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Classical swine fever virus (CSFV) is a highly contagious pathogen, which pose continuous threat to the swine industry. Though most attenuated vaccines are effective, they fail to serologically distinguish between infected and vaccinated animals, hindering CSFV eradication. Beneficially, nanoparticles (NPs)-based vaccines resemble natural viruses in size and antigen structure, and offer an alternative tool to circumvent these limitations. Using self-assembling NPs as multimerization platforms provides a safe and immunogenic tool against infectious diseases. This study presented a novel strategy to display CSFV E2 glycoprotein on the surface of genetically engineered self-assembling NPs. Eukaryotic E2-fused protein (SP-E2-mi3) could self-assemble into uniform NPs as indicated in transmission electron microscope (TEM) and dynamic light scattering (DLS). SP-E2-mi3 NPs showed high stability at room temperature. This NP-based immunization resulted in enhanced antigen uptake and up-regulated production of immunostimulatory cytokines in antigen presenting cells (APCs). Moreover, the protective efficacy of SP-E2-mi3 NPs was evaluated in pigs. SP-E2-mi3 NPs significantly improved both humoral and cellular immunity, especially as indicated by the elevated CSFV-specific IFN-γ cellular immunity and >10-fold neutralizing antibodies as compared to monomeric E2. These observations were consistent to in vivo protection against CSFV lethal virus challenge in prime-boost immunization schedule. Further results revealed single dose of 10 μg of SP-E2-mi3 NPs provided considerable clinical protection against lethal virus challenge. In conclusion, these findings demonstrated that this NP-based technology has potential to enhance the potency of subunit vaccine, paving ways for nanovaccine development.
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Introduction

Classical swine fever (CSF), characterized by typical clinical symptoms including fever, anorexia, ataxia and respiratory problems, can result in high morbidity and mortality in pigs (1, 2). Outbreaks of CSF led to significant economic losses in the pig industry worldwide, including Central and South America, Africa and Asia. Consequently, CSF is economically important and listed as a notifiable disease by the World Organization of Animal Health (OIE). Emerging studies have shown that genotype 2 CSFV has replaced genotype 1 and has become the dominant genotype in China (3, 4). Persistent infections caused by chronic and atypical in field conditions are refractory to vaccination via the mechanism known as superinfection exclusion (SIE), thus making the epidemic situation of CSFV more complicated (5).

Lapinized attenuated C-strain is considered safe and effective in eliciting cellular and humoral immune response (6). Specifically, IFN-γ induced by C-strain closely contributes to the protection against CSFV infection in the early stage (7). However, C-strain vaccine does not allow serological differentiation between infected and vaccinated animals (DIVA), which severely hinder the control and eradication of CSFV (6, 8). CSFV E2 protein is located on the surface of the viral envelope and involved in the viral infection process. As the main protective antigen of CSFV, E2-based subunit vaccine can induce protective neutralizing antibodies, and it allows DIVA by monitoring anti-CSFV Erns antibodies (9). Hence, it is the preferred target for the development of subunit vaccines (10, 11).

Traditional inactivated or attenuated live vaccines are efficacious in stimulating the immune responses, though usually with biosecurity risks accompanied, such as reversion to virulence and recombination with field strains. Subunit vaccines of simple composition could not cause adverse effects like traditional whole pathogen based vaccines, which facilitates the application in clinical usage (12, 13). Due to the relatively weak immunogenicity, vaccine formulations containing only subunit proteins may not be completely efficacious for humans and other large animals. Innovative nanotechnology has gained attention in the field of vaccine development, which is considered one of the most effective strategies to improve the low immunogenicity of epitope-based vaccines (14, 15).

Self-assembly of viral capsid/envelope proteins into NPs had been proposed for the generation of Virus-like particles (VLPs). As they are non-infectious and non-replicating with an ideal diameter of 20–100 nm, they have been applied in diagnosis and target delivery for drug, DNA, peptide and vaccine. The potential of VLPs in vaccine development has been well demonstrated in the commercialization of human papillomavirus (HPV), hepatitis B virus and malaria vaccines (16). Besides virus derived assemblies, live organisms produce a range of proteins which are able to self-assemble in situ into nano-structures with specific biological functions. Following the self-assembly concept, a series of self-assembling proteins has been proposed for vaccine and biomedical applications, including ferritin (17, 18), vault (19, 20), flagellin (21), encapsulin (22) and lumazine synthase (23).

Nanovaccines are new classes of vaccines that have been developed by conjugation of antigens onto NPs via a series of strategies, such as chemical modification and genetic fusion. Chemical coupling faces challenges from the heterogeneity in coupling site and physicochemical properties of particles (24, 25). Chemical coupling efficiency varies with the size of the display antigen. Genetic modifications are considered powerful tools in manipulating the outer surface of VLPs and can elicit defined downstream responses (26, 27). Using NPs as delivery scaffolds, multiple copies of the antigen of interest could realize targeted display on the surface of NPs in a highly repetitive manner. These nanovaccines are highly immunogenic because they mimic most features of pathogens, such as their size, shape, and pathogen-associated molecular patterns (PAMPs) (15, 28, 29). This approach has been shown to improve antigen stability, immunogenicity, and function.

The particulate nature of nanovaccines promotes the uptake of antigens in APCs. The uptake of particles by phagocytosis into phagosomes significantly affects antigen processing as it facilitates cross-presentation of antigen derived epitopes via MHC class I and MHC class II pathways (30, 31). Such cross-presentation not only stimulates CD4+ Th1 and Th2 cells to induce B cells to initiate antibody responses but Th1 cells can also facilitate differentiation of CD8+ T cells towards cytotoxic T cell responses, which is important for protection against intracellular pathogens (32–34). The high antigen density and structurally ordered antigen arrangement on NPs resemble the recognition patterns on pathogens, facilitating the cross-linking of antigens with the BCRs (35). This multivalent interaction is crucial for successful activation of B cells and generation of high levels of neutralizing antibodies (36, 37). These findings highlighted that nanovaccines have multiple advantages over conventional vaccines to induce better immunity and broader protection. However, most of viral protective antigens, such as CSFV E2, fail to form VLP natively, limiting the vaccine efficacy, which leads to the pressing needs for vaccination with NPs.

Previous study has demonstrated computationally designed self-assembling protein mi3 could form icosahedral nanoparticle composed of 60 subunits (38). However, it remains unclear whether this artificial nanoparticle would present similar or even superior potency to native VLPs. In the present study, we constructed recombinant plasmids with CSFV E2 fused to mi3 protein expressed in Bac-to-Bac system. We further characterize the self-assembly efficiency, storage stability and adjuvant effect on APCs of this SP-E2-mi3 NP, in order to evaluate its potential for vaccine development. Further, the SP-E2-mi3 NP-based subunit vaccine was tested against CSFV lethal challenge regarding evoking effective protective efficacy in pigs.



Materials and Methods


Cloning

DNA sequences coding for a novel signal peptide (SP) directed truncated CSFV E2 (39), were synthesized according to insect codon usage. The resulting gene was subcloned into baculovirus expression vector pFastBac HTA (Invitrogen, Carlsbad, CA, USA) to generate HTA-SP-E2. mi3 encoding sequences (GenBank AXF54357.1) was then introduced into HTA-SP-E2, with a flexible linker between E2 and mi3 to facilitate proper folding. All the plasmids were constructed in standard methods and verified by DNA sequencing (protein sequences are provided in Supplementary File 1). Recombinant baculoviruses were subsequently obtained by Tn7 transposition, bacmid extraction and transfection as described by the manufacturer’s instructions.



Expression and Purification of Recombinant Protein

Sf-9 cells were pre-seeded in a 500 ml cell culture flask and cultured at 110 rpm, 27°C. When the cell density reached 2–2.5 × 106/ml with the viability over 90%, this dense culture was subject to infection with the recombinant viruses. After another culture for 72–96 h, the whole culture was lysed by ultrasonic disruption, and supernatant containing target proteins was collected and loaded on a HisSep Ni-NTA Agarose Resin (Yeasen, China). The protein was subsequently eluted with PBS buffer (PH 7.4) supplemented with 500 mM imidazole.

After SDS-PAGE separation, protein samples were transferred to PVDF membrane. Blocked with 5% (w/v) non-fat milk for 2 h at room temperature, the membrane was incubated with CSFV E2 monoclonal antibody (3C12) (prepared in our laboratory, 1:2,000 dilution) at 37°C for 1.5 h. After rinses with PBS to remove unbound antibodies, HRP-coupled goat anti-mouse IgG (1:4,000 dilution, Proteintech) was added and incubated at 37°C for 1 h. After three washes, results were visualized by a DAB chromogenic reagent kit (AR1024, Boster, Wuhan, China).



NP Self-Assembly Physicochemical Conditions and Properties

Purified SP-E2-mi3 fusion protein was filtered using 0.22 μM syringe filter, and subsequently dialyzed against PBS buffer (NaCl 137 mmol/L, KCl 2.7 mmol/L, Na2HPO4 4.3 mmol/L, KH2PO4 1.4 mmol/L, pH 8.0) at 16°C overnight. Transmission electron microscopy (TEM) was used to evaluate self-assembly of NPs. In brief, 20 µl of sample was loaded onto a copper mesh pre-coated with carbon and allowed to adsorb for 1 min. Subsequently 2% PTA solution (pH 6.8) was added and incubated for 1 min. Excess staining solution was removed by filter paper. The copper meshes were dried in drying oven before the samples were observed by TEM (JEM 1010; JEOL Ltd., Tokyo, Japan). Negative stained samples were analyzed at 80 kV of acceleration voltage and visualized using a Gatan 830 CCD digital Camera (Gatan, CA, USA).

We also evaluated stability to storage at room temperature. SP-E2-mi3 protein was aseptically filtered, adjusted to 0.25 mg/ml divided into small aliquots, and incubated at room temperature. At the indicated time points, the sample was centrifuged to remove aggregates and subject to TEM, then particle number was measured using ImageJ and the Analyze–Analyze Particles tool. To determine the rigidity of the SP-E2-mi3 NPs, dynamic light scattering (DLS) was performed on a Nicomp™ 380 Particle Sizing system (Santa Barbara, CA, USA) at 25°C.



Cellular Phagocytosis and Cytokine Detection

To verify the optimal concentration of SP-E2-mi3 NPs or SP-E2 for further experiments, the cytotoxic effect of these proteins on PAM/3D4 cells was evaluated by MTT cell viability assay (Thermo Scientific Inc.) as described in the user manual.

FITC-labeled SP-E2 (FITC-SP-E2) and SP-E2-mi3 NPs (FITC-SP-E2-mi3 NPs) were prepared using a commercialized kit (Sangon, China) according to the user manual. Internalization of SP-E2-mi3 NPs by PAM/3D4 cells was determined as following steps. In brief, cells were pre-seeded on 96-well cell culture plates at 2 × 105 cells/ml and cultured overnight. FITC-SP-E2 or FITC-SP-E2-mi3 NPs were diluted by NP assembly solution and adjusted to the same molality (100 μM). Approximately 100 μl of FITC-SP-E2 or FITC-SP-E2-mi3 NPs were then added and incubated at 37°C for 2 h. DAPI solution (1 μg/ml) was used to stain cell nuclei for 5 min before immunofluorescence signals corresponding to antigen SP-E2 internalization were detected by microscopy. The number of FITC positive cells and DAPI positive cells (total viable cells) were respectively counted. The internalization rate of SP-E2 was read as (the number of FITC positive cells)/(the number of DAPI positive cells) × 100%.

The surface binding and internalization of SP-E2-mi3 NPs into PAMS was also recorded by a confocal laser scanning microscopy. The amount of 100 μM of FITC-SP-E2 or FITC-SP-E2-mi3 NPs was added which was incubated at 37°C for 2 h. The late endosomes and lysosomes were stained with 75 nM LysoTracker Red DND-99 probe (Yeasen, Shanghai) for 30 min before collecting fluorescent images by a confocal laser scanning microscopy IX81-FV1000 (Olympus).

After incubation with SP-E2-mi3 NPs or SP-E2, the total RNAs were isolated from PAM/3D4 cells using an Easy RNA Kit (Zhejiang Easy-Do Biotech CO., LTD) as described by the manufacturer. cDNA was synthesized by HiScript® II Reverse Transcriptase (Vazyme, Nanjing, China) according to the user manual. The primer sequences for quantitative polymerase chain reaction (qPCR) were as follows: TNF-α, forward primer, 5’-ACT CGG AAC CTC ATG GAC AG-3’, reverse primer, 5’-GGG GTG AGT CAG TGT GAC C-3’; IL-12, forward primer, 5’-CCA TTG AGG TCG TGC TGG AA-3’, reverse primer, 5’-TGC CCT GAA CTT GAA CAC CA-3’; GAPDH, forward primer, 5’-TTC CGT GTC CCT ACT GCC AAC-3’, reverse primer, 5’-ACG CCT GCT TCA CCA CCT TCT-3’. GAPDH was used as an internal reference to normalize mRNA expression. The relative expression was represented as fold changes using 2−ΔΔCt method (40).



Immunization and Challenge Study

Vaccines were prepared by emulsifying antigens (SP-E2-mi3 NPs, SP-E2 or PBS) with ISA-206 adjuvant (Seppic, France) (1:1, w/w) according to the manufacturer’s manual. For prime-boost immunization schedule, sixteen 4-week-old piglets without CSFV, PCV2 and PRRSV, were randomly divided into four groups with four animals per group. Groups A and B were intramuscularly inoculated with 10 μg SP-E2-mi3 NPs or 10 μg SP-E2, respectively. PBS immunized Group C served as a negative control. Group D was blank control without any treatment. Booster immunization was given by the same dose and administration route at 21 days post-immunization (dpi). All the vaccinated piglets were challenged intramuscularly with 105 TCID50 CSFV Shimen strain at 35 dpi.

For single dose immunization schedule, twelve 4-week-old pigs were randomly divided into three groups (A, B and C, n = 4), and subject to an immunization and challenge trial. In brief, Groups A and B were respectively immunized with 10 μg SP-E2-mi3 NPs or PBS intramuscularly. Group C was left untreated. All the vaccinated pigs were challenged intramuscularly with 105 TCID50 CSFV Shimen strain at 28 dpi. At different time points, whole blood samples and serum samples were collected for further analysis. All experiments with live viruses including viral propagation, titration and in vivo challenge, were conducted in biosafety facilities according to the guidelines of the OIE manuals (41).

Rectal temperatures and clinical scores were used to determine the health status of the pigs following the established standards with modifications (42). Clinical scores were evaluated based on five clinical parameters, including body tension, walking, appetite, defecation and eyes/conjunctiva (normal, 0; slight, 1 point; distinct, 2; severe, 3). The observed parameters were collected daily.



Serological Assays

Porcine serum samples were collected at 0, 7, 21, 28 and 35 dpi. CSFV E2-specific antibody was determined using a commercial ELISA kit (IDEXX Laboratories, Shiphol-Rijk, The Netherlands) according to the user manual. Virus neutralizing antibody was tested by a serum-virus neutralization test (SNT) according to other related researches (39, 43).



CSFV-Specific IFN-γ Enzyme-Linked Immunospot Assay

Peripheral blood mononuclear cells (PBMC) were obtained from anticoagulant blood samples collected at 21 and 35 dpi. This isolation method based on density gradient was performed using a commercial product (P8770, Solarbio, Beijing, China) according to the user manual. Specific cellular responses against CSFV were measured by a Porcine IFN-γ ELISpot PLUS (ALP) kit (Mabtech AB, Nacka Strand, Sweden) as described by the manufacturer. In brief, porcine IFN-γ mAb coated plates were blocked with PBMC medium supplemented with 10% FBS for 30 min at 25°C. After double washes to remove residual medium, 105 PBMCs and 104 TCID50 CSFV Shimen strain were simultaneously added and allowed to incubate for another 36 h to stimulate the secretion of IFN-γ. Cell culture medium was discarded, followed by rinsing five times with PBS buffer. Subsequently, the biotinylated mAb P2C11 was added at a final concentration of 0.5 μg/ml. After 2 h incubation, plates were incubated with streptavidin-ALP (1:1,000 diluted in PBS buffer supplemented with 0.5% FBS) for 1 h at 25°C. IFN-γ specific spots were developed by BCIP/NBT substrate. Spot counting was performed by an automatic EliSpot Reader (AID Diagnostika, Strassberg, Germany).



Viremia and Leukopenia Assessment

Anticoagulant whole blood samples were collected at 3, 6, 9, 12 and 15 dpc, and total RNA was isolated and converted to cDNA as described above. CSFV RNA loads were detected by qPCR a primer pair (5′-CTC CCA GCA CGT GGT GTG ATT TC-3′ and 5′-TGG GTG GTC TAA GTC CTG AGT A-3′), corresponding to 5’ UTR of the viral genome. Leucocyte counting was calculated by a Mindray BC-30 automated hematology system (Mindray Medical USA Corp, Mahwah, USA).



Pathological and Microscopic Lesion Evaluation

All the survived pigs were humanely euthanized and autopsied at 15 days post-challenge (dpc). A variety of tissue samples, including inguinal lymph nodes, submandibular lymphatic nodes, kidney, and spleen, were collected and fixed for hematoxylin–eosin staining (H&E) and immunohistochemistry (IHC) assay according to another related research (39).



Statistical Analysis

The data analysis was performed by Student’s t test when two groups were compared, or by one-way analysis of variance (ANOVA) for more than two groups where P <0.05 was considered statistically significant.




Results


Preparation and Characterization of CSFV E2-Based Nanovaccine

To investigate the self-assembly and the antigenicity of the SP-E2-mi3 protein, SP-E2 and SP-E2-mi3 expression plasmids were generated as shown in Figure 1A. The fusion proteins were successfully overexpressed in Sf9 cells and subject to one-step purification using 12× His tag mediated metal affinity chromatography under native conditions. As shown in Figure 1B, all the protein bands were consistent with their predicted sizes. SP-E2-mi3 and SP-E2 were obtained with the purity above 90%, and developed considerable reactivity with E2 monoclonal antibody 3C12.




Figure 1 | Expression and self-assembly analysis of mi3 fusion proteins. (A) Schematic diagram of baculoviral constructs for eukaryotic expression. PPH: AcMNPV polyhedrin promoter, mi3: self-assembling protein, SV40 polyA: SV40 polyadenylation signal. (B) Analysis of purified SP-E2 and SP-E2-mi3 proteins in SDS-PAGE (left) and Western blot (right). The target proteins were detected with E2 monoclonal antibody 3C12. (C) TEM analysis of self-assembly capacity of SP-E2-mi3 fusion protein.



Next, NP assembly was carried out via buffer exchange to PBS and examined by TEM. The results showed that fusion protein SP-E2-mi3 could self-assemble into uniform NPs, which had an approximate diameter of 25–35 nm (Figure 1C). The hydrodynamic size was then determined by DLS. The size distribution of SP-E2-mi3 NPs was composed of two types, among which 97.6% are 38.5 nm and the remaining 2.4% are 234 nm (Figure 2A). As DLS gives a hydrodynamic size in the solvent different from TEM analysis in a dried state (26), most of NPs exhibited similar diameter to that of TEM analysis.




Figure 2 | physicochemical characterization of SP-E2-mi3 NPs. (A) Hydrodynamic diameter and size distribution of mi3 NPs was analyzed by DLS. (B) Storage stability analysis of SP-E2-mi3 NPs. SP-E2-mi3 NPs was stored at room temperature for 0, 2 and 4 weeks, and then subject to NPs imaging by TEM. NPs counting were calculated by ImageJ. DLS was then performed to show size distribution of SP-E2-mi3 NPs stored for 2 (C) and 4 weeks (D). All analyses were performed in triplicate. (**p < 0.01; ns, not significant, p > 0.05).





Stability Analysis

For an effective vaccine, storage stability is an important parameter. Next, the storage stability was evaluated at room temperature. The percentage of intact SP-E2-mi3 NPs is more than 90% for 2 weeks, and ~80% of NPs are still preserved for 4 weeks (Figure 2B). Besides the solubility, it was interesting to explore whether the remaining NPs could maintain a narrow size distribution. 97.3% for 2 weeks (Figure 2C) and 97.2% for 4 weeks (Figure 2D) of NPs gave a similar diameter to the initial state (Figure 2A). Taken together, SP-E2-mi3 NPs exhibited adequate particle size uniformity and storage stability at room temperature.



Cellular Uptake and Cytokine Induction With SP-E2-mi3 NPs

Antigen uptake by immune cells is the initial step in the generation of robust adaptive immunity. Porcine alveolar macrophage line (PAM/3D4), as a model, is widely used in the study of swine viral diseases. The cytotoxicity of SP-E2-mi3 NPs was firstly assessed in PAM/3D4 cells. As expected, both SP-E2-mi3 NPs and SP-E2 did not induce any significant decrease in cell viability even at concentration up to 100 μM. Cell viability sharply decreased to less than 90% at the concentration of 200 μM with SP-E2-mi3 NPs, but cell viability remained above 95% for 200 μM of SP-E2 (Figure 3A). Compared with SP-E2, the decrease in cell activity with 200 μM of SP-E2-mi3 NP may be caused by the partial aggregation of nanoparticles on cell surface after prolonged incubation.




Figure 3 | Evaluation of internalization efficiency by PAM/3D4 cells. (A) Cytotoxicity of SP-E2-mi3 NPs or SP-E2 on PAM/3D4 cells at various concentrations after incubation for 24 h. (B) PAM/3D4 cells were incubated with FITC-SP-E2 or FITC-SP-E2-mi3 NPs for 2 h. The internalization efficiency of SP-E2 was determined, and all results were presented from triplicate experiments. NPs counting were calculated by ImageJ. All analyses were performed in triplicate. (C) After exposed to FITC-SP-E2 or FITC-SP-E2-mi3 NPs for 2 h, the binding and internalization of SP-E2-mi3 NPs was analyzed. Signals of SP-E2 or SP-E2-mi3 NPs (green) and LysoTracker (red) were visualized with confocal microscopy. **p < 0.01.



Subsequently, we quantified the internalization efficiency of SP-E2-mi3 NPs or monomer SP-E2 in PAMs. It is well-known that NPs of nanoscale sizes similar to pathogens (10–200 nm) are preferred to uptake by APC. In contrast to soluble antigens, NP-delivered antigens developed enhanced uptake and internalization by APCs (31). Similarly, uniform SP-E2-mi3 NPs (~30 nm in diameter) incubated cells developed fluorescence intensity, as compared to the cells incubated with monomer SP-E2. More E2 antigens were internalized when the antigen was delivered in the term of SP-E2-mi3 NPs. The internalization efficiency of SP-E2 was determined, at 17.26% for SP-E2-mi3 NPs and only 4.9% for SP-E2, with significant difference (Figure 3B, P < 0.01).

Next, the internalization and cellular localization of FITC-SP-E2-mi3 NPs or FITC-SP-E2 were examined by confocal laser scanning microscopy. Compared to monomer SP-E2, SP-E2-mi3 NPs developed stronger fluorescence signals, which indicated improved antigen binding and internalization in PAMs (P < 0.01) (Figure 3C).

It is well established that Th1-polarizing cytokines TNF-α and IL-12 secreted by mature APCs, are responsible for promoting T cell proliferation and cytokines production, which play critical roles in eliciting protective cellular immune responses (13). SP-E2-mi3 NPs instead of monomer SP-E2 stimulated high transcription level of TNF-α and IL-12 (Figures 4A, B). From these results, we conclude that mi3 NPs may act as a strong T cell adjuvant in promoting CD8+ T cells activation and CTL responses.




Figure 4 | Antigen internalization induced immunostimulatory effects in vitro. After exposed to FITC-SP-E2 or FITC-SP-E2-mi3 NPs for 2 h, total RNAs were isolated from stimulated PAMs, and mRNA levels TNF-α (A) and IL-12 (B) were determined in qPCR, and the data were presented from triplicate experiments. **p < 0.01; ***p < 0.001.





Enhanced Immune Response Induced by SP-E2-mi3 Nanovaccines in Pigs

The efficacy of SP-E2-mi3 NPs to induce in vivo protective response was further investigated in pigs. No significant side effects were observed following immunization. As mi3 is derived from artificial proteinaceous self-assembling molecule, it may not cause any side effects or safety concerns (38). Specific antibodies and neutralizing antibodies against CSFV were evaluated by blocking ELISA and SNT. The PBS vaccinated group only induced non-specific antibody response. Both the SP-E2-mi3 NPs and SP-E2 vaccinated group developed positive antibody levels (cut-off value = 40%) from 21 dpi, and the blocking rate reached the highest level at 35 dpi, with 84.8% in SP-E2-mi3 NPs vaccinated group, 74.3% in SP-E2 vaccinated group. SP-E2-mi3 NPs generated significantly higher specific antibody levels than SP-E2, with significant difference at 28 dpi (P <0.01) and 35 dpi (P <0.001) (Figure 5A).




Figure 5 | Protective efficacy of SP-E2-mi3 NPs in pigs. Three groups (n = 4) of 4-week-old pigs were intramuscularly inoculated with 10 μg SP-E2-mi3 NPs, 10 μg SP-E2 and PBS, respectively. The remaining group was left untreated. (A) Detection of CSFV-specific antibodies in serum samples collected at the indicated time points using the IDEXX HerdChek® CSFV Antibody Test Kit. (B) Detection of CSFV neutralizing antibody in pig serum samples. Neutralization titer was determined against CSFV Shimen strain. (C) Detection of CSFV-specific IFN-γ secreting cell responses against CSFV Shimen strain in vaccinated pigs. (D) Rectal temperatures of the pigs following CSFV Shimen strain challenge. (E) Clinical scores were evaluated based on five CSFV-induced typical clinical symptoms, and the data was collected daily. (F) Leukopenia assessment in vaccinated pigs following CSFV Shimen strain challenge. Mock indicated the untreated healthy pigs. ns, not significant, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001



In previous research, homologous subunit vaccine immunization is effective to elicit a predominant humoral immune response, but not induce adequate cell-mediated immune response, which is crucial for protection against intracellular pathogens (23, 44–46). Hence, neutralizing antibody levels were determined, which are related to in vivo protective efficacy. Sera collected at 0, 7, 14, 21, 28 and 35 dpi were subjected to SNT. At 7 dpi, neutralizing antibodies against CSFV were detectable in both groups of SP-E2-mi3 NP and SP-E2, and the mean neutralizing antibody titers were 1:14 and 1:11, respectively. The neutralizing antibody titers reached a peak at 35 dpi (2 weeks after booster immunization), with 1:17,560 in SP-E2-mi3 NP vaccinated group, 1:1,448 in SP-E2 vaccinated group. Significant difference was detected in neutralizing antibodies against CSFV between SP-E2-mi3 NP and SP-E2 vaccinated group at 14 dpi and 28 dpi (P <0.05), especially at 35 dpi (P <0.01). None of the PBS vaccinated group developed any detectable neutralizing antibodies against CSFV (Figure 5B).

IFN-γ secreted by Th1 cells plays critical roles in regulating the cell-mediated immunity, which reflect the antiviral activity of the host. Both vaccinated groups had obvious numbers of CSFV-specific IFN-γ secreting cells in PBMCs compared to PBS vaccinated group. SP-E2-mi3 NP vaccinated group stimulated significantly increased IFN-γ secreting cells than that of SP-E2 vaccinated group, for 21 dpi (P <0.05) and 35 dpi (P <0.01) (Figure 5C).



Protective Efficacy Against CSFV Lethal Challenge Stimulated by SP-E2-mi3 Nanovaccine

All the features of nanovaccine described above contribute to in vivo protection against CSFV in pigs. Following CSFV challenge, the PBS vaccinated group exhibited acute fever (40.5–42.1°C) (Figure 5D) and other CSFV-induced typical clinical symptoms include mild diarrhea, chill, loss of appetite, prostration and conjunctivitis from 3 dpc till the end. In SP-E2 vaccinated group, two pigs developed loss of appetite, diarrhea and conjunctivitis, and recovered from 3 to 9 dpc. No febrile response and other clinical symptoms were observed in SP-E2-mi3 NP vaccinated group (Figure 5E).

Both vaccinated groups did not present viremia. However, high-level viral RNA was detectable in unimmunized group upon challenge, with 104 copies/μl at 6 dpc, and reached a peak at 15 dpc (105 copies/μl) (Table 1). Corresponding to the viremia, leukopenia was also detected at 7 and 14 dpc. Compared to the uninfected group, leukocyte counts were significantly down-regulated in challenged group without immunization (PBS vaccinated group). But the leukocyte counts in both immunized groups did not show significant change upon challenge, indicating that the groups stay healthy just like mock-challenge group (Figure 5F).


Table 1 | Detection of viral RNA in the whole blood samples from the SP-E2-mi3 NPs vaccinated piglets by qPCR.



The protective efficiency was also supported by pathological and histopathological analysis. Pathological analysis revealed SP-E2-mi3 NP vaccinated group did not show any changes in different tissues and organs. There was infarct at the margin of the spleen in SP-E2 vaccinated group. PBS vaccinated group exhibited severe clinical lesions. These include extensive hemorrhage in the kidney, lymph node enlargement and hemorrhage, and splenic infarction and petechia (Figure 6A).




Figure 6 | Representative pathological and histopathological examination of vaccinated pigs upon CSFV lethal challenge. A variety of tissue samples, including inguinal lymph nodes, submandibular lymphatic nodes, kidney, and spleen, were collected and subject to pathological observation (A) and histopathological examination using hematoxylin–eosin staining (H&E) staining (B).



Also, no histopathological changes were detected in SP-E2-mi3 NP vaccinated group. In line with splenic lesions, sporadic petechiae were detected in the spleen for SP-E2 vaccinated group. In contrast, in PBS vaccinated group, some tissues of pigs showed severe histopathological changes, such as significant lymphocytosis and massive parenchymal hemorrhage in lymph nodes, extensive bleeding in the spleen and significant lymphocytosis in splenic white pulp, and numerous bleeding points in kidney (Figure 6B). In Figure 7, IHC assay revealed that distinct CSFV signals (brown) were detected in tissues of PBS vaccinated group, and slightly less CSFV signals were also observed in SP-E2 vaccinated group. However, no CSFV positive signals were observed in tissues of SP-E2-mi3 NP vaccinated group. Based on these results, it can be concluded that in a prime-boost immunization schedule, 10 μg SP-E2-mi3 NPs instead of SP-E2 conferred complete protection against CSFV lethal challenge.




Figure 7 | Detection of CSFV antigen in the tissues from SP-E2-mi3 NPs vaccinated piglets by immunohistochemistry assay. Using CSFV polyserum as primary antibody, the brown dots represent CSFV specific signals.





Clinical Protection Elicited by Single Dose of SP-E2-mi3 NPs Upon Lethal Challenge

As previous studies have reported incomplete prevention from lethal challenge using a single vaccination of soluble E2 protein vaccines (2, 11), the efficacy of a single dose of SP-E2-mi3 NPs was evaluated here against CSFV. No significant side effects were observed following vaccination. Specific antibodies and neutralizing antibodies against CSFV were determined as mentioned above. SP-E2-mi3 NPs vaccinated group developed positive antibody levels (cut-off value = 40%) from 21 dpi, and the blocking rate reached the highest level (77.9%) at 35 dpi. The PBS vaccinated group only induced a non-specific antibody level below the cut off line (Figure 8A). At 7 dpi, neutralizing antibodies against CSFV were detectable in SP-E2-mi3 NPs vaccinated group, and the mean neutralizing antibody titers were 1:18. The neutralizing antibody titers reached a peak at 28 dpi, with 1:5,042 in SP-E2-mi3 NPs vaccinated group. None of the PBS vaccinated group developed any detectable neutralizing antibodies against CSFV (Figure 8B).




Figure 8 | Protective efficacy elicited by single dose of SP-E2-mi3 NPs in pigs. three groups (n = 4) of 4-week-old piglets were intramuscularly inoculated with 10 μg SP-E2-mi3 NPs, 10 μg SP-E2 and PBS, respectively. The remaining group was left untreated. (A) Detection of CSFV-specific antibodies in serum samples collected at the indicated time points using the IDEXX HerdChek® CSFV Antibody Test Kit. (B) Detection of CSFV neutralizing antibody in pig serum samples. Neutralization titer was determined against CSFV Shimen strain. (C) Rectal temperatures of the piglets following CSFV lethal challenge. (D) Clinical scores were evaluated based on five CSFV-induced typical clinical symptoms, and the data was collected daily. ***p < 0.001.



The PBS vaccinated group exhibited acute fever (40.7–42°C) and other CSFV-induced typical clinical symptoms include mild diarrhea, chill, loss of appetite, prostration and conjunctivitis from 3 dpc till the end. Besides, one pig died at 12 dpc. No febrile response and other clinical symptoms were observed in SP-E2-mi3 NP vaccinated group (Figures 8C, D). Whole blood samples were collected at 3, 6, 9 and 12 dpc, and viral RNA was also detected by qPCR. CSFV RNA loads exceeding 103 copies/μl were detected in PBS vaccinated group, and peaked at 12 dpc (>105 copies/μl) (Table 2). CSFV RNA was detected in two out of four pigs for SP-E2-mi3 NPs vaccinated group at 6 and 9 dpc, with RNA loads of <104 copies/μl. Nevertheless, no CSFV RNA was detectable at 12 dpc in all pigs of in SP-E2-mi3 NP vaccinated group. These findings indicated that 10 μg of SP-E2-mi3 NP vaccinated piglets developed high level specific antibodies and neutralizing antibodies, which was able to reduce clinical symptoms and viremia, but only provide clinical protection against lethal virus challenge.


Table 2 | Detection of viral RNA in the whole blood samples from single dose of SP-E2-mi3 NPs vaccinated piglets by qPCR.






Discussion

Although the widespread application of C-strain attenuated vaccine has suppressed the endemic outbreak to a great extent, CSFV is still spreading and circulating in many countries including China. Glycoprotein E2-based DIVA vaccines, including subunit, DNA, and viral vector vaccines (10, 11, 47–49), are faced with various challenges in biosafety and efficacy, thereby hampering CSF eradication. Therefore, it is necessary to develop a broadly effective, safe and reliable DIVA vaccine.

Multiple nanotechnology platforms such as VLPs, self-assembling protein nanoparticles, biodegradable polymers and liposomes have been investigated for vaccine delivery. Self-assembling protein nanoparticles have shown several benefits over other nano-structured systems used for vaccine development, and their usage in vaccine design is emerging based on their advantages of multivalency, biodegradability, biocompatibility (15, 28). Thus, this strategy enables the design of nanovaccines to augment vaccine stability and immunogenicity towards improved protective immunity. However, no studies have investigated the effect of self-assembling protein nanoparticles carrying a target antigen against CSFV.

Here, we utilized the self-assembling peptide mi3 to form a CSFV E2-based nanovaccine. Following one-step purification, SP-E2-mi3 fused protein was found to fold correctly and self-assemble into uniform NPs in vitro. Furthermore, in view of the fact that previously solved structure of mi3 NPs revealed that N terminal of mi3 monomer was exposed to outer surface (38), N terminal fused E2 would be favorable for surface display on SP-E2-mi3 NPs.

It is notable that cold chain spends about 80% of vaccine production cost (50, 51). Generation of vaccines with excellent storage stability is an essential step to accelerate massive vaccination in developing countries (25, 52). In the present study, self-assembling SP-E2-mi3 NPs exhibited considerable thermostability. Even at room temperature for 4 weeks, most NPs possessed the nanoscale properties with the loss of 20% due to aggregation. Actually, several previous reports indicated that Enterovirus 71 (EV71) and type 2 porcine circovirus (PCV2) VLPs had stable morphology (shape and size distribution) in optimized buffer after storage for 1 month at 25°C (53, 54). It was found the in vitro antigenicity was highly related to homogeneous integrity. In the present study, mi3 NPs maintained a narrow size distribution after storage at 25°C for 4 weeks, which was consistent to the previously reported stability. Therefore, it was concluded that these intact NPs retained the original antigenicity and biological activity, which make them ideal tools for vaccinological and therapeutic applications (25, 55).

Emerging studies have indicated that NPs show enhanced adsorption and phagocytosis by APCs (DCs and macrophages), and stimulate their maturation, including the up-regulation of major histocompatibility complex classes I and II, CD86, CD80 and cytokine production (56). Accordingly, SP-E2-mi3 NPs promoted antigen binding and internalization into PAMs, which may be attributed to the fact that mi3 NPs enable multiple adsorption and delivery of SP-E2. Transcription levels of immunostimulatory cytokines TNF-α and IL-12 were also significantly up-regulated, which are believed to facilitate cross-presentation of antigen and enhance protective immunity (31, 57). Our data validated the ability of this NP-based vaccine for elevated antigen uptake, processing and presentation.

Most previous studies use model proteins (OVA) and mice as animal model to explore the feasibility of vaccine. Here, we are making efforts to generate efficient vaccines for large animals in the field. Considering that SP-E2-mi3 NPs possessed promising properties as a vaccine in vitro, we therefore evaluated the in vivo protection of the SP-E2-mi3 NPs through an immunization and challenge trial. As expected, SP-E2-mi3 NPs were well related to humoral and cellular immune responses, especially the elevated CSFV-specific IFN-γ secreting cells and >10-fold neutralizing antibodies at 35 dpi, which represent a significant improvement of protective immune responses in the elimination of intracellular pathogens. High titres of neutralizing antibodies play a relevant role in protection against highly virulent CSFV strains. Moreover, CSFV-specific IFN-γ confers protection against CSFV even in the absence of neutralizing antibodies a few days after vaccination (58, 59). This finding provided supporting evidence that NP-based strategy offers great advantages over rational subunit vaccines, and NPs can induce a higher level of immune response compared to monomeric antigens (60, 61).

Actually, these significantly increased factors correlate well with in vivo protection against CSFV. Following lethal dose of CSFV challenge, no CSFV-related clinical signs, viremia and leukopenia were detected in SP-E2-mi3 NPs vaccinated group, and these situations were supported by histopathological observation. By contrast, SP-E2 vaccinated group exhibited some typical clinical signs and splenic lesions. These results supported that SP-E2-mi3 NPs as an effective nanovaccine could offer complete protection against CSFV. It was consistent with previous findings that self-assembling protein nanoparticles allowed targeted display of antigens and mimicked the natural conformation of pathogens, resulting in improved and extended vaccine efficacy against multiple diseases (15, 37).

Subunit vaccines mostly offer homologous prime-boost schedules, in which priming and boost were given by the same dose and administration route (62). Multiple immunizations and high antigen dosage are employed in most subunit vaccines, and it may increase the cost of vaccination, especially for large animal. Thus, we followed up with a single dose of 10 μg of SP-E2-mi3 NPs. 10 μg of SP-E2-mi3 NPs vaccinated piglets developed high level specific antibodies and neutralizing antibodies. Most importantly, single dose of SP-E2-mi3 NPs elicited markedly higher level of neutralizing antibodies (1:5,042 at 28 hpi, 2 weeks after prime immunization), whereas 10 μg of SP-E2 only stimulated neutralizing antibody titers 1:1,448 at 35 hpi (2 weeks after booster immunization). The difference of ~3.5-fold in neutralizing antibodies highlighted potential applications of NPs in vaccine development. These findings suggested that NPs-based delivery strategy could overcome the drawbacks of conventional subunit vaccines, such as poor cell-mediated immunity and multiple doses. Following CSFV challenge, PBS vaccinated group showed CSFV-related clinical symptoms with typical fever and prostration, and one pig died at 12 dpc. However, a single dose of 10 μg of SP-E2-mi3 NPs reduced clinical symptoms and viremia, but further optimization is required to provide full protection. In view of the fact that the SP-E2-mi3 NPs was initially tested to evaluate protective potency in pigs, it can be further improved for better efficacy in terms of the minimal effective dose, or the employment of optimized adjuvant specialized for most licensed VLP-based vaccines (63, 64).

It remains controversial whether a difference in infectivity would occur between intramuscular and intranasal infections of CSFV (65, 66). Many studies used an intramuscular route to confirm the exact same dose of viral infection (47, 67–69). Also, other studies adopted oronasal challenge route to mimic natural infection by using delivery methods (65, 70, 71). It is noted that for oronasal challenge route, specialized nasal drug aerosol delivery devices are required to ensure the exact same dose of viral infection to the maximum. Oronasal challenge route is actually similar to natural infection in terms of pathogenicity, dynamic distribution and tissue tropism. To really highlight the ability of the nanoparticle formulations to induce better responses important for protection against the natural route of infection, it is necessary to explore oronasal challenge route instead of intramuscular route in future studies.

In conclusion, we proposed a novel strategy to develop vaccines by displaying antigen on genetically encoded NPs. The target antigen and the self-assembling peptide scaffold are simply combined as a fusion protein, forming stable NPs carrying CSFV E2. SP-E2-mi3 NPs possessed adequate storage stability to room temperature and maintained a narrow size distribution, thereby reducing the vaccine cost to accelerate massive vaccination in developing countries where cold chain is not easily available. Furthermore, we have shown that CSFV E2 vaccine made with this technology elicited enhanced antigen processing and presentation by APCs via up-regulated internalization and transcriptional level of immunostimulatory cytokines. Importantly, in a large animal model against CSFV lethal challenge, the nanovaccine significantly improved protective efficacy compared to monomeric E2. For the first time, the study not only elucidated the mechanisms for the improved efficacy but also fulfilled the vaccine trials in a practical veterinary model, which accelerates the application of self-assembling nanovaccines as compared to conventional studies with standard proteins (OVA) and mice. Hence, the findings provide valuable guidance for novel antiviral strategies in the current global background against infectious agents.
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Two groups (n = 4) of 4-week-old piglets immunized with SP-E2-mi3 NPs or PBS were challenged with the highly virulent CSFV Shimen strain. Anticoagulant whole blood samples were
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Three groups (n = 4) of 4-week-old piglets immunized with SP-E2-mi3 NPs, SP-E2 or PBS were challenged with the highly virulent CSFV Shimen strain. Anticoagulant whole blood samples
were collected at 3, 6, 9, 12 and 15 dpc, CSFV RNA loads were detected by gPCR./, undetectable.
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