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The highly pathogenic avian influenza (HPAI) H5N1 viruses with the capability of transmission from birds to humans have a serious impact on public health. To date, HPAI H5N1 viruses have evolved into ten antigenically distinct clades that could cause a mismatch of vaccine strains and reduce vaccine efficacy. In this study, the glycan masking and unmasking strategies on hemagglutinin antigen were used for designing two antigens: H5-dm/st2 and H5-tm/st2, and investigated for their elicited immunity using two-dose recombinant H5 (rH5) immunization and a first-dose adenovirus vector prime, followed by a second-dose rH5 protein booster immunization. The H5-dm/st2 antigen was found to elicit broadly neutralizing antibodies against different H5N1 clade/subclade viruses, as well as more stem-binding antibodies to inhibit HA-facilitated membrane fusion activity. Mice immunized with the H5-dm/st2 antigen had a higher survival rate when challenged with homologous and heterologous clades of H5N1 viruses. Mutant influenza virus replaced with the H5-dm/st2 gene generated by reverse genetics (RG) technology amplified well in MDCK cells and embryonated chicken eggs. Again, the inactivated H5N1-dm/st2 RG virus elicited more potent cross-clade neutralizing and anti-fusion antibodies in sera. Therefore, the H5N1-dm/st2 RG virus with the site-specific glycan-masking on the globular head and the glycan-unmasking on the stem region of H5 antigen can be used for further development of cross-protective H5N1 vaccines.
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Introduction

Highly pathogenic avian influenza (HPAI) H5N1 viruses, which are transmitted from birds to humans, have a serious impact on public health (1–3). After the first outbreak in Hong Kong in 1997, the HPAI H5N1 viruses re-emerged in 2003 and have continued to spread from Asia to Europe and Africa, with a total of 861 human infection cases and an approximately 53% mortality rate (4). Phylogenic analysis of H5 hemagglutinin (HA) revealed that HPAI H5N1 viruses have evolved into ten antigenically distinct clades that may cause antigenic mismatches for selecting the vaccine strain(s) (5, 6). No vaccine strains have been shown to elicit cross-protective immunity against a wide range of H5N1 clades and subclades (7, 8). The World Health Organization (WHO) has recommended 32 candidate vaccine viruses of H5N1 virus clades/subclades for vaccine preparation (9). Therefore, the development of broadly protective H5N1 vaccines is of particular interest to control these distinct antigenic H5N1 clade/subclade virus infections.

The influenza HA antigen is a major envelope glycoprotein accounting for approximately 80% of all spikes in influenza virions. It is considered as the major antigen content for characterizing influenza vaccines. The HA glycoprotein has a trimeric structure with several N-glycans, and each monomer consists of two parts: a globular head and a stem region that are folded within six disulfide bonds (10). The N-linked glycosylation sites on the globular head vary among different strains and subtypes (11). In contrast, the N-linked glycosylation sites in the stem region are mostly well-conserved among various influenza virus strains (12). Acquisition of additional N-glycan modifications particularly in the globular head has evolved as a strategy for seasonal H1N1 and H3N2 viruses to avoid human immune responses (13, 14). We previously reported that glycan-masking H5 antigens in the HA globular head region with (i) triple mutations (H5-tm) on residues 83 (83ANP85 replaced by 83NNT85), 127 (127ASL129 replaced by 127NSS129) and 138 (138QRK140 replaced by 138NGT140), or with (ii) double mutations (H5-dm) on residues 127 (127ASL129 replaced by 127NSS129) and 138 (138QRK140 replaced by 138NGT140) elicited broader neutralizing antibodies against heterologous clades/subclades of HPAI H5N1 viruses (15–17). We also demonstrated that glycan-unmasking H5 antigen with a single mutation in the HA stem region (HA-st2) on residue 484 (484NGT486 replaced by 484AGT486) elicited more potent neutralizing antibodies against homologous, heterologous and heterosubtypic viruses (18). The glycan unmasked H5 antigen (HA-st2) also provided a significantly improvement in the protection against homologous virus challenges, but to a less degree for the protection against heterosubtypic pH1N1 virus challenges (18). In the present study, we investigated the use of a combination of H5 globular head glycan-masking antigens and the H5 stem glycan-unmasking antigens: (i) H5-dm/st2 with 127NSS129, 138NGT140, and 484AGT486 mutations and (ii) H5-tm/st2 with 83NNT85, 127NSS129, 138NGT140, 484AGT486 mutations. Two types of immunization regimens were investigated in BALB/c mice, including two-dose recombinant H5 (rH5) immunization and a first-dose adenovirus vector prime, followed by a second-dose rH5 protein booster. Immune responses were measured for the elicitation of H5-specfiic IgG, virus-neutralizing antibodies, stem-binding antibodies, anti-fusion antibodies, and the protection against different clade/subclades of H5N1 viruses. We also obtained the reverse genetics (RG) viruses of H5N1-wt and H5N1-dm/st2 using a PR8-based 8 plasmid system. The growth kinetics in MDCK cells, virus yields in embryonated chicken eggs, and formalin inactivation kinetics were examined for H5N1-wt and H5N1-dm/st2 RG viruses. Immune responses elicited by the inactivated RG viruses were determined by measuring neutralizing and anti-fusion antibodies in sera. The results indicated that H5N1-dm/st2 RG virus with the glycan-masking on the HA globular head and the glycan-unmasking on the HA stem region can be used for further development of cross-clade H5N1 vaccines.



Materials and Methods


Expression and Purification of rH5 Proteins

Insect cell codon-optimized H5 cDNA sequence of the A/Thailand/1(KAN-1)/2004(H5N1) virus strain (GenBank: CY111598.1) was obtained from Genomics BioSci & Tech. Ltd., Taiwan to construct the soluble rH5 protein expression plasmids. The C-terminal cytoplasmic and transmembrane domains of full-length HA were replaced with a GCN4-pII leucine zipper (MKQIEDKIEEILSKIYHIENEIARIKKLIGEV) for trimerization, a thrombin cleavage site, and a His-tag for purification as previously described (18, 19). The rH5-dm/st2 gene was constructed by site-directed PCR to introduce additional N-linked glycosylation motifs (N-X-S/T) on residue 127 (127ASL replaced by 127NSS), and 138 (138QGK replaced by 138NGT), and a native N-linked glycan in the stem region was removed by mutation of 484NGT to 484AGT. rH5-tm/st2 was further constructed by adding an N-linked glycosylation motif on residue 83 (83ASL replaced by 83NSS). The Bac-to-Bac System (Invitrogen) was used to obtain recombinant baculoviruses carrying rH5-wt, rH5-dm/st2, and rH5-tm/st2 respectively according to the manufacturer’s instructions. For large-scale production, Sf9 cells were grown in 600 ml SF900-II serum-free medium (Invitrogen) at a concentration of 2×106 cells/ml, and then infected with the respective recombinant baculovirus at 3 MOI. The culture supernatant was collected 72 h post-infection, and then rH5-wt, rH5-dm/st2, and rH5-tm/st2 proteins were purified using nickel-chelated affinity chromatography (Tosoh), dialyzed with PBS, and stored at -20°C. The purity and molecular weight were determined by SDS-PAGE and western blotting using anti-H5 antibody. The sialic acid-binding activity of each protein was tested by a typical hemagglutination assay using 0.5% turkey RBCs.



H5-Specific Monoclonal Antibody Bindings by ELISA

Plates (96-well) were coated with 0.2 µg bovine serum albumin (BSA), or rH5-wt, rH5-dm/st2, or rH5-tm/str2 proteins, incubated overnight at 4°C, and blocked with 200 µl blocking buffer (PBS with 1% BSA) for 2 hours at room temperature. Two-fold serially diluted samples of monoclonal antibodies, including 9E8, F10, C179, CR6261, and FI6V3 were added to each well and incubated for 1 h. Horseradish peroxidase (HRP)-conjugated anti-mouse or anti-human IgG antibodies (GeneTex) and TMB substrate (BioLegend) were used to develop signals, reactions were stopped using 2N H2SO4. The optical density at 450 nm was measured using a TECAN spectrophotometer. The end-point titration values were calculated by a final serial dilution higher than 0.2 in the optical density value.



Fetuin Binding Assay

Individual wells in 96-well plates were coated with 50 μg/ml of fetuin (Sigma), held overnight at 4°C, and blocked with 1% BSA in PBS buffer followed by three washes with 0.05% Tween 20/PBS buffer. Serially diluted soluble rH5 proteins were pre-mixed with HRP-conjugated anti-His tag antibodies (Bethyl Laboratories, Inc.) for 30 min, added to individual plates, and incubated for 60 min at room temperature. After three additional washes, H5 binding was detected by ELISA (450 nm OD).



Construction of Adenovirus Vectors

The ViraPower Adenoviral Expression System (Invitrogen) was used to create adenovirus vectors containing the full-length codon-optimized H5HA based on the A/Thailand/1(KAN-1)/2004 strain with a cleavage site mutation to retain un-cleaved proteins as previously reported (16). The H5-dm/st2 and H5-tm/st2 genes were obtained by site-directed PCR. The respective pENTR vectors containing the H5-wt, H5-dm/st2, and H5-tm/st2 genes were site-directly recombined with pAd/CMV/V5-DEST vectors by LR Clonase Enzyme Mix (Invitrogen) for generating the plasmids for transfection. After Pac I digestion, the recombined pAd/CMV/V5-DEST vectors were transfected into HEK293A cells (Invitrogen) for replication-incompetent adenovirus vector production. Recombinant adenoviruses vectors were collected 14 days post-transfection, and virus titers were determined by plaque assays. H5-wt, H5-dm/st2, and H5-tm/st2 protein expressions in cells infected with the respective recombinant adenoviruses were confirmed by SDS-PAGE and Western blotting using anti-H5 antibodies. Hemadsoption contributed by HA proteins expressed by adenovirus infected cells was confirmed by hemadsorption assay (15). 5x105 HEK293A cells were infected with 106 PFU for 48 h, washed with PBS and co-incubated with 0.5% turkey red blood cells (RBC) for 30 min. And then, the cells were washed with PBS, RBCs absorbed on the cell surface were observed by a microscopy (Olympus IX70, Olympus).



Mouse Immunizations

Groups of female BALB/c mice (6–8 weeks old; 5 mice per group) were intramuscularly immunized by two different immunization regimens: (i) two-dose immunizations with 20 μg rH5 proteins formulated in PELC/CpG adjuvant or (ii) first-dose priming with 108 pfu Ad-H5 followed by second-dose booster with 20 μg rH5 proteins plus PELC/CpG adjuvant, all in a three-week interval. We have previously reported the use of PELC, a squalene-based oil-in-water emulsion adjuvant system, combined with K3 CpG ODN for rH5 protein immunizations eliciting more potent neutralizing antibodies in mice (19). Antisera were collected two weeks after the second dose immunizations, incubated at 56°C for 30 min for complement inactivation, and stored at -20°C. All procedures involving animals were performed in accordance with the guidelines established by the Laboratory Animal Center of National Tsing Hua University (NTHU). Animal use protocols were reviewed and approved by the NTHU Institutional Animal Care and Use Committee (approval no. 108044).



H5-Specific Antisera Titer by ELISA

Plates (96-well) were coated with 0.2 µg rH5-wt protein or 0.2 µg H5N1 (RG-14) inactivated virus, incubated overnight at 4°C, and blocked with 200 µl blocking buffer (PBS with 1% BSA) for 2 hours at room temperature. Two-fold serially serum samples were added to each well and incubated for 1 h. Horseradish peroxidase (HRP) conjugated anti-mouse IgG antibody (GeneTex) and TMB substrate (BioLegend) were used to develop signals, followed by stopping the reaction by 2N H2SO4. Optical density at 450 nm was measured using a TECAN spectrophotometer.



H5pp Construction for Neutralization Assay

For generating H5pp particles, three plasmids including (i) pcDNA3.1(+) plasmids expressing H5HA of A/Thailand/1(KAN-1)/2004(H5N1) (clade 1), A/bar-headed goose/Qinghai/1A/2005(H5N1) (clade 2.2), A/Hubei/1/2010 (H5N1) (clade 2.3.2.1a), or A/Anhui/1/2005(H5N1) (clade 2.3.4), (ii) pcDNA3.1(+) plasmid expressing N1NA of A/Thailand/1(KAN-1)/2004(H5N1), and (iii) pNL Luc E- R- plasmid were co-transfected to 293T cells as described previously (16, 20). 50 μl of two-fold serially diluted serum samples (starting at 1:10) were incubated with 1 TCID50 of H5pp at 37°C for 1 h, and then the mixtures were incubated with 1.5×105 MDCK cells per well at 37°C for 48 h. The H5pp-infected cells were lysed using Glo lysis buffer (Promega), and treated with neolite luciferase substrate (PerkinElmer) for luciferase activity measurements. The relative light units (RLU) values developed from the group without serum and the group without H5pp were defined as 0% and 100% neutralization respectively. The RLU values of the other groups were normalized for neutralization percentage calculation.



Protein Absorption and Monoclonal Antibody Competition Assays

To measure the stem‐specific antibody titers in serum samples, a mutant rH5 protein (Δstem‐rH5) containing an additional N‐linked glycosylation site (375IDG replaced by 375NDT) in the mid‐stem helix A region was constructed and produced by Sf9 cells as previously reported (16, 18, 21). The Δstem‐rH5 protein was used to remove non-stem-binding antibodies in the sera. For the protein absorption assay, Δstem‐rH5 protein (40 μg/ml) coupled Ni‐nitrilotriacetic acid (NTA) beads were incubated with serum samples overnight at 4°C in 1.5 ml tubes for non-stem‐specific antibody absorption. After centrifugation, the supernatants of preabsorbed serum samples were transferred to ELISA plates coated with rH5-wt proteins of the KAN-1, Qinghai, Hubei, and Anhui strains. Stem‐specific IgG titers were measured by ELISA. For the CR6261 and FI6v3 stem-binding mAb competition assay, the Δstem‐rH5-preabsorbed sera were first mixed with 2-fold-diluted monoclonal antibodies CR6261 or FI6v3 (starting from 10 μg/ml) and then incubated in ELISA plates precoated with rH5 proteins. After 1 h of incubation, the IgG titers were measured by ELISA for competition level calculations.



Membrane Fusion Inhibition Assay

Membrane fusion inhibition activity against H5N1 virus was determined by luciferase-based cell-cell fusion assays as previously described (18, 22, 23). In brief, donor 293T cells (2 ×104 cells per well in 96-well plates) were transfected with pcDNA3.1 plasmid containing the H5 gene of A/Thailand/1(KAN-1)/2004(H5N1) and pCAGT7pol plasmid. Indicator 293 T cells (9 ×105 cells per well in 6-well plates) were transfected with phRL-TK (Promega) and pT7EMCVLuc plasmids which contains a firefly luciferase and a sea pansy Renilla luciferase coding sequence respectively. Renilla luciferase activity was used to confirm transfection efficiency. At 48 h post-transfection, indicator cells were detached from the plate and added to the donor cells and incubated with diluted serum samples (in MEM-α containing 1.0 μg/ml trypsin-TPCK). After 1 h of incubation at 37°C, the cells were washed and incubated with low-pH fusion buffer (PBS, pH 4.9). After 5 min of incubation at 37°C, the supernatant was replaced with the standard growth medium. After another 7 h of incubation at 37°C, a dual-luciferase reporter assay system (Promega) was used to develop the signals. The relative luminescence unit (RLU) was measured using a Victor 3 plate reader (PerkinElmer). The signal of the negative control (transfected indicator cells alone) was defined as 1, and sample signals were calculated as normalized firefly luciferase value/normalized Renilla luciferase value.



Viral Challenges

The immunized mice were anesthetized and intranasally challenged with 10-fold of the MLD50 of the reassortant H5N1 virus of NIBRG‐14 [clade 1, A/Vietnam/1194/2004 (RG‐14)], IBCDC-RG-2 [clade 2.3.1, A/Indonesia/5/05-like (RG-2)], or NIBRG‐23 [A/turkey/Turkey/1/05; clade 2.2 (RG‐23)] three weeks after the final immunization. Groups of PBS‐immunized mice were used as the negative control. The body weight and survival rate were recorded for 14 days. The protocols were reviewed and approved by the IACUC of Academia Sinica, Taiwan. According to the IACUC guidelines, a body weight < 75% was recognized as the endpoint. The challenge experiments were performed in a biosafety level 2+ (BSL‐2+) enhancement facility.



Generation of RG Viruses

The sequences of PB, PB1, PA, NP, M, and NS from A/PR/8/1934(H1N1) and those of HA and NA from A/Viet Nam/1203/2004(H5N1) were cloned into modified pcDNA3.1 plasmid containing an RNA polymerase II promoter (CMV promoter) and a human RNA polymerase I promoter (PolIp) similar to the generation of pHW2000 (24). The poly basic cleavage site of HA was replaced with a threonine to meet biosafety requirements (25). Plasmids containing mutant H5 genes (H5-dm/st2 and H5-tm/st2) were obtained by site-directed PCR. The eight pFlu plasmids (1 µg each) were co-transfected into a MDCK/293T (4.0-4.5 x 105) co-culture in a 6 well plate using TransIT®-LT1 Transfection Reagent (Mirus Bio) according to the manufactures’ instructions. The medium was changed to OPTI-MEM with 0.5 µg/ml TPCK-trypsin 24 h after transfection. After an additional 72 h incubation at 37°C, the supernatant was collected and tested by hemagglutination assay to confirm virus rescue. The rescued viruses were further amplified in embryonated chicken eggs and MDCK cells. Virus titers were determined using plaque assay. To measure virus replication curves, 2x107 MDCK cells were infected with each virus at MOI = 0.001 in MEM-α + 0.5 µg/ml TPCK-trypsin for 1 h, washed with PBS, and incubated in MEM-α + 0.5 µg/ml TPCK-trypsin. Virus titers of samples collected every 12 h were determined by plaque assays and plotted as replication kinetic curves.



Plaque Assay

Serially diluted virus samples in MEM-α with 0.5 µg/ml TPCK-trypsin were added to 9.5 x105 MDCK cells in 6-well plates prepared 48 h in advance. After 1 h incubation at 370C for virus absorption, the supernatants were removed and the cells were washed with PBS. 3 ml of gel overlay (0.5% low melting agarose in MEM-α with 0.5 µg/ml TPCK-trypsin) was added to each well. After further incubation at 37°C for 48 h, the cells were fixed with 4% formalin (Sigma) for 6 h, and then plaques were stained with 1% crystal violet.



Inactivated RG Virus Preparation and Immunization

After 72 h of incubation at 37°C, 200 ml of virus-containing supernatant was collected from virus-infected MDCK culture (MOI=0.001) and treated with 0.01% formalin (Sigma) at 40C and shaken at 200 rpm for 24 h. During this inactivation period, virus samples were collected at 0, 2, 4, and 6 h post-formalin treatment to determine inactivation kinetic curves by plaque assays. HA titer of samples collected at 24 h post-inactivation was determined using RBC hemagglutination assay. The remaining inactivated viruses were concentrated to 30 ml using a 100 KDa spin column (Millipore), and were added on top of 5 ml of a 20% sucrose solution (wt/vol) prepared in TNE buffer (0.1M NaCl, 1mM EDTA, 10 mM Tris-HCl, pH=7.4) in six ultracentrifugation tubes (Hitachi). After ultracentrifugation at 82700 xg at 4°C for 2 h, pellets were dissolved in 600 ul PBS, aliquoted, and stored at -80°C (26, 27). The total protein concentrations of inactivated viruses were determined by the Bradford protein assay (Bio-rad). Groups of female BALB/c mice (6–8 weeks old; 5 mice per group) were intramuscularly immunized with two doses of inactivated viruses containing 0.2 µg HA formulated with 300 µg Al(OH)3 (Alhydrogel adjuvant, Invivogen) with a three week interval. Antisera were collected two weeks after the second dose immunization, incubated at 56°C for 30 min for complement inactivation, and stored at -20°C.



Statistical Analyses

All results were analyzed using one‐way analysis of variance (ANOVA) using the GraphPad Prism v6.01. Statistical significance in all results is expressed as the following: *p < 0.05; **p < 0.01; ***p < 0.001; and ***p < 0.0001. All experiments were performed at least twice.




Results


Construction, Expression, and Characterization of Soluble rH5 Proteins With the Combination of Glycan-Masking and Glycan-Unmasking HA Antigen Design

To design a combination of the site-specific glycan-masking and glycan-unmasking antigens that we previously reported (15–18), we constructed rH5 proteins with the following mutations: (i) rH5-dm/st2 (127NSS129 + 138NGT140 + 484AGT486) and (ii) rH5-tm/st2 (83NSS85 + 127NSS129 + 138NGT140 + 484AGT486) (Figure S1). The wild-type (wt) and the two rH5 antigens (rH5-dm/st2 and rH5-tm/st2) were expressed in baculovirus-infected Sf9 insect cells and purified using nickel-chelated affinity chromatography. Purified proteins were analyzed on SDS-PAGE gels with Coomassie blue staining and western blotting, with the molecular weights of at approximately 70 kDa for rH5 and slightly higher than 70 kDa for rH5-dm/st2 and rH5-dm/st (Figures 1A, B). These purified H5 proteins were tested for red blood cell (RBC) hemagglutination, and the results indicated that rH5-dm/st2 had an approximately 3-log increase in RBC hemagglutination compared to that of rH5-wt and no hemagglutination for rH5-tm/st2 (Figure 1C). These results were confirmed by a fetuin-binding ELISA assay, showing similar dose-dependent binding curves between rH5-wt and rH5-dm/st2 in contrast to the absence of bindings for rH5-tm/st2 and the BSA control (Figure 1D). Several monoclonal antibodies (mAbs) targeting the globular head receptor binding site (mAb 9E8) or the stem region (mAbs F10, C179, CR6261, FI6V3) were used to measure their binding to rH5-wt, rH5-dm/st2, and rH5-tm/st2 (Figures 1E–I). The rH5-tm/st2 protein had relatively lower binding to the globular head-specific mAb 9E8 (190 loop of receptor binding site) compared to rH5-wt and rH5-dm/st2 (Figure 1E). The rH5-dm/st2 protein had slightly reduced binding to the two stem-binding mAb CR6261 and FI6V3 (Figures 1H, I). Overall, the rH5-dm/st2 and rH5-tm/st2 antigens retained their binding by these mAbs.




Figure 1 | Characterizations of rH5-wt, rH5-dm/st2, rH5-tm/st2 proteins. The purified rH5-wt, rH5-dm/st2, and rH5-tm/st2 proteins were characterized by (A) SDS-PAGE and (B) western blotting. The sialic acid bindings of rH5 proteins were determined by (C) RBC hemagglutination and (D) fetuin binding assay. Bindings of rH5-wt, rH5-dm/st2, and rH5-tm/st2 proteins with (E) 9E8, (F) F10, (G) C179, (H) CR6261, and (I) FI6V3 mAbs were determined by ELISA.





Construction of Adenovirus Vectors Encoding the Full-Length H5 Gene With the Combination of Glycan-Masking and Glycan-Unmasking HA Antigen Design

Prime-boost immunizations provide an advantage by more effectively recalling immune responses to H5 antigens to elicit more potent neutralizing antibodies after rH5 booster immunizations. To further enhance the anti-H5N1 immunity, we previously reported using an adenovirus vector prime followed by an rH5 booster immunization regimen that resulted in approximately 0.5-log increased neutralizing antibody titers, as compared to two-dose rH5 regimen (16, 19). Therefore, in this study we investigated these two vaccination regimens, two-dose rH5 protein regimen or adenovirus vector-prime + rH5 protein-boost regimen, in parallel to test the immunogenicity elicited by the glycan-engineered H5 antigen, with the special interest on the stem-specific immunity. We further constructed three adenovirus vectors of Ad-H5-wt, Ad-H5-dm/st2 and Ad-H5-tm/st2 encoding the full-length genes of H5-wt, H5-dm/st2, and H5-tm/st2, respectively. These adenovirus vectors were obtained from transfected 293A cells and analyzed by western blotting for the expression of the full-length H5 protein (i.e. 100 kDa mol weight) in cell lysates separated by SDS-PAGE gels (Figure 2A). The 293A cells infected with these adenovirus vectors (Ad-H5-wt, Ad-H5-dm/st2, and Ad-H5-tm/st2) were all capable of inducing RBC hemagglutination in comparison to the uninfected control (Figure 2B).




Figure 2 | Characterizations of adenovirus vector encoding the full-length H5 gene with a combination of glycan-masking and glycan-unmasking HA antigen design. (A) WT and mutant H5 proteins expressed in adenovirus vector-infected 293A cells were confirmed by western blotting with anti-H5 antibody. (B) RBCs absorbed on adenovirus-infected cells were observed by microscopy.





Immunizations by rH5 + rH5 or Ad-H5 (Prime) + rH5 (Boost) Regimen

To investigate the antibody responses elicited by the combination of glycan-unmasking and glycan-masking HA antigens, we conducted the following two types of immunization regimens in groups of BALB/c mice through intramuscular injections: (i) two-dose 20 μg rH5 proteins with PELC/CpG adjuvant (rH5 + rH5) (Figure 3A) and (ii) first-dose 1 x 108 pfu Ad-H5 and second dose 20 μg rH5 with PELC/CpG adjuvant (Ad-H5 (prime) + rH5 (boost)) (Figure 3B). We used the PELC/CpG adjuvant for rH5 immunization as we have previously demonstrated that rH5 proteins formulated with PELC/CpG can elicit more potent and cross-clade/subclade neutralizing antibodies and protective immunity against H5N1 virus infections (19). Results from antisera collected after the second immunization dose indicated that all the immunization groups (rH5-wt, rH5-dm/st2, or rH5-tm/st2) except the PBS control elicited a significant increase and a similar range of H5-specific IgG titers for the two-dose rH5 + rH5 regimen as determined by rH5 (KAN-1)-binding (Figure S2A) and H5N1 RG14 inactivated virus-coating ELISA (Figure S2C). Similar results were found for the Ad-H5 (prime) + rH5 (boost) immunization regimen with Ad-H5-wt + rH5-wt, Ad-H5-dm/st2 + rH5-dm/st2, and Ad-H5-tm/st2 + rH5-tm/st2 (Figures S2B, S2D). For neutralizing antibody titers, serially diluted antisera were pre-incubated with different clades and subclades of H5 pseudotyped particles (H5pp) (KAN-1 of clade 1, Qinhai of clade 2.2, Hubei of clade 2.3.2.1a, and Anhui of clade 2.3.4) to obtain the dose-dependent neutralization curves (Figures S3A–H) to calculate their corresponding IC50 values as the neutralizing antibody titers (Figures 3C–J). Our results indicated that for these two immunization regimens rH5 + rH5 and Ad-H5 (prime) + rH5 (boost) the IC50 values against the homologous KAN-1 H5N1 strain among the H5-wt, H5-dm/st2, and H5-tm/st2 immunized groups were similar (Figures 3C, D). However, two-dose immunizations with rH5-dm/st2 + rH5-tm/st2 resulted in significantly improved neutralizing antibody titers against two of the three heterologous H5pp strains of Qinhai (clade 2.2) and Hubei (clade 2.3.2.1a) (Figures 3E, G, I). Prime-boost immunizations with Ad-H5-dm/st2 + rH5-dm/st2 and Ad-H5-tm/st2 + rH5-tm/st2 also induced significantly higher titers of neutralizing antibodies against the heterologous Qinhai (clade 2.2) and Anhui (clade 2.3.4) (Figures 3F, J). Prime-boost immunizations with the Ad-H5-dm/st2 + rH5-dm/st2 group elicited significantly higher neutralizing antibody titers against the heterologous Hubei clade (clade 2.3.2.1a) (Figure 3H). Therefore, the use of a combination of double and triple glycan masking with a single glycan-unmasking HA antigen design (H5-dm/st2 and H5-dm/st2) can induce higher neutralizing antibody titers against different H5N1 clade/subclade viruses.




Figure 3 | Neutralizing antibody titers against the homologous and heterologous H5N1 strain elicited by immunizations with two-dose rH5 protein or adenovirus vector-prime + rH5 protein-boost regimen. Groups of BALB/c mice were immunized by (A) rH5 + rH5: two-dose rH5 proteins with PELC/CpG adjuvant and (B) Ad-H5 (prime) + rH5 (boost): first-dose Ad-H5 and second dose rH5 with PELC/CpG adjuvant. Neutralizing antibody titers of IC50 values of rH5 + rH5 regimen against (C) KAN-1 (clade 1), (E) Qinhai (clade 2.2), (G) Hubei (clade 2.3.2.1a), and (I) Anhui (clades 2.3.4). IC50 values of Ad-H5 (prime) + rH5 (boost) regimen against (D) KAN-1 (clade 1), (F) Qinhai (clade 2.2), (H) Hubei (clade 2.3.2.1a), and (J) Anhui (2.3.4). Data were analyzed using one-way ANOVA. (*p < 0.05, **p < 0.01, and ***p < 0.001).





Mapping HA Stem-Binding Antibodies in Antisera

To investigate whether glycan masking with glycan-unmasking HA antigen design (H5-dm/st2 and H5-dm/st2) can refocus antibody responses to the HA stem-binding region, we mapped the HA binding region(s) for these polyclonal antisera with a mutant Δstem-rH5 protein that has been reported to abrogate stem-binding antibodies by the introduction of N-glycans in the conserved HA stem region (16, 18, 21). Antisera from each immunized group were absorbed with 40 μg/ml Δstem-rH5 proteins coupled on the Ni-nitrilotriacetic acid beads. The HA stem-binding IgG titers were determined from the absorbed sera by ELISAs coated with different clades of rH5 proteins. The results indicated that these two immunization regimens of rH5 + rH5 and Ad-H5 (prime) + rH5 (boost) for the H5-dm/st2 antigens compared to the H5-wt and H5-tm/st2 groups significantly increased the HA stem-binding antibodies to the homologous Kan-1 (clade 1), as well as three heterologous clades: Qinhai (clade 2.2), Hubei (clade 2.3.2.1a), and Anhui (clade 2.3.4) (Figures 4A, B). Therefore, the glycan-masking and glycan-unmasking H5-dm/st2 antigen elicited more HA stem-binding antibodies than the H5-wt and H5-tm/st2 antigens. These results were further confirmed by a competition assay against the Δstem-rH5 absorbed antisera using two well-known HA stem-binding broadly neutralizing mAb CR6261 for the group 1 subtype (28, 29) and mAb FI6v3 for both group 1 and 2 subtypes (21, 30). For the mAb CR6261 competition assay, two-dose rH5 immunization or Ad-H5 primed followed by rH5 booster immunization with the H5-dm/st2 antigens elicited higher titers of stem-binding antibodies against the homologous Kan-1 (clade 1) and the heterologous Qinhai (clade 2.2) and Anhui (clade 2.3.4) (Figures 4C, D). For the mAb FI6v3 competition assay, two-dose rH5-dm/st2 immunization compared to the H5-wt antigen elicited higher titers of HA stem-binding antibodies to the homologous Kan-1 (clade 1) and the heterologous Anhui (clade 2.3.4) (Figure 4E). Prime-boost immunizations by Ad-H5-dm/st2 + rH5-dm/st2 resulted in significantly increased stem-binding antibodies against the heterologous Anhui (clade 2.3.4) (Figure 4F). All of these results indicated that immunizations with the glycan-masking and glycan-unmasking H5-dm/st2 antigen elicited more HA stem-binding antibodies in antisera.




Figure 4 | Mapping HA stem-binding antibodies in antisera. Antisera elicited by (A) rH5 + rH5 and (B) Ad-H5 (prime) + rH5 (boost) regimens were absorbed with Δstem-rH5 proteins and measured for HA-stem binding IgG titers using ELISA coated with different clade/subclade rH5 proteins. The HA stem-binding antibodies elicited by (C) rH5 + rH5 and (D) Ad-H5 (prime) + rH5 (boost) regimens were measured using mAb CR6261 competition. The HA stem-binding antibodies elicited by (E) rH5 + rH5 and (F) Ad-H5 (prime) + rH5 (boost) regimens were measured using mAb FI6v3 competition. Data were analyzed using one-way ANOVA. (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).





Inhibition of HA Stem-Mediated Fusion Activity

To measure the HA stem-mediated fusion activity in antisera, we used a luciferase-based cell-cell fusion assay to determine the fusion inhibition activity as previously reported (18, 22, 31). The percentage of the HA-mediated membrane fusion between the donor and indicator cells was determined by the expression of luciferase in the co-cultured cells. Our data indicated that the H5-dm/st2 antigens enhanced fusion inhibition activity compared to the H5-wt and H5-tm/st2 groups by rH5 + rH5 two-dose immunizations (Figure 5A) and by Ad-H5-dm/st2 + rH5-dm/st2 prime-boost immunizations (Figure 5B). The HA stem-mediated cell-cell fusion activity was also completely blocked by the stem-binding mAbs CR6261 and FI6v3 (Figures 5A, B). Therefore, only the glycan-masking and glycan-unmasking H5-dm/st2 antigen elicited antisera with HA stem-mediated fusion inhibition activity.




Figure 5 | Inhibition of HA stem-mediated fusion activity. HA stem-mediated fusion inhibition activity was measured using a luciferase-based cell-cell fusion assay. Stem-binding mAbs CR6261 and FI6v3 were used as the positive controls. (A) HA stem-mediated fusion inhibition activity of antisera elicited by rH5 + rH5 regimen. (B) HA stem-mediated fusion inhibition activity of antisera elicited by Ad-H5 (prime) + rH5 (boost) regimen. Data were analyzed using one-way ANOVA. (*p < 0.05, and **p < 0.01).





Protective Immunity Against Homologous and Heterologous H5N1 Virus Challenges

To determine protective immunity against the homologous and heterologous H5N1 virus clade/subclade viruses, four groups of mice immunized with the rH5 + rH5 regimen, or alone with the PBS control were challenged with 10-fold of the 50% mouse lethal dose (MLD50) of the homologous RG14 (clade 1) or the heterologous RG‐23 (clade 2.2) H5N1 viruses. For the homologous H5N1 virus challenges, the glycan-masking and glycan-unmasking rH5-dm/st2 and the rH5-wt had a 20% survival rate with a full recovery of body weight loss 14 days after virus challenge compared to the 0% survival rate for the rH5-tm/st2 and PBS immunized groups (Figures 6A, B). For the heterologous RG-23 virus challenge, the survival rate for the rH5-dm/st2-immunized group was 80%, followed by 60% for the rH5-wt immunized group, 20% for the rH5-tm/st2-immunized group, and 0% for the PBS-immunized group (Figure 6C). Body weight loss and recovery did not show significant differences among the rH5-wt, rH5-dm/str, and rHA-tm/st2 groups (Figure 6D). Therefore, only the glycan-masking and glycan-unmasking H5-dm/st2 antigen provided improved protection against heterologous clade virus challenges.




Figure 6 | Protective immunity against homologous and heterologous H5N1 virus challenges. Four groups of mice immunized with rH5 + rH5 regimen, or alone with the PBS control were challenged with 10-fold of the 50% mouse lethal dose (MLD50) of the homologous RG14 (clade 1) or the heterologous RG‐23 (clade 2.2) H5N1 viruses. (A) Survival rates of mice challenged with RG14 (clade 1) H5N1 virus. (B) Body weights of mice challenged with RG14 (clade 1) H5N1 virus. (C) Survival rates of mice challenged with RG‐23 (clade 2.2) H5N1 virus. (D) Body weights of mice challenged with RG‐23 (clade 2.2) H5N1 virus.





Generation and Characterization of H5N1 RG Viruses Containing the H5-wt or H5-dm/st2 Gene

The PR8 [A/Puerto Rico/8/1934 (H1N1)] 8 plasmid-based reverse genetic system was used to generate H5N1 RG viruses. The PR8 HA gene replaced with the Kan-1 H5 or H5-dm/st2 mutant gene (the HA cleavage site changed from RRRKK to T) and the NA gene of A/Viet Nam/1203/2004(H5N1) were transfected into 293 cells with six plasmids of other PR8 genes to obtain RG H5N1-wt and RG H5N1-dm/st2 RG viruses. Both RG H5N1-wt and RG H5N1-dm/st2 viruses were effectively propagated in MDCK cells and embryonated chicken eggs as shown by visible viral plaques (Figures 7A, B). No differences were observed in the propagation kinetics in MDCK cells and the peak titers in embryonated chicken eggs between RG H5N1-wt and RG H5N1-dm/st2 viruses (Figures 7C, D). Formalin inactivation showed a faster kinetics for the RG H5N1-dm/st2 virus compared to the RG H5N1-wt virus (Figure 7E). The HA contents of both RG H5N1-wt and RG H5N1-dm/st2 viruses before and after formalin inactivation remained approximately the same values (Figure 7F). Immunization with the inactivated RG H5N1-wt and RG H5N1-dm/st2 viruses were further conducted in BALB/c mice with 0.2 μg HA dose plus alum adjuvant for two doses and serum samples were collected 2 weeks after the second dose (Figure 8A). Dose-dependent neutralization curves were obtained by serially diluting sera pre-incubated with H5pp of different clade/subclade (Figures 8B, D, F, H). The results indicated that the inactivated RG H5N1-dm/st2 virus compared to the inactivated RG H5N1-wt virus elicited a significantly higher neutralization antibody titer against the heterologous Qinhai (clade 2.2) H5N1 virus (Figure 8E) and retained similar titers against the homologous Kan-1 (clade 1) and the two other heterologous Hubei (clade 2.3.2.1a) and Anhui (clade 2.3.4) viruses (Figures 8C, G, I). We also used the luciferase-based cell-cell fusion assay to examine the inhibition of HA stem-mediated fusion activity in antisera. The results showed that the inactivated RG H5N1-dm/st2 virus enhanced fusion inhibition activity compared to the inactivated RG H5N1-wt virus (Figure 8J). Therefore, the inactivated RG H5N1-dm/st2 virus can elicit a higher titer of cross-clade neutralizing antibodies with more anti-fusion antibodies against different H5N1 clades.




Figure 7 | Generation and characterization of H5N1 RG viruses containing the H5-wt or H5-dm/st2 gene. (A) Viral plaques of RG H5N1-wt virus propagated in MDCK cells and embryonated chicken eggs. (B) Viral plaques of RG H5N1-dm/st2 virus propagated in MDCK cells and embryonated chicken eggs. (C) Propagation kinetics of RG H5N1-wt and H5N1-dm/st2 RG viruses in MDCK cells. (D) The peak titers of RG H5N1-wt and H5N1-dm/st2 RG viruses propagated in embryonated chicken eggs. (E) Formalin inactivation kinetics of RG H5N1-wt and H5N1-dm/st2 RG viruses. (F) The HA contents of RG H5N1-wt and RG H5N1-dm/st2 viruses before and after formalin inactivation.






Figure 8 | Immunizations with inactivated RG H5N1-wt and RG H5N1-dm/st2 viruses formulated with alum adjuvant. (A) Inactivated RG H5N1-wt and RG H5N1-dm/st2 viruses were immunized intramuscularly for two doses in a three-week interval. Each dose contained 0.2 μg HA content formulated with 300 μg alumn adjuvant. Serum samples were bled at week 5 and measured for virus-neutralizing antibodies against various clades/subclades of H5N1 viruses. Neutralization curves and their corresponding IC50 titers were plotted against (B, C) KAN-1(clade 1), (D, E) Qinghai (clade 2.2), (F, G) Hubei (clade 2.3.2.1a), and (H, I) Anhui (clade 2.3.4). (J) HA stem-mediated fusion inhibition activity of antisera were determined using a luciferase-based cell-cell fusion assay. Stem-binding mAb FI6v3 was used as a positive control. Data were analyzed using one-way ANOVA. (**p < 0.01).






Discussion

As the WHO has recommended 32 candidate vaccine viruses to meet H5N1 vaccine preparation (9), it is important to develop broader cross-clade H5N1 vaccines. In this study we investigated two antigen designs combining glycan-masking and glycan unmasking H5 (H5-dm/st2 and H5-tm/st2) using three types of immunization regimens: (i) two-dose protein immunization (rH5 + rH5), (ii) adenovirus vector priming, followed by rH5 protein immunization [Ad-H5 (prime) + rH5 (boost)], and (iii) two-dose inactivated H5N1 virus immunization. The results indicated that only the glycan-masking and glycan-unmasking H5-dm/st2 antigen design was capable of eliciting a broader range of neutralizing antibodies against different H5N1 virus strains and improved protection against the heterologous H5N1 virus challenges. The use of a combination of glycan-masking and glycan-unmasking antigen design of H5-dm/st2 but not H5-tm/st2 resulted in refocusing anti-HA antibody responses to the more conserved stem-binding region for anti-fusion antibodies.

Using a combination of glycan-masking and glycan-unmasking antigen design strategies, we obtained soluble proteins of rH5, rH5-dm/st2, and rH5-tm/st2 and examined the RBC agglutination and fetuin-binding properties in vitro. Results indicated that the purified rH5-dm/st2 proteins had a 3-fold higher titer for in vitro RBC agglutination than the purified rH5-wt proteins (Figure 1C). In contrast, the purified rH5-tm/st2 proteins abolished RBC agglutination. The results were again confirmed using fetuin-binding assay (Figure 1D). However, three adenovirus vectors of Ad-H5-wt, Ad-H5-dm/st2 and Ad-H5-tm/st2 encoding the full-length HA gene were all capable of inducing RBC hemagglutination in comparison to the uninfected control (Figure 2B). Since these three rH5 proteins were constructed using a GCN4-pII leucine zipper sequence for trimerization to improve the stability, it is likely that the addition of two N-linked glycosylation motifs on H5 residues 127 and 138, which are close to the 130-loop of the receptor binding sites (14), can retain the overall-folded rH5 proteins for RBC agglutination and fetuin-binding properties. But the additional N-glycan added on the H5 residue 83, which is near the inner monomeric HA interface (32), may thus disrupt the rH5 protein structure for RBC hemagglutination. In contrast, the adenovirus vectors encoding the full-length HA with the native transmembrane domain can retain the authentic RBC hemagglutination epitopes for the H5-tm/st2 mutation.

Two immunization regimens, (i) two-dose rH5 + rH5 and (ii) Ad-H5 (prime) + rH5 (boost), were first examined in parallel for the elicitation of cross-clade/subclade neutralizing antibodies and protection against the heterologous H5N1 clade/subclade viruses. The results indicate that the use of H5-dm/st2 antigen elicited higher titers of cross-clade/subclade neutralizing antibodies against three heterologous virus strains. The results were in concordance with the increase in HA stem-binding antibodies using pre-absorbed antisera with Δstem-rH5 protein-coupled beads (Figures 4A, B) and the competition with two stem-specific neutralizing mAbs CR6261 and FI6v3 (Figures 4C–F). Therefore, immunizations with the H5-dm/st2 antigen for both rH5 + rH5 and Ad-H5 (prime) + rH5 (boost) regimens resulted in increasing a significant fraction of serum antibodies that could redirect the antibody responses to the H5 stem region. The increased amounts of HA stem-specific antibodies elicited by H5-dm/st2 immunizations were correlated with the increased inhibition of the HA stem-mediated cell-cell fusion (Figure 5), which is triggered by the pH-dependent conformational change of the HA trimer to mediate cell-cell fusion of the viral membrane to the host cell endosome membrane (10). One of the universal influenza vaccine design strategies focused on eliciting HA stem-specific antibodies, because the HA stem regions are highly conserved across different influenza virus strains and subtypes (33–37). However, the antisera obtained by H5-dm/st2 immunizations in this study did not induce cross-neutralizing antibodies against other influenza subtypes such as pH1N1 and H3N2 (Figure S4). The chimeric HA chimeric HA vaccine with consensus H5 as globular head and consensus H1 as stem was recently shown to elicit broadly protective CD4+ and CD8+ T cell responses against divergent strains of H1N1 and H5N1 viruses (38). Further engineering the H5-dm/st2 antigen replaced with the H1 stem domain may provide a universal protection against different influenza subtypes.

The glycan-masking and glycan-unmasking antigen design for H5-dm/st2 was finally translated to generate RG viruses using PR8-based reverse genetics technology. Both RG H5N1-dm/st2 and RG H5N1-wt viruses were rescued and effectively propagated in MDCK cells and embryonated chicken eggs (Figures 7A–D). Although the RG H5N1-dm/st2 virus displayed a faster formalin inactivation kinetics compared to that of the RG H5N1-wt virus, it retained a similar range of HA titers before and after formalin inactivation (Figure 7E). We also measure the NA activity for the RG H5N1-dm/st2 and H5N1-wt viruses before and after formalin inactivation, and the results were also the same (data not shown). Immunizations with the inactivated RG H5N1-dm/st2 virus compared to the inactivated RG H5N1-wt virus at 0.2 μg HA dose were found to elicit a significantly higher titer of cross-clade neutralizing antibodies against the heterologous Qinghai (clade 2.2) H5N1 viruses (Figure 8). The inactivated H5N1-dm/st2 RG virus was also shown to elicit more of the HA-stem directed antibodies for anti-fusion activity (Figure 8J). The H5N1-dm/st2 RG virus with the glycan-masking on the globular head and the glycan-unmasking on the stem region can be used for further development of cross-protective H5N1 vaccines.
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Supplementary Figure 1 | Structural diagrams and site-specific glycan-masking and glycan-unmasking antigens. Amino acid sequences for (A) rH5-dm/st2 (127NSS+138NGT+484AGT) and (B) rH5-tm/st2 (83NSS+127NSS+138NGT+484AGT). The mutant sites are displayed by arrows. Three-dimensional structural models for (C) rH5-dm/st2 and (D) rH5-tm/st2 (PyMol modeling software; PDB ID: 2IBX). Gray color, HA trimeric structure; yellow, globular head; cyan, stem region; magenta, glycan-masking mutant sites; red, glycan-unmasking mutant site.

Supplementary Figure 2 | IgG antibody titers against homologous H5N1 strain were elicited by immunizations with two-dose rH5 protein or adenovirus vector-prime + rH5 protein-boost regimen. Groups of BALB/c mice were immunized by rH5 + rH5: two-dose rH5 proteins with PELC/CpG adjuvant and Ad-H5 (prime) + rH5 (boost): first-dose Ad-H5 and second dose rH5 with PELC/CpG adjuvant. The H5-specific IgG titers as determined by rH5-coating ELISA (A, B) and H5N1 RG14 inactivated virus-coating ELISA (C, D).

Supplementary Figure 3 | Serum neutralization curves against the homologous and heterologous H5N1 viruses. Neutralization curves of antisera elicited by the rH5 + rH5 regimen against (A) KAN-1 (clade 1), (B) Qinhai (clade 2.2), (C) Hubei (clade 2.3.2.1a), and (D) Anhui (clades 2.3.4). Neutralization curves of antisera elicited by the Ad-H5 (prime) + rH5 (boost) regimen against (E) KAN-1 (clade 1), (F) Qinhai (clade 2.2), (G) Hubei (clade 2.3.2.1a), and (H) Anhui (2.3.4).

Supplementary Figure 4 | Antisera against the heterosubtypic pH1N1 (A/California/04/2009) and H3N2 (A/Udorn/307/1972) viruses. Immunization with rH5 + rH5 regimen: (A) hemagglutinin inhibition against pH1N1, (B) hemagglutinin inhibition against H3N2, (C) PRNT neutralization curves against pH1N1, (D) PRNT neutralization curves against H3N2; Immunization with Ad-H5 (prime) + rH5 (boost) regimen: (E) hemagglutinin inhibition against pH1N1, (F) hemagglutinin inhibition against H3N2, (G) PRNT neutralization curves against pH1N1, (H) PRNT neutralization curves against H3N2.
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