves antigen production and boosts their immunogenicity (25–27, 40, 51, 52, 57, 58).

The Nipah virus Glycoprotein (NiV-G) and Fusion protein (NiV-F), which mediate virus attachment and fusion, respectively, were selected as antigens for development of DNA vaccines. Both proteins are important targets on the virus envelope for inducing a protective neutralizing antibody response (13, 59, 60). The G protein is responsible for virus attachment to the putative viral receptor while the F protein mediates fusion. We employed a consensus antigen design strategy to identify the most highly conserved regions of F and G for inclusion in antigen cassettes. We performed alignments of multiple NiV-F and NiV-G protein sequences deposited in GenBank that came from divergent strains, including ones from the recent Indian NiV outbreak as described in materials and methods.

Several modifications were included when constructing the vaccine plasmids to improve the production of the antigens when delivered in vivo, including codon and RNA optimization of the consensus antigen sequences and the addition of a highly efficient IgE leader sequence to improve secretion of antigens from cells (Figure 1A). Prior to immunogenicity studies in mice, expression of each antigen was confirmed by Western blot analysis of lysates collected from HEK293T cells transfected with the NiV-G or NiV-F vaccines using specific monoclonal antibodies (Figure 1B). Proteins with estimated molecular masses of approximately 65-70kDa and 55-60kDa were detected in the cell lysates from NiV-G, and NiV-F transfected, respectively, consistent with the reported molecular weights of these antigens. Further, the expression of these constructs was confirmed by a green fluorescence protein (GFP)-based flow cytometry method. Specifically, HEK293T cells were transiently transfected with plasmids in which GFP was fused in-frame with the coding sequences of each antigen. Transfected cells were harvested 48 hours post-transfection and tested for protein expression by flow cytometry with GFP and specific antibodies. As shown in Figure 1C, increased antigen expression was observed in the transfected cells. This data confirms that the synthetic full-length NiV-G and NiV-F protein encoded in each vaccine is expressed by cells and readily detectable.




Figure 1 | Generation and characterization of NiV-F and NiV-G specific vaccine. (A) Schematic diagram of NiV-vaccine encoding either synthetic consensus NiV-F or NiV-G antigens. (B) Western analyses of cell lysates from cells transfected with pNiV-G and pNiV-F vaccines probed with antibodies specific to each transfected cell lysates. The lanes were loaded with 20μg of total protein from the vaccine-transfected cell lysates. Negative control was established with pVax1 transfected cells (Con). (C) Flow cytometric determination of transgene expression. HEK293T cells were transfected with pNiV-G-GFP or pNiV-F-GFP and then analyzed by flow cytometry two days post-transfection cells to detect the surface expression of NiV-G and NiV-F protein using an antibody specific to each vaccine. Representative plots for flow cytometry gating strategy were shown for forward and side scatter and discrimination of doublets and percentage of unstained cells (negative control/GFP only) and cells without specific antibodies are added. In this plot, Q2 quadrant demonstrates cells that express target proteins (NiV-G-GFP or NiV-F-GFP) and show GFP fluorescence. The percentage of positive cells is indicated in Q2 gate.



Immune responses to NiV-G and NiV-F correlates with protection from Nipah virus infection in several susceptible species (11, 19, 61, 62). The goal of this study was to evaluate comprehensively and empirically the ability of our NiV-G and NiV-F vaccines to induce NiV-specific cellular and humoral responses. Immunogenicity evaluations were carried out in mice (n=4/group) vaccinated twice, 14 days apart, with the individual NiV-F or NiV-G vaccine constructs or an empty pVax1 vector. Sera were collected from mice prior to each immunization (days 0 and 14) as well as one-week post-second immunization (day 28) when spleens were also harvested from each animal. The induction of antibodies to NiV-G or NiV-F by each vaccine was measured using ELISA. The cellular responses were evaluated by performing IFN-γ ELISpot assay and intracellular cytokine staining (ICS) flow cytometric assays on splenocytes collected from vaccinated animals that were ex-vivo stimulated with pools of linear 15-mer peptides spanning the extracellular domain of NiV-G or NiV-F immunogens.



Evaluation of cellular responses in NiV-G vaccine in mice

The induction of cellular responses in NiV-G vaccine-immunized mice was evaluated by performing an IFN-γ ELISpot assay on splenocytes collected two weeks after a second injection with the NiV-G vaccine (Figure 2A). Splenocytes were stimulated with linear pools of NiV-G peptides overnight. Figure 2B shows that NiV-G vaccine immunization induced a significant level of INF-γ spot-forming units (SFU) to multiple regions of the NiV-G. We went on to map the murine T-cell epitopes by screening these splenocytes with matrixed NiV-G peptide pools using ELISpot. All of the peptides from the NiV-G pools were assigned to matrix configuration (Table 1). In this ELISpot assay, splenocytes stimulated with matrix pools 8, 23, and 24 had an IFN-γ SFU response approximately 2-fold over the highest subdominant response. Based on the matrix pool composition, this result narrowed the dominant response to overlapping peptides 94 and 95 (aa 394-408 of NiV-G) which led to the sequence “YNDSNCPITKC” being identified as an immunodominant epitope of NiV-G (Figure 2C). Intracellular cytokine staining for IFN-γ, IL-2, and TNF-α on NiV-G peptide-stimulated splenocytes showed that vaccination with NiV-G vaccine increased the percentage of NiV-G-specific cytotoxic (i.e., CD8+) T cells in mice (Figure 2D).




Figure 2 | Functional profile of cellular responses elicited by NiV-G vaccine in mice. (A) Schematic representation of EP mediated immunization and immune analysis. C57BL/6 mice (n=4 per group) were immunized with 25μg of pNiV-G vaccine using EP mediated enhanced delivery. (B, C) Immunization of mice with NiV-G vaccine induced robust T cell responses, as assessed by total IFN-γ ELISpot assay on splenocytes stimulated with each of 4 pools of linear overlapping peptides spanning the whole NiV-G (B) and characterization of NiV-G-specific dominant epitopes in C57BL/6 mice. IFN-γ responses were assessed by ELISpot assays with matrix pools of NiV-G peptides where each 15-mer peptide was present in two pools (C). The data represents the total IFN-γ response of mean±SE in each group two weeks after the second immunization (day 28). Values represent mean responses in each group (n=4) ± SEM. (D) Immunization with NiV-G vaccine induced activated CD8+ T cells capable of producing IFN-γ, TNF-α and IL-2 secreting cells when stimulated by NiV-G peptides. Two weeks after the second immunization with the NiV-G vaccine, splenocytes were cultured in the presence of pooled NiV-G peptides or R10 medium only. Flow cytometry measured the frequency of NiV-G -specific IFN-γ, TNF-α and IL-2 producing CD8+ T cells. Single function gates were set based on negative control (unstimulated) and were placed consistently across the samples. The percentage of the total CD8+ T-cell responses are shown. These data are representative of two independent immunization experiments.




Table 1 | The corresponding list of NiV-F/G liner and Matrix peptide pools.





Antibody responses to NiV-G vaccine in immunized mice

Immunization with the NiV-G vaccine induced a significant level of antigen-specific antibodies in mice one week after a second immunization with the construct (Figure 3A). All immunized animals seroconverted after their first immunization, and a little increase in antibody titer was seen after a second immunization (Figure 3B). Mice vaccinated with the control pVax1 vector elicited no anti-G antibody. The IgG induced in vaccinated mice was primarily of the IgG2a and IgG1 subclasses (Figure 3C). Antibodies present in sera from NiV-G vaccine-vaccinated animals bound to native forms of NiV-G in an indirect fluorescence assay (IFA) of HEK293T cells transfected with the NiV-G vaccine plasmid (Figure 3D). To exclusively measure NiV-G specific neutralization responses, we made use of pseudoviral based neutralization to NiV-G-specific responses. As indicated in Figure 3E, antisera from immunized with the NiV-G vaccine mice (n=4) we observed that groups vaccinated with NiV-G, retained some levels of neutralization by the pseudoviral tested. These data show that the consensus NiV-G vaccine is a potent immunogen for generating both cellular and humoral immune responses against NiV.




Figure 3 | Evaluation of NiV-G antigen-specific antibody responses following immunization of mice with NiV-G vaccine. (A) NiV-G specific-antibody responses were measured in sera collected two weeks after the second immunization (day 28). Recombinant NiV-G protein was used in ELISA to assess the antigen-specific antibody responses. (B) Endpoint titers for the single and two immunization samples were measured in sera collected on day 14 (indicated as immunization 1) and 28 (indicated as immunization 2) post-immunization (n=4 mean ± SEM). (C) IgG1, IgG2a, IgG2b, and IgG3 subclass of mouse sera were determined by ELISA in samples collected two weeks post second immunization (day 28). (D) Immunofluorescence assay demonstrated that IgG generated from NiV-G vaccine-administered mice was capable of binding to NiV-G vaccine-transfected cells. (E) Day 28 immune sera from each mouse were diluted at 1:20 and used to measure inhibition ability for NiV-F/G pseudovirus. Sera samples were measured in duplicates and the data shows one of two representative experiments.





Evaluation of cellular responses in NiV-F vaccine in mice

We next evaluated cellular responses induced in mice after vaccination with our NiV-F vaccine (Figure 4A). An IFN-γ ELISpot assay performed on splenocytes from NiV-F vaccine-immunized mice showed a significant increase in IFN-γ-SFUs following culturing of the splenocytes with linear pools of peptides spanning the extracellular domain of NiV-F compared to splenocytes from control vector-immunized mice (Figure 4B). To identify specific epitopes within NiV-F that elicited cellular response, an IFN-γ ELISpot assay was performed on splenocytes using matrixed pools of NiV-F peptides (Table 1). There were six matrix pools that elicited more than 100 spots, indicating cellular responses generated by NiV-F vaccine recognized multiple regions of NiV-F. Based on this result and the composition of the matrix pools, the sequence “IQELLPVSFNNDNSE” was identified as an immunodominant epitope of NiV-F (Figure 4C). It was confirmed to contain one H2-Db-restricted epitope by using the IEDB analysis resource consensus tool (http://tools.immuneepitope.org). Vaccination with the NiV-F vaccine also increased the percentage of CD8+ T cells that could produce IFN-γ, IL-2, and TNF-α upon stimulation with NiV-F peptides (Figure 4D).




Figure 4 | Functional profile of cellular immune responses elicited by NiV-F vaccine in mice. (A) Schematic representation of different time points of EP mediated immunization and immune analysis of this study. C57BL/6 mice (n=4 per group) were immunized with 25μg of NiV-F vaccine using EP mediated enhanced delivery. (B) Immunization of mice with NiV-F vaccine induced robust CD8+ T cell responses. Nipah-specific CD8+ T-lymphocyte responses were assessed by IFN-γ ELISpot assay to each of 4 pools of linear overlapping peptides spanning the whole NiV-F. Data represents the responses Mean±SD in each group one week after the second immunization. (C) Characterization of NiV-specific dominant epitopes in C57BL/6 mice. IFN-γ responses were assessed by ELISpot assays with matrix pools of peptides, indicating the presence of immunodominant epitopes comprising of the NiV-F. Values represent mean responses in each group (n=4) ± SEM. (D) Immunization with NiV-F vaccine induced a higher number of activated CD8+ T cells capable of producing IFN-γ, TNF-α and IL-2 when stimulated by Nipah-F peptides. One week after the last immunization with the NiV-F vaccine, splenocytes were cultured in the presence of pooled NiV-F peptides or RPMI media + 10% FBS (R10) only. Flow cytometry measured the frequency of NiV-F -specific IFN-γ, TNF-α and IL-2 secreting CD8+ T cells. Single function gates were set based on negative control (unstimulated) and were placed consistently across the samples. The percentage of the total CD8+ T-cell responses are shown. These data are representative of two independent immunization experiments.





Antibody responses to NiV-F vaccine in immunized mice

ELISA evaluation of sera collected from immunized mice showed that the NiV-F-vaccine vaccine-induced significant NiV-F specific antibodies in all mice by two weeks following the first dose, and a second immunization with the vaccine boosted antibody titers (Figures 5A, B). Antibodies generated in NiV-F vaccine-immunized animals were primarily of the IgG2a subclass, suggesting that the NiV-F vaccine induces a dominant Th1-type immune response (Figure 5C). In addition, sera from vaccinated mice could also readily detect F proteins in Western analyses and in IFA of NiV-F vaccine-transfected HEK293T cells (Figures 5D, 5E). To evaluate the neutralization potential of sera collected from NiV-F vaccine-immunized mice, we generated NiV-F-pseudotyped recombinant lentiviral particles that expresses the luciferase reporter gene. Preincubation of these pseudotyped particles with sera from NiV-F vaccine-immunized mice efficiently inhibited infection of Vero cells by the pseudovirus tested (Figure 5F), suggesting that the antibodies induced by this vaccine could neutralize NiV infection.




Figure 5 | Antigen-specific humoral immunity is induced by synthetic vaccine candidates expressing NiV-F. (A) Sera collected 14 days after the first (prime) immunization and 7 days after the second (boost) immunization (day 28) were analyzed for NiV-F-specific IgG. (B) Endpoint titers for the single and two immunization samples were measured in sera collected on day 14 (indicated as immunization 1) and 28 (indicated as immunization 2) post-immunization (n = 4 mean ± SEM). (C) IgG1, IgG2a, IgG2b, and IgG3 subclass of mouse sera were determined by ELISA in samples collected one week post second immunization (day 28). (D) Western blot of NiV-F protein detected with immune sera from mice immunized with NiV-F vaccine. The arrow indicates molecular mass. Lane M: protein size marker. (E) IFA analysis for NiV-F protein expression in Vero cells. 24h after transfection with NiV-F vaccine, immunofluorescence labeling was performed by incubation with the immune sera (1:100). (F) Day 28 immune sera from NiV-F vaccine-immunized mice were diluted at 1:20 and used to measure inhibition ability for NiV-F/G pseudovirus. Sera samples were measured in duplicates and the data shows one of two representative experiments.






Discussion

In this study, we applied synthetic DNA vaccine technologies to address the major need for a vaccine against Nipah virus. Both the NiV-G and NiV-F vaccines designed and tested in this study induced robust cellular and humoral immune responses specific to each NiV protein. Both vaccines activated polyfunctional cytotoxic CD8+ T cells specific for NiV as well as full seroconversion with robust antigen-specific antibody titers after a single immunization. Antibodies induced by both vaccines in mice inhibited entry of NiV-F/G-pseudotyped viral particles into cells, supporting the hypothesis that these vaccines are capable of neutralizing NiV infection. The membrane-distal region of NiV-F has been identified as a site of vulnerability on the NiV surface and monoclonal antibodies have been developed against NiV-F that block NiV infection in vitro (19, 36). Additionally, neutralizing antibodies induced by recombinant VSV-based NiV-F vaccines offered protection against infection in ferret and hamster NiV challenge models (63, 64). While the correlations of protection for NiV infection are unknown, vaccines that can induce or engage multiple effector mechanisms like our NiV-G and NiV-F vaccines have a better chance of providing protection from NiV infection and/or severe disease.

Some desirable characteristics of a NiV vaccine to be used during an outbreak include an ability to rapidly induce protective immunity after a single dose with a good safety profile, thermostability (2-8°C), and an ability to confer immunity against both NiV M and B clade viruses (65). The DNA vaccine platform used to create the NiV-G and -F vaccines described here has been evaluated clinically for over 25 years and has maintained a good safety profile over this time. DNA plasmids can be designed rapidly; manufactured in large quantities cheaply; and are thermostable at room temperature for extended periods - all helpful properties for a NiV vaccine considering that several low- and middle-income countries (LMICs) are present in the danger zone for where a NiV outbreak may occur (25, 40, 66–68). The use of synthetic DNA technology to create consensus NiV-G and NiV-F sequences for the vaccines described here should provide broader protection against both NiV-M and B clade viruses, although further testing is needed to confirm this. Furthermore, the consensus sequence antigens should maintain the efficacy of these vaccines against strains of NiV that emerge in the future. In mice experiments, seroconversion to NiV-G and NiV-F were noted after a single immunization, and the electroporation-enhanced delivery protocol allowed for dose-sparing as only 25μg of each vaccine induced significant humoral and cellular responses. Further studies are also needed to evaluate whether these individual vaccine responses are sufficient to protect against NiV infection and disease and if delivering the vaccines as a cocktail enhances their ability to protect against NiV infection.

This report is the third to describe the development of DNA vaccines against NiV. Wang et al. created vaccine plasmids with codon optimized sequences of NiV F and G cloned into the pCAGGS vector and observed that their NiV G vaccine induced higher specific IgG and neutralizing antibodies that their NiV F vaccine in mice (69). The sequences of each protein in their vaccines came from a NiV M clade virus. Nie et al. also generated DNA vaccines using the G and F sequences from a NiV-M clade virus, using the CMV promoter-containing pDRV1.0 vector as a backbone (70). They noted that their vaccines generated neutralizing antibodies in mice and guinea pigs, when administered separately or together, after electroporation-enhanced immunization. They also observed that their NiV G vaccine induced higher nAb than their NiV F vaccine, but in a NiV F/G pseudotyped particle mouse challenge model that they developed, immunization with their NiV-G vaccine induced equivalent protection as immunization with their NiV-F vaccine and immunization with both together had no significant effect on protection. Neither group reported on the generation of cellular immune responses by their vaccines. In addition to these DNA vaccines, at least 38 other NiV vaccines have been reported on (71). More than half of these were made using viral vector platforms with protein subunit, virus-like particles, and mRNA platforms also being employed. Only three of these reported vaccines were made using the G and F proteins from NiV B clade viruses while the remainder encode G and/or F sequences from NiV-M clade viruses or HeV. While several of these vaccines were demonstrated to offer protection against NiV challenge in small animal models, only two have advanced into phase I trials.

Although extensive studies have been carried out over the years to understand the pathogenicity of NiV infection, little progress has been made in the development of specific anti-NiV compounds (8, 72). As seen with the Ebola virus in 2014-15 and SARS-CoV-2 in 2019-present, not having a vaccine or a viable vaccine candidate available when an EID pathogen appears can lead to significant disruption to everyday life throughout the globe as well as innumerable and tragic loss of life. The appearance of EID agents has become more frequent over the last few decades, and their ability to spread around the world within hours and days means that no one is truly safe from them. Preemptively developing vaccines for specific pathogens or pathogen families that are likely to cause widespread epidemics is a global priority to minimize or hopefully prevent the damage that can be caused by an EID. The data presented in this paper support further evaluation of these immunogenic NiV-G and NiV-F vaccines as a viable strategy to prevent NiV infection and disease in expanded animal studies. These tools likely could be important for possible deployment if and when a NiV outbreak occurs.
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