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The continuous evolution of the H7N9 avian influenza virus suggests a potential outbreak of an H7N9 pandemic. Therefore, to prevent a potential epidemic of the H7N9 influenza virus, it is necessary to develop an effective crossprotective influenza vaccine. In this study, we developed H7N9 virus-like particles (VLPs) containing HA, NA, and M1 proteins derived from H7N9/16876 virus and a helper antigen HMN based on influenza conserved epitopes using a baculovirus expression vector system (BEVS). The results showed that the influenza VLP vaccine induced a strong HI antibody response and provided effective protection comparable with the effects of commercial inactivated H7N9 vaccines against homologous H7N9 virus challenge in chickens. Meanwhile, the H7N9 VLP vaccine induced robust crossreactive HI and neutralizing antibody titers against antigenically divergent H7N9 viruses isolated in wave 5 and conferred on chickens complete clinical protection against heterologous H7N9 virus challenge, significantly inhibiting virus shedding in chickens. Importantly, supplemented vaccination with HMN antigen can enhance Th1 immune responses; virus shedding was completely abolished in the vaccinated chickens. Our study also demonstrated that viral receptor-binding avidity should be taken into consideration in evaluating an H7N9 candidate vaccine. These studies suggested that supplementing influenza VLP vaccine with recombinant epitope antigen will be a promising strategy for the development of broad-spectrum influenza vaccines.
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Introduction

In March 2013, a novel H7N9 subtype of avian influenza virus infection was discovered in human cases in China (1). Since then, the virus has spread rapidly throughout the country, leading to several waves of outbreaks. In particular, after the emergence of the highly pathogenic H7N9 avian influenza virus during the fifth wave, the H7N9 virus caused a sharp rise in human infection, resulting in 1,568 laboratory-confirmed cases and 616 deaths as of July 7, 2021 (http://www.fao.org/ag/againfo/programmes/en/empres/H7N9/situation_update.html). More importantly, some novel biological features of the H7N9 virus, such as immune escape mutations and antigenic drift were discovered in H7N9 variants (2–4). Thus, there is still a possibility of an H7N9 pandemic outbreak. The continuous evolution of the H7N9 virus poses a dual threat to public health and the poultry industry, and thus it is imperative to protect against H7N9 influenza infection.

Vaccination has been considered the most effective way to prevent and control influenza virus infection (5, 6). Available are the conventional influenza vaccine containing live attenuated vaccine, whole-virus inactivated vaccine, recombinant vector vaccine, and recombinant subunit vaccine. The current large-scale production of influenza vaccine depends on the supply of embryonated chicken eggs; it is very fragile for the timely supply of a sufficient influenza vaccine during pandemic outbreaks (7, 8). Therefore, it is necessary to develop a preferable method for the production of influenza vaccines. Virus-like particle (VLP) vaccine is one of the influenza subunit vaccines; the VLPs mimic the structural and immunological properties of a native virus but are innocuous. Thus, the preparation approach of an influenza vaccine based on VLPs is preferable (9, 10). The insect cell-baculovirus expression vector system (IC-BEVS) is widely used for the development of influenza VLP subunit vaccines owing to its unique advantages, including excellent safety, short production times, and straightforward scale-up (11–13). The production of VLPs based on insect cell suspension cultured in a bioreactor system is low cost and high yield (12, 14). Currently, several different influenza VLP constructs contain HA or a combination of HA and neuraminidase (HA-NA) and matrix protein M1. HA is the main target antigen for the development of avian influenza vaccines. Neuraminidase (NA) in influenza VLP contributes to protecting against a high-dose avian influenza virus challenge infection (15).

Current influenza vaccine immunization only induces specific immune responses against strain-matched influenza viruses. This cannot provide effective protection when the circulating viruses generate antigenic drift or a new pandemic virus emerges (4, 16, 17). Therefore, developing an appropriate vaccination strategy is a high priority to improve the crossprotection of influenza vaccines and prevent future pandemic outbreaks. One appropriate approach to improving the crossprotection of the influenza vaccine is by combining it with the toll-like receptor ligand or the influenza conserved epitopes fusion protein adjuvant. Studies have shown that immunization with influenza vaccines based on influenza conserved epitopes induces crossreaction immune responses to confer crossprotection against homologous and heterologous influenza virus challenge (18–23). Nevertheless, influenza vaccines based on influenza conserved epitopes have shown limited protection against homologous and heterologous influenza challenges in reducing signs of clinical symptoms and virus shedding (24–26). These findings indicate that fusion protein of the recombined influenza conserved epitopes can act as an adjuvant to enhance the crossprotection of influenza VLP vaccine against drifted influenza virus. Poly(I:C), a toll-like receptor (TLR)-3 ligand, is a potent adjuvant, intranasal delivery of influenza vaccine with Poly(I:C) elicited robust antigen-specific cell-mediated immune responses (27, 28). Poly(I:C) has been identified to induce strong Th1 immune responses. The induction of protective T-cell responses can enhance the crossprotection of the influenza vaccine.

The main goal of this study was to develop an influenza VLP subunit vaccine and an effective supplement vaccination strategy to provide crossprotection against an influenza virus challenge. A recombinant protein (HMN) consisting of three tandem conserved epitopes: two repeats of HA76-130; four repeats of M2e; and eight repeats of NP55-69 was constructed, and a Poly(I:C) was used as a vaccine supplement in the present study. The result demonstrated that the influenza VLP subunit vaccine induced robust HI and neutralizing antibody titers to crossprotect against challenge with a lethal homologous and heterologous H7N9 virus. The influenza VLP vaccine supplement with HMN or Poly(I:C) enhanced a Th1-biased influenza-specific immune response in chickens, which was significantly inhibited virus shedding.



Materials and Methods


Ethics Statement

All experiments involved in the live H7N9 avian influenza viruses (AIVs) were performed in a biosafety level 3 laboratory facility at South China Agricultural University (SCAU) (CNAS BL0011) in accordance with protocols. All animals involved in the experiments were reviewed and approved by the Institution Animal Care and Use Committee at SCAU and treated in accordance with the guidelines (2017A002).



Cells and Viruses

Spodoptera frugiperda 9 (Sf9) and BTI-TN-5B1-4 (High Five™) insect cells were used in this study. Sf9 cells (Invitrogen, Waltham, MA, USA) were maintained in Sf-900 II serum-free medium (Gibco, Carlsbad, CA, USA) and used for the production of recombinant baculovirus. High Five™ cells (Invitrogen, USA) were maintained as a suspension in HF-SFM (World-Medium, Suzhou, China) in shaker flasks at a speed of 100–120 rpm and used for the production of recombinant proteins. Both insect cell lines were cultured at 27°C. Madin-Darby canine kidney (MDCK) cells were maintained at 37°C in 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (Invitrogen, USA).

HPAI H7N9 viruses A/Chicken/Guangdong/16876/2016 (H7N9-16876) (29), A/Chicken/Qingyuan/E664/2017 (H7N9-E664) (3), and A/Chicken/Guangdong/E157/2017 (H7N9-E157) were used in this study. Influenza viruses were propagated in 10-day-old specific-pathogen-free (SPF) embryonated chicken eggs. The viral allantoic fluid was harvested from each embryo and clarified at 4,000×g centrifugation for 5 min. The clarified fluid was then ultracentrifuged at 30,000×g for 1 h, and the virus solution was further purified using a 20%–30%–45%–60% discontinuous sucrose gradient. The 50% egg infectious dose (EID50) and the 50% egg lethal dose (ELD50) were calculated using the Reed-Muench method (30). Furthermore, H7N9-16876 and H7N9-E157 AIVs were used as challenge viruses. The inactivated virus using 0.1% formalin was used as hemagglutination inhibition (HI) antigen.



Generation of Recombinant Baculovirus

To generate the VLP, the hemagglutinin (HA), neuraminidase (NA), and matrix protein (M1) genes derived from A/Chicken/Guangdong/16876/2016(H7N9) were biochemically synthesized by BGI (Shenzhen, China). Genes of HA, NA, and M1 were codon optimized for a high level of expression in High Five cells, then a 6xHis epitope tag was simultaneously fused to the C-terminal end of the optimized gene.

A recombinant chimeric protein containing honeybee melittin signal peptide, tandem repeat of 2HA76-130, 4M2e, 8NP55-69, and a flexible linker sequence (3xG4S) was designed and named HMN (Table 1). Each M2e sequence was linked by a linker sequence (PGGSSGGSS). Each NP55-69 sequence was linked by a linker sequence (GGSS), and the 6xHis tag epitope was linked to the 3′ ends of the HMN sequence by a GGSS linker. HMN gene was codon optimized for a high level of expression in the High Five cells and synthesized by BGI.


Table 1 | Antigen epitopes included in HMN.



These four optimized genes were cloned into the pACEBac1 vector plasmid (Invitrogen, Carlsbad, CA, USA), respectively. The recombinant plasmids were transformed into Escherichia coli DH10Bac to make recombinant bacmid baculovirus DNA, purified recombinant bacmid DNAs were transfected into sf9 insect cells using Cellfectin™ II reagent (Invitrogen) to obtain the recombinant baculovirus (rBV) in the culture supernatant. Following the manufacturer’s instructions, the recombinant baculoviruses were then amplified by infecting sf9 insect cells. All preparations of rBV were plaque purified and titrated using a rapid titration kit (BacPak Baculovirus Rapid Titer Kit; Clontech, Mountain View, CA, USA).



Expression and Purification of H7N9-VLP and HMN

To generate recombinant proteins, High Five cells were maintained as suspension cultures in HF-SFM serum-free medium (World-Medium Biotechnology Co., Ltd., Suzhou, China) in shaker flasks at 27°C. For the production of VLP containing the H7N9 HA, NA, and M1 proteins, High Five cells were coinfected with rBVs expressing HA, NA, and M1, respectively, at a multiplicity of infection (MOI) of 2:1:2. After 3 days postinfection, cell culture supernatants were harvested by centrifugation at 2,000×g for 30 min at 4°C to remove debris. The VLPs in the supernatants were purified by ultracentrifugation at 30,000×g for 60 min at 4°C. The sedimented particles were resuspended in phosphate-buffered saline (PBS, pH 7.2) at 4°C overnight and further purified through a 20%–30%–45%–60% discontinuous sucrose gradient at 100,000×g for 1 h at 4°C (31). The functionality of HA protein incorporated into VLPs was quantified by hemagglutination assay (HA assay) using 1% (v/v) chicken red blood cells.

For the production of HMN proteins, High Five cells were infected with rBV expressing HMN protein in shaker flasks at an MOI of 1. After 3 days postinfection, the infected High Five cells were harvested and disrupted by ultrasonication for 30 min to prepare cell lysates under the condition of maintaining the temperature at 0°C–4°C. The sonicated cell lysates were cleared by low-speed centrifugation (10,000×g for 3 min at 4°C) to remove cell debris. The target proteins were purified using Ni-chromatography and used for further studies. The concentration of the purified VLPs and HMN was quantified using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA).

The indirect immunofluorescence assay (IFA) was performed to detect the expression of VLPs and HMN protein in infected sf9 insect cells. Briefly, sf9 insect cells were infected with recombinant baculovirus expressing H7N9 proteins or HMN, respectively. After incubation for 48 h, the cells were fixed with 80% precooled acetone at −20°C for 15 min and incubated with the primary chicken antiserum against H7N9 AIVs or anti-His-tag mouse monoclonal antibody at a dilution of 1:200, and then with the secondary fluorescein isothiocyanate (FITC)-conjugated goat anti-chicken IgG antibody (Invitrogen, Carlsbad, CA, USA) or rabbit anti-mouse IgG antibody (Sigma St. Louis, MO, USA). Fluorescent images were examined under an inverted fluorescence microscope (Nikon, Ti-S, Minato, Japan).



SDS-PAGE and Western Blot

The H7N9 VLPs and HMN proteins were analyzed using SDS-PAGE and Western blot. Briefly, the protein samples were mixed with 5x SDS-PAGE loading buffer (Dingguo, Guangzhou, China) and boiled for 10 min, then separated by 10% Tris-Glycine gels, and stained using Coomassie Brilliant Blue (Dingguo, Guangzhou, China) for SDS-PAGE analysis. The protein bands were also transferred to nitrocellulose membranes (Bio-Rad, Guangzhou, China) for Western blot analysis. The membranes were blocked with 5% (W/V) skim milk in PBST [PBS containing 0.05% (v/v) Tween 20] overnight at 4°C. Membranes were subsequently incubated with an anti-His-tag mouse monoclonal antibody (1:5,000, v/v, BioWorld Technology, Nanjing, China) for 1 h at room temperature. The blots were then washed five times with PBST and incubated with a horseradish-peroxidase-conjugated goat anti-mouse IgG antibody (LI-COR, Lincoln, NE, USA) for 1 h at room temperature. Finally, the proteins were visualized by chemiluminescence (LI-COR Odyssey).



Electron Microscopy

Sucrose gradient-purified VLP samples were adsorbed onto a carbon parlodion-coated copper grid for 2 min. Excess VLP suspension was removed by blotting with filter paper, and the grid was immediately stained with 1% phosphotungstic acid for 10 min. Excess stain was removed by filter paper, and the samples were examined using a transmission electron microscope (Talos L120C, FEI, Czech).



Vaccination and Challenge

Three-week-old SPF chickens were purchased from the Experimental Animal Center (Xinxing Dahuanong Eggs Co., Ltd., Guangdong, China). They were maintained according to the South China Agricultural University’s guidelines for the care and use of laboratory animals and used to determine the immunogenicity and efficacy of the H7N9 VLPs. The commercial avian influenza trivalent inactivated vaccine [Reassortant Avian Influenza Virus (H5+H7) Trivalent Vaccine, Inactivated (H5N2 Strain rSD57+ Strain rFJ56, H7N9 Strain rLN79)] was provided from South China Biological Medicine Co., Ltd. (Guangzhou, China). For a homologous protection study, a group (N = 10) of chickens were subcutaneously immunized once with 30 μg of (total protein) VLPs in combination with EOLANE 150 (Total Energies, Paris, France). The commercial avian influenza trivalent inactivated vaccine (H7+H5) was set as comparison control, and one group of chickens was inoculated with PBS as a negative control. Three weeks after immunization, chickens were intranasally challenged with 2 × 106.0 ELD50 (0.2 ml) HPAI H7N9-16876.

For a crossprotection study, groups (N = 13 each group) of chickens were subcutaneously immunized once with 30 μg of VLP with ISA 201 VG, ISA 201 VG supplemented with 30 μg of HMN, and ISA 201 VG supplemented with 30 μg of Poly(I:C) (In vivoGen, San Diego, CA, USA); one group (N = 13) of chickens was immunized intramuscularly once with 30 μg of VLP with ISA 71VG (Seppic, Paris, France), and one group of chickens was inoculated PBS as a negative control. Nineteen days after immunization, the peripheral blood and spleen of chickens (N = 3) in each group were obtained for the determination of cytokine levels. Three weeks after immunization, other chickens (N = 10) of each test group were inoculated intranasally with 106.0 EID50 of H7N9-E157 virus in a 200-μl volume. Chickens were monitored for clinical signs and mortality for 14 days postchallenge (PC). All surviving chickens were killed humanely at the end of monitoring experiments.

To determine virus positivity or shedding from individual chickens, the oropharyngeal and cloacal swab samples were collected at 5 days postchallenge in the homologous protection study. The oropharyngeal and cloacal swab samples were collected at 3, 5, 7, and 9 days postchallenge in the crossprotection study. The swab samples were resuspended in 1 ml of PBS supplemented with 2,000 mg/ml streptomycin and 2,000 IU/ml penicillin. The suspensions were centrifuged at 3,000×g for 10 min, and 0.1 ml of the supernatants from the oropharyngeal or cloacal swabs were used to inoculate the allantoic cavities of 10-day-old SPF chicken embryos (3 eggs/sample). After incubation for 48 h at 37°C, the allantoic fluids were tested for hemagglutination activity. A virus isolation positive swab means one or more of the inoculated egg allantoic fluids reciprocal to the hemagglutination titers was higher than 4.



Serology Assays

To determine the immunogenicity of the vaccines, serum antibody levels were titrated by hemagglutination inhibition (HI) assay or neutralization assay. Hemagglutination inhibition (HI) assay was performed using standard methods (32). Briefly, sera were pretreated with a receptor destroying enzyme (RDE, Seiken, Japan) for 20 h at 37°C followed by inactivation of the RDE at 56°C for 30 min. Twofold serial dilutions of 50 µl pretreated sera were incubated with an equal volume of 4 HA units of the inactivated H7N9 virus antigen for 1 h at room temperature. Then, 50 µl of a 1% suspension of chicken red blood cells (RBC) was added to each well and incubated at room temperature for 30 min. The HI titer was expressed as the reciprocal of the highest serum dilution that completely inhibited hemagglutination of 4 HA units of the virus. The neutralization assay was performed as follows. Briefly, MDCK cells were plated into 96-well plates. The twofold serial dilutions of heat-inactivated (56°C, 30 min) serum samples were mixed with equal volumes of 100 mean tissue culture infective doses (TCID50) of H7N9 influenza viruses (E157 or E664). After 1 h of incubation at 37°C, the mixtures of serum and virus were added to the MDCK cells. Cells were then incubated for 1 h at 37°C. After 1 h of incubation, the culture supernatants were replaced by medium supplemented with 0.5 μg/μl TPCK-trypsin (Dingguo, Guangzhou, China), and cells were incubated for an additional 72 h. After 72 h of incubation, cell supernatants were harvested and transferred to V-bottom 96-well plates. The presence of virus was detected using a hemagglutination assay (33). Neutralizing antibody titers were defined as the reciprocal of the highest serum dilution that neutralized the virus in cell supernatants.



Isolation and Stimulation of Chicken PBMCs and Splenocytes

Peripheral blood mononuclear cells (PBMCs) and splenocytes were prepared for cytokine assays. PBMCs were isolated from peripheral blood using Ficoll-Hypaque density sedimentation (Tbdscience, Tianjin, China). Splenocytes were obtained from the spleens of chickens by density gradient centrifugation using Lymphoprep (Tbdscience, Tianjin, China) according to the manufacturer’s instructions. After contaminating red blood cells (RBC) present in the isolated cells lysed using RBC lysis buffer (Solarbio, Beijing, China), single cells were collected. PBMCs and splenocyte single-cell suspensions were cultured in complete Roswell Park Memorial Institute (RPMI) 1640 medium containing 10% FBS and 1% penicillin-streptomycin/l-glutamine (Gibco, Carlsbad, CA, USA) at a final concentration of 1 × 106 cells/ml. Cells were stimulated with 20 μg of inactivated H7N9-E157 virus or H7N9 VLPs and incubated for 8 h at 37°C. Cells were then harvested for RNA extraction. Cytokine expression levels of cells were evaluated using qRT-PCR.



Cytokine Assays Using Quantitative Real-Time PCR (qRT-PCR)

Total mRNA was extracted using total RNA extraction kits (Feijie, Shanghai, China); 500 ng of total mRNA was converted into cDNA using HiScript Reverse Transcriptase (Vazyme, Nanjing, China) according to the manufacturer’s instructions. mRNA expressions were examined using quantitative real-time PCR (qRT-PCR) with ChamQ Universal SYBR qPCR master mix (Vazyme, Nanjing, China) using a Bio-Rad CFX Applied System PCR instrument (Bio-Rad Laboratories Inc., Hercules, CA, USA). Sequences of primers used for qRT-PCR are shown in Table 2. The analyzed specific gene level was normalized with a housekeeping gene β-actin of the respective treatment group, and results were expressed in fold change.


Table 2 | Sequences of primers used for quantitative real-time PCR.





Statistical Analysis

Experimental data are presented as mean ± SD of the mean. GraphPad Prism 7 software was used for data analysis. The results of serum antibody titers and cytokine level were evaluated using one-way ANOVA and Tukey’s multiple-comparison test. Significant differences are denoted by an asterisk as follows: *p < 0.05, **p < 0.01, ***p < 0.001, or ****p < 0.0001.




Results


Production and Characterization of H7N9 VLPs and HMN

The H7N9 VLPs were produced in High Five insect cells, which were coinfected with recombinant baculovirus (rBVs) expressing HA, NA, and M1. Based on optimization results, the H7N9 VLPs in the study were produced using High Five cells coinfected with rBVs expressing HA, NA, and M1 at an MOI of 2:1:2. The expression of H7N9 proteins was observed with indirect IFA with chicken antiserum against H7N9 AIVs in sf9 cells 48 h after coinfection with HA, NA, and M1 rBVs (Figure 1A), whereas there was no specific fluorescence in the control baculovirus-infected cells (Figure 1B). The production of VLPs from cell culture supernatants was confirmed using SDS-PAGE and Western blotting (Figure 1E). The molecular mass of HA, NA, and M1 proteins was ~70, ~53, and ~28 kDa, respectively. The VLPs were then purified using the sucrose gradient centrifugation. The purity of the H7N9 VLPs was confirmed using SDS-PAGE and Western blotting (Figure 2A). The hemagglutination activity of the purified H7N9 VLPs reached 213. The size and morphology of H7N9 VLPs were examined by transmission electron microscopy (Figure 2B). The average size of the VLPs was 100 nm; the morphology of the VLPs resembles that of influenza virus particles, and the spikes were observed on spherical surfaces which mimic influenza virus HA and NA proteins on the native virions.




Figure 1 | Characterization of H7N9 VLPs and HMN by indirect immunofluorescence assay (IFA), SDS-PAGE, and Western blotting. IFA detection of expression of the baculovirus in sf9 infected cells. Sf9 cells infected with rBV-HA, rBV-NA, and rBV-HA (A), rBV-HMN (C), or only empty baculoviruses (B), (D) after 48 h. H7N9 chicken antiserum and anti-His-tag mouse monoclonal antibodies were used in the IFA assay. (E) The expression of the HA, NA, and M1 proteins on the VLPs was analyzed using SDS-PAGE gels with Coomassie blue staining and validated by Western blot using the anti-His-tag mouse monoclonal antibody. The molecular mass of H7N9 HA, NA, and M1 were ~70, ~55, and ~28 kDa, respectively. (F) The expression of HMN protein was validated by Western blot using the anti-His-tag mouse monoclonal antibody. The molecular mass of HMN was ~52 kDa.






Figure 2 | SDS-PAGE, Western blotting, and electron microscopy of the purified H7N9 VLPs. (A) The purity of the purified H7N9 VLPs was analyzed using SDS-PAGE and validated by Western blotting with the anti-His-tag mouse monoclonal antibody. (B) Negative staining electron microscopy of the H7N9 VLPs. Purified VLPs were stained using 1% phosphotungstic acid.



The HMN fusion construct was generated as described in Figure 3. HMN gene consists of the 2HA276-130, 4M2e, and 8NP55–69 epitope sequences, a linker sequence, melittin signal peptide, and 6xHis tag epitope. The expression of HMN proteins was observed using an IFA in HMN rBV-infected sf9 cells (Figure 1C), whereas there was no specific fluorescence in control baculovirus-infected cells (Figure 1D). Western blot analysis was used to validate HMN protein (Figure 1F). The determined molecular mass of the HMN protein was ~52 kDa.




Figure 3 | Schematic representation of HMN structure. HMN: melittin signal peptide; two repeated copies of the hemagglutinin stem area amino acids 76-130 (2HA2); four repeated copies of the ectodomain of matrix protein M2 (4M2e); eight repeated copies of the nucleoprotein amino acids 55-69 (8NP); 6xHis tag epitope. 3xG4S, GGGGSGGGGSGGGGS.





H7N9 VLP Vaccines Elicit Immune Responses in Chickens

To examine the capacity of H7N9 VLP vaccine to induce immune responses in chickens, groups of 3-week-old SPF chickens were subcutaneously vaccinated one time with 30 μg of H7N9 VLPs formulated with adjuvant EOLANE 150 and H7N9 commercial vaccine as controls. The level of serum antibody against homologous virus H7N9-16876 was measured by HI assay at 3 weeks after a single-dose vaccination. The result showed that all vaccine groups effectively elicited anti-H7N9 AIV HI antibodies; the HI titers of chickens receiving the H7N9 commercial vaccine were higher than those induced by receiving the H7N9 VLP vaccine (Figure 4A). The mean HI titers of the H7N9 VLP vaccine reached 6.5 log2, which showed that the H7N9 VLP vaccine induced a high antibody response in chickens.




Figure 4 | Hemagglutinin inhibition (HI) titers of SPF chickens after immunization and survival rates of SPF chickens after challenge. (A) The SPF chickens were immunized with the H7N9 VLP vaccine and the H7N9 commercial vaccine. The serum samples were collected at 3 weeks postvaccination to measure the HI antibody titers. The HI titers of SPF chicken sera were measured with 4 HAU testing antigens of the H7N9 GD16 virus. The HI titers among vaccination groups were compared using one-way ANOVA followed by Tukey’s multiple-comparison test. **p < 0.01, statistically significant differences. (B) At 3 weeks postvaccination, groups of SPF chickens (n = 10) were intranasally challenged with a high lethal dose (2 × 106.0 ELD50) of A/Chicken/Guangdong/GD16/2016 H7N9 AIVs. Survival rates of chickens were measured daily for 2 weeks after challenge.





H7N9 VLP Vaccines Offer Protection Against a High Lethal Dose Challenge of Homologous H7N9 Virus

Groups of 3-week-old SPF chickens were subcutaneously vaccinated once with EOLANE 150-adjuvanted H7N9 VLP vaccine or H7N9 commercial vaccine, respectively; the control group was treated with PBS. All chickens were intranasally challenged with 2 × 106.0 ELD50 (0.2 ml) of A/Chicken/Guangdong/16876/2016 (H7N9) virus 3 weeks after immunization. The survival rates and morbidity of chickens in each group were monitored for 2 weeks after the challenge. All chickens in the H7N9 VLPs and H7N9 commercial vaccine group survived the infection. In contrast, all chickens in the control group died of infection 2 days postchallenge (Figure 4B). The clinical signs of the vaccinated chickens were not observed, and the bodyweight still slightly increased in chickens that received the H7N9 VLPs and commercial vaccines during 14 days of the monitoring period (date not shown).

The excreted viruses via the oropharynx and cloaca were analyzed to determine the virus replication at 5 days postchallenge (Table 3). After the challenge, virus shedding was not detected in chickens from the H7N9 commercial vaccine group, and one chicken was positive for virus isolation in the H7N9 VLP vaccine group. Overall, although the HI titers induced by the H7N9 VLP vaccine were lower than those by the commercial vaccine, the protective efficacy of the H7N9 VLP vaccine was comparable with the commercial vaccine.


Table 3 | Virus shedding after a lethal-dose homologous influenza virus challenge of chickens.





H7N9 VLP Vaccines Induce Crossreactive HI and Neutralizing Antibody Against Antigenically Divergent H7N9 Viruses

To evaluate the crossreactivity of the serum antibodies from the H7N9 VLP-vaccinated chickens against antigenically divergent H7N9 AIVs from wave 5, HI and neutralization assay were carried out against H7N9 variant viruses E157 and E664 (3). Groups of 3-week-old SPF chickens were immunized once with 30 μg of H7N9 VLPs formulated with ISA 201 VG, ISA 201 VG plus HMN (30 μg), ISA 201 VG plus Poly(I:C) (30 μg), and ISA 71 VG. Antisera were collected at 14 and 19 days after a single-dose vaccination (Figure 5A). For HI assay, using 4 HA units (HAU) of H7N9-E157 as a testing virus, the results showed that ISA 71 VG-adjuvanted H7N9 VLP vaccine immunization could induce a higher level of HI antibody titers, which was significantly higher than that induced by the ISA 201 VG-containing adjuvant H7N9 VLP vaccine. Furthermore, the use of ISA 201 VG adjuvant alone showed slightly higher HI titers than the titer observed with ISA 201 VG plus HMN and ISA 201 VG plus Poly(I:C), but the difference was not statistically significant at 3 weeks after immunization (Figure 5B). Using 4 HAU of H7N9-E664 as a testing virus, the results showed the mean HI titers of the ISA 71 VG adjuvant group were 6.5 log2 14 days after immunization, which was significantly higher than the titers of other adjuvant groups. The serum HI levels of all vaccine groups 19 days after immunization were substantially increased compared with those on day 14. The ISA 71 VG adjuvant group demonstrated significantly higher HI titers than the ISA 201 VG-containing adjuvant groups. There were no significant differences among ISA 201 VG-associated vaccine groups (Figure 5C).




Figure 5 | Hemagglutinin inhibition (HI) and neutralizing antibody titers of immune sera from vaccinated specific pathogen-free (SPF) chickens. (A) The timeline and vaccination and challenge study in chicken. SPF chickens were immunized with H7N9 VLP vaccine candidates, and the serum samples were collected 14 and 19 days after immunization. The HI titers of SPF chicken sera were measured with 4 HAU of E157 (B) and E664 (C). Viral neutralizing antibody titers in serum were determined with E157 (D) and E664 (E) AIVs. The neutralizing and HI antibody titers among vaccination groups were compared using one-way ANOVA followed by Tukey’s multiple-comparison test. Statistically significant differences are indicated by an asterisk as follows: *p < 0.05, **p < 0.01, ***p < 0.001, or ****p < 0.0001.



Neutralization assay was carried out against the H7N9 AIV E157 or E664. Serum samples from the VLP+ISA 71 vaccine group demonstrated significantly higher neutralizing antibody titers than those from other vaccine groups (Figures 5D, E).



Q226 Mutation on H7N9 Influenza Virus Hemagglutinin May Lead to Biased Antigenicity Evaluation

The study has shown that the Q226 mutation in the HA of H7N9 influenza virus [A/Guangdong/17SF003/2016 (H7/GD16)] from the fifth wave increases the viral receptor-binding avidity to RBC, leading to decreasing HI titers against viruses containing HA Q226 and resulting in a biased antigenic evaluation based on HI assay (34). In this study, the fifth wave of H7N9 influenza virus E157 and E664 were used to evaluate the crossreactivity of H7N9 VLP vaccine sera. Nineteen days after immunization, the H7N9-E157 virus displayed significantly lower HI titers to H7N9-VLP immune sera from all vaccine groups than the H7N9-E664 virus (Figure 6A). Similar results were observed in the neutralizing antibody titers (Figure 6B). By aligning the amino acid sequence of the HA gene of H7N9-GD16, H7N9-16876, and H7N9-E157 viruses, the results showed that the receptor-binding site of the HA gene of H7N9-16876 and H7N9-E157 viruses has the same Q226 mutation as that of the H7N9-GD16 virus (Figure 6C). These results showed that the Q226 mutation in the receptor-binding site of H7 HA decreased readouts of HI and neutralizing antibody titers by impacting the receptor-binding avidity to red blood cells.




Figure 6 | Q226 mutation of H7 HA decreases readouts of HI and neutralizing antibody titers. (A) HI titers of H7N9-VLP immune sera from chickens to H7N9-E157 and H7N9-E664 viruses. (B) Neutralizing antibody titers of H7N9-VLP immune sera from chickens to H7N9-E157 and H7N9-E664 viruses. (C) Sequence alignment of HA gene of the H7N9-GD16, H7N9-E157, and H7N9-E664 viruses. H7N9-GD16, A/Guangdong/17SF003/2016 (H7/GD16). Statistically significant differences are indicated by an asterisk as follows: *p < 0.05, ****p < 0.0001.





HMN and Poly(I:C) Enhance Th1-Type Immune Responses of H7N9 VLP Vaccine

To evaluate the ability of vaccine candidates to induce immune responses and to further estimate the immune types, PBMCs and splenocytes were isolated from the vaccinated chickens 19 days after immunization and stimulated with inactivated influenza virus or purified H7N9 VLP antigen in vitro. The level of the cytokines IFN-γ, IL-4, and IL-17, associated with Th1-type, Th2-type, and Th17-type immune responses, respectively, were determined to evaluate the immune types induced by H7N9 VLP vaccine candidates. After virus stimulation in vitro, mRNA expression levels of IFN-γ and IL-4 were significantly higher in the PBMCs of chickens that received ISA 71 VG-adjuvanted vaccine than levels of IFN-γ and IL-4 in the PBMCs of chickens that received ISA 201 VG-containing adjuvanted vaccine. The mRNA levels of IFN-γ were significantly higher in the PBMCs of VLPs in combination with ISA 71 VG-vaccinated chickens than that of the IL-4, indicating that Th2-biased immune responses were induced by ISA 71 VG-adjuvanted vaccine (Figure 7A). The splenocytes of chickens that received the ISA 71 VG-adjuvanted vaccine demonstrated significantly higher IL-4 and IL-17 mRNA expression levels than those immunized with the ISA 201 VG-containing adjuvant vaccine (Figure 7C). After antigen stimulation in vitro, the lowest levels of IFN-γ and IL-4 were observed in the PBMCs of chickens that received ISA 201 VG-adjuvanted vaccine in the presence of Poly(I:C) or HMN, respectively (Figure 7B). In contrast, the splenocytes of chickens that received Poly(I:C)-supplemented ISA 201 VG-adjuvanted vaccine could induce the highest expression levels of IFN-γ. mRNA levels of IFN-γ were significantly higher in the splenocytes of chickens vaccinated with HMN- or Poly(I:C)-supplemented ISA 201 VG-adjuvanted vaccine than with ISA 201 VG-adjuvanted vaccine alone. The splenocytes of chickens that received the ISA 201 VG-adjuvanted vaccine showed the highest IL-4 mRNA expression levels, which was significantly higher than the IL-4 levels in the splenocytes of chickens that received other H7N9 vaccine candidates (Figure 7D). The results indicated that the ISA 201 VG adjuvant vaccine supplement with Poly(I:C) or HMN induced Th1-biased immune responses. The use of ISA 201 VG or ISA 71 VG adjuvant alone induced Th2-biased immune responses.




Figure 7 | Cytokine expression levels in PBMCs and splenocytes of SPF chickens (N=3). PBMCs and splenocytes were isolated from the vaccinated chickens 19 days after immunization and stimulated with inactivated influenza virus or purified H7N9 VLPs antigen for 8 h in vitro. The expression levels of cytokines in PBMCs (A, B) and splenocytes (C, D) were measured using qRT-PCR. Data are presented as the mean ± standard error of the mean. Statistical significance of differences is illustrated as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, or ns, not significant.





H7N9 VLP Vaccine Confers Crossprotection Against Heterologous H7N9 Virus

Prior to challenge, the results showed that the titers of HI and neutralizing antibody titers against H7N9-E157 AIVs were lower than those against H7N9-E664 AIVs. Therefore, to effectively evaluate the crossprotective efficacy of the H7N9 VLP vaccine, the H7N9-E157 AIVs were selected as challenge virus. Groups of 3-week-old SPF chickens were vaccinated once with VLP+ISA 201, VLP+ISA 201+HMN, VLP+ISA 201+Poly(I:C), and VLP+ISA 71 vaccines, respectively; the control group was treated with PBS. All chickens were intranasally challenged with 106.0 EID50 (0.2 ml) of the H7N9-E157 virus 3 weeks after immunization. All chickens in the vaccine groups of VLP+ISA 201, VLP+ISA 201+HMN, VLP+ISA 201+Poly(I:C), and VLP+ISA 71 survived the infection. In contrast, all chickens in the control group died of infection 3 days PC (Figure 8). The clinical signs of the vaccinated chickens were not observed, and the bodyweight still slightly increased in chickens that received the H7N9 VLP vaccine candidates during 14 days of the monitoring period (data not shown).




Figure 8 | Survival rates of the specific pathogen-free (SPF) chickens after H7N9-E157 virus challenge. At 3 weeks postvaccination, groups of SPF chickens (n = 10) were intranasally challenged with a high lethal dose (106.0 EID50) of A/Chicken/Guangdong/E157/2017 H7N9 AIVs. Survival rates of chickens were measured daily for 2 weeks after challenge.



The excreted viruses via the oropharynx and cloaca were analyzed to determine the virus replication at 3, 5, 7, and 9 days PC (Table 4). After the challenge, virus shedding was not detected in chickens from the VLP+ISA 201+HMN group, and one chicken in the VLP+ISA 201+ Poly(I:C) group, two chickens in the VLP+ISA 201 group, and one chicken in the VLP+ISA 71 group recovered viruses from cloacal swab samples.


Table 4 | Virus shedding after a lethal-dose E157 AIV challenge of chickens.






Discussion

The continuous evolution and mutation of the H7N9 avian influenza virus poses a dual threat to human health and the poultry industry (4), and thus it is imperative to develop a safe and effective vaccine against H7N9 virus infections. A variety of the influenza vaccine formations were designed to protect against influenza virus (35–38). Avian influenza VLPs retain the structural and antigenic properties of native viruses but lack the genetic material, which is a better selection as vaccine antigen for the development of influenza vaccine. Influenza VLPs have been generated in various production platforms, including plant cells (39, 40), hepatitis B virus core (HBc) (41, 42), insect cells (11, 43), and mammalian cells (44). Commercially, the method for producing influenza VLPs using a baculovirus expression vector system (BEVS) is safe and low cost. High-throughput production of avian influenza VLPs is possible by optimizing the BEVS process (12, 45). A previous study showed that intramuscular and intranasal immunization with insect cell-derived H7 VLPs induces protective immunity against lethal H7N9 virus challenge (13), which supports the hypothesis that influenza VLPs are a promising candidate H7N9 vaccine antigen.

HA and NA proteins are the major surface glycoproteins of influenza viruses. Reports have shown that the recombinant H7 HA subunit vaccine protects mice from H7N9 influenza virus challenge (16, 17). NA expressing VLPs induced effective crossprotective immunity against influenza virus (46). On the other hand, M1 is a central component of the virus particle. In this study, we developed VLPs containing H7N9 HA, NA, and M1 proteins. The expression of VLP was detected using SDS-PAGE, and VLP antigenicity was validated via IFA and Western blotting. The hemagglutination activity of VLPs further confirmed that HA proteins anchored on surface VLPs retained functional stability and cRBC-binding activity. The water-in-oil-in-water emulsion adjuvant Montanide ISA 201 VG was used as an adjuvant in conjunction with VLPs to improve the crossprotection of vaccination. Report has shown that Montanide ISA 201 VG combined with inactivated influenza virus induces both humoral and cell-mediated immune responses to protect against a homologous H1N1 challenge in swine (47). We demonstrated that vaccination with H7 VLPs combined with ISA 201 VG induced strong HI antibody titers after single-dose vaccination and homologous protection against H7N9-16876 virus challenge in chickens. However, the influenza VLP vaccine induced a lower HI antibody titer and presented virus shedding in vaccinated chickens compared with the commercial H7N9 inactivated vaccine. A previous study also showed that H7N9 VLPs combined with ISA 71 R adjuvant induced lower levels of HI and MN antibody titers compared with commercial whole-virus inactivated vaccine (6). The protective efficacy of the H7N9 VLPs vaccine can be further improved by increasing the dose of VLP (13). Previous studies have shown that recombinant baculovirus vaccine expressing H7N9 HA protein confers better protection to the inactivated vaccine in chickens (48), and a plant-derived H6N2 VLP elicited a better protective immunity than a commercial inactivated H6N2 vaccine (49). Therefore, the efficacy of the H7N9 VLP vaccine needs to be further evaluated.

In the present study, we developed a series of vaccination strategies for VLP vaccine aiming to enhance crossprotection and eliminate viral shedding in vaccinated chickens. Previous studies have shown that influenza conserved fusion epitopes vaccine can induce broad crossprotection against different influenza viruses (50, 51). However, the influenza vaccine based on influenza conserved epitopes cannot provide complete protection against influenza virus challenge in the presence of morbidity, mortality, and virus shedding (52–54). Therefore, a single recombinant protein based on influenza conserved epitopes is not sufficient as an influenza vaccine antigen. Reports have shown that supplementing influenza vaccines with tandem repeat M2e VLPs enhances crossprotection against homologous and heterologous influenza virus challenge in an animal model (55, 56). Therefore, the influenza conserved epitopes can be used as an antigen supplement to enhance the crossprotection ability of influenza VLP vaccines. In this study, we constructed and expressed a recombinant protein (HMN) based on influenza conserved peptides to improve the crossprotective immunity of influenza VLP vaccines. HMN protein antigenicity was validated via Western blotting. In this study, we demonstrated that supplementation of the VLP+ISA 201 vaccine with HMN protein cannot increase HI and neutralizing antibody titers to the VLP+ISA 201 vaccine. Nevertheless, following the heterologous H7N9-E157 virus challenge, viral shedding was completely abolished in chickens of the HMN supplement vaccine group, but two chickens in the VLP+ISA 201 group recovered viruses. Meanwhile, the HMN-supplemented VLP+ISA 201 vaccine induces significantly higher IFN-γ mRNA expression levels in splenocytes than the VLP+ISA 201 vaccine, which enhances the Th1-type immune responses of VLP+ISA 201 vaccine. A previous study showed that Th1 immune responses play a critical role in crossprotective immunity and virus removal against influenza virus challenge (57). Although this study is limited to not being able to determine the immune response induced by HMN, we speculate that the HMN protein may induce a broad crossprotective immune response and play an important role in virus clearance. Therefore, HMN protein as an antigen supplement is a promising vaccination strategy for crossprotection against the H7N9 influenza virus.

Influenza-specific cell-mediated immune responses play an important role in eliminating the virus in chickens receiving the influenza VLP vaccine (6). Poly(I:C) was selected as an adjuvant supplement to improve cell-mediated immune responses of the VLP+ISA 201 vaccine. Previous studies have shown that Poly(I:C)-adjuvanted influenza vaccines induce a cell-mediated immune response, conferring protection against homologous and heterologous virus challenge (28, 58). In this study, we demonstrated that the Poly(I:C)-supplemented vaccine stimulates the highest mRNA expression levels of IFN-γ in splenocytes that enhanced a Th1-mediated immune response of the VLP + ISA 201 vaccine and provided a crossprotection against a heterologous H7N9 E157 virus challenge in chickens. However, the supplementation of Poly(I:C) did not significantly increase HI and MN antibody titers and did not completely inhibit virus shedding in vaccinated chickens, which may be related to the injection route of Poly(I:C). Reports have shown that intranasal immunization with Poly(I:C)-adjuvanted influenza vaccines induces robust mucosal, humoral, and cellular immunity to protect against homologous and heterologous influenza virus challenge (28, 58, 59). The potency of VLPs with Poly(I:C) needs to be further investigated in chickens administered intranasally.

Montanide ISA 71 VG was used as an adjuvant for comparison with Montanide ISA 201 VG. Montanide ISA 71 VG is a commercial water-in-oil emulsion adjuvant and has been confirmed to stimulate both humoral and cellular immune responses (60). Recent studies have shown that combining influenza VLPs with ISA 71 VG induces protective immunity against lethal homologous virus challenge (6, 61). These findings indicated that ISA 71 VG is a promising VLP subunit vaccine adjuvant. This study has shown that H7N9 VLPs combined with ISA 71 VG induce higher titers of HI and MN antibody against heterologous H7N9 virus than the ISA 201 VG-adjuvanted vaccine. Meanwhile, ISA 71 VG stimulated significantly higher IFN-γ, IL-4, and IL-17 mRNA expression levels in PBMCs and splenocytes than stimulated by ISA 201 VG. Following the H7N9-E157 virus challenge, the ISA 71 VG vaccine group showed less virus shedding than the ISA 201 VG vaccine group. In comparison, the ISA 201 VG-adjuvanted VLP vaccine induced lower serum HI and MN antibody titers against the heterologous H7N9-E157 and H7N9-E664 viruses and Th2-biased immune responses in chickens. Following the E157 virus challenge, the VLP+ISA 201 vaccine did not eliminate virus shedding in chickens. However, supplementing the VLP+ISA 201 vaccine with HMN protein can achieve the goal of virus clearance in chickens. This study demonstrated that Q226 mutation in the receptor-binding site of H7 HA plays a crucial role in reducing the readouts of HI and neutralizing antibody titers by impacting the receptor-binding avidity to red blood cells. Therefore, viral receptor-binding avidity should be considered in evaluating an H7N9 candidate vaccine.

In the future, H7N9 VLP from this study may be further modified by combining with mucosal or nanoparticle adjuvant. Mucosal immune responses play an important role in defense against influenza virus infection. Several studies showed that the intranasal administration of influenza vaccine combined with the mucosal adjuvant induced crossprotection against divergent influenza subtypes (62, 63). Influenza nanoparticle vaccine is one of the strategies for developing a universal influenza vaccine. Previous studies showed that influenza nanoparticles induce broad protection against heterosubtypic influenza viruses (64, 65).

In summary, our results indicate that H7N9 VLP vaccine candidates induce a crossreactive serum immune response and provide effective crossprotection against homologous and heterologous H7N9 influenza viruse challenge. In addition, we successfully developed a combo vaccine consisting of H7N9 VLP and polyepitope HMN that confers full protection against antigenically divergent H7N9 virus challenge. Our results collectively suggest that the supplementation of the H7N9 VLP vaccine with polyepitope antigen will be a promising strategy for broad protection against an antigenically divergent H7N9 virus.
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Group Oropharyngeal swab (virus shedding number/total Cloacal swab (virus shedding number/total No. clinical symptoms
number)
3 dpc 5 dpc 7 dpc 9 dpc 3 dpc 5 dpc 7 dpc 9dpc
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E157 is virus of A/Chicken/Guangdong/E157/2017. The oropharyngeal and cloacal swab samples were collected at 3, 5, 7, and 9 days postchallenge. Virus positivity or shedding was

determined by inoculating each swab solution into 3 eggs of 10-day-old specific-pathogen-free chicken embryos.

dpc, days postchallenge; NA, not applicable due to death of chickens.





OEBPS/Images/table3.jpg
Group Challenge Virus 5 dpc Total Virus Shedding/total  No. Clinical Symptoms  Survival/Total

Oropharyngeal Swab  Cloacal Swab
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16876 is virus of A/Chicken/Guangdong/16876/2016 (H7N9). The oropharyngeal and cloacal swab samples were collected at 5 days postchallenge. Virus positivity or shedding was
determined by inoculating each swab solution into 3 eggs of 10-day-old specific-pathogen-free chicken embryos.
doc, days postchallenge; NA, not applicable due to death of chickens.
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HA2 76-130, hemagglutinin stem area amino acids 76-130; M2e, the ectodomain of
matrix protein M2; NP55-69, nucleoprotein amino acids 55-69; Melittin SP, melittin signal

peptide.





