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Despite the availability of improved antiviral therapies, infection with Hepatitis B virus (HBV) remains a3 significant health issue, as a curable treatment is yet to be discovered. Current HBV vaccines relaying on the efficient expression of the small (S) envelope protein in yeast and the implementation of mass vaccination programs have clearly contributed to containment of the disease. However, the lack of an efficient immune response in up to 10% of vaccinated adults, the controversies regarding the seroprotection persistence in vaccine responders and the emergence of vaccine escape virus mutations urge for the development of better HBV immunogens. Due to the critical role played by the preS1 domain of the large (L) envelope protein in HBV infection and its ability to trigger virus neutralizing antibodies, including this protein in novel vaccine formulations has been considered a promising strategy to overcome the limitations of S only-based vaccines. In this work we aimed to combine relevant L and S epitopes in chimeric antigens, by inserting preS1 sequences within the external antigenic loop of S, followed by production in mammalian cells and detailed analysis of their antigenic and immunogenic properties. Of the newly designed antigens, the S/preS116–42 protein assembled in subviral particles (SVP) showed the highest expression and secretion levels, therefore, it was selected for further studies in vivo. Analysis of the immune response induced in mice vaccinated with S/preS116–42- and S-SVPs, respectively, demonstrated enhanced immunogenicity of the former and its ability to activate both humoral and cellular immune responses. This combined activation resulted in production of neutralizing antibodies against both wild-type and vaccine-escape HBV variants. Our results validate the design of chimeric HBV antigens and promote the novel S/preS1 protein as a potential vaccine candidate for administration in poor-responders to current HBV vaccines.
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Introduction

Chronic Hepatitis B Virus (HBV) carriers account for approximately 3.5% of the world population, making this pathogen one of the leading global health problems (1, 2). Up to 40% of these individuals will develop liver cirrhosis and hepatocellular carcinoma, resulting in more than 800,000 deaths yearly (3). Although current HBV therapies reduce the viral load and the risk of disease progression in a significant number of treated people, they do not affect the nuclear reservoir of covalently closed circular (ccc) DNA replication from within infected hepatocytes. Therefore, patients must receive lifelong treatment to prevent viral rebound, which often results in adverse effects and increases the probability for the development of viral resistance.

To achieve the ambitious goal of eliminating HBV infection as a public health threat by 2030, set by WHO (4), combined efforts must address increasing diagnostic and treatment coverage, as well as more efficient prophylactic interventions, including vaccination (5). Current HBV subunit vaccines produced in yeast have significantly contributed to reduce HBV incidence worldwide, since they were first marketed in 1986 (6). These vaccines are based on the ability of the HBV small (S) envelope protein to self-assemble into highly immunogenic, 20 nm-diameter subviral particles (SVPs), even when expressed on its own. The 3-dose administration schedule of the recombinant S vaccines ensures sufficient levels of protective antibodies in more than 90% of healthy adult recipients, depending on their age (7). While the efficacy of this immune response has undoubtedly been demonstrated, its persistence is still a matter of debate, with a number of studies indicating that certain individuals may require a vaccine booster dose to maintain seroprotective antibody levels (8). In addition, complete failure to respond to HBV vaccination remains a major health problem, especially in highly endemic areas, which must be urgently tackled by developing more immunogenic vaccines (9). In this respect, targeting the innate immune response by using the Toll-like receptor-9 activator (TLR-9), cytosine phosphoguanosine (CpG) 1018, has significantly improved the immunologic properties of the HBV vaccine and a two-dose formulation has recently been approved for use in adults (10, 11).

Another strategy has considered inclusion of all three HBV envelope proteins, S, medium (M) and large (L), produced in mammalian cells, in a third-generation vaccine formulation (12). Recent clinical trials concluded in 2021, revealed that this novel HBV vaccine is highly immunogenic in adults, including the non-responders to conventional S only-based vaccines, which prompted FDA approval for its use in adults (13, 14).

Other promising vaccine designs take advantage of the SVP scaffold to create chimeric antigens which contain relevant structural and functional epitopes of the L and M proteins (15–20). Using this strategy, we have previously created a novel chimeric HBV antigen, by inserting the 21–47 amino acid (aa) sequence of the preS1 domain of the L protein (genotype D) between aa 126/127 within the antigenic loop (AGL) of the S protein. The S/preS121–47 chimeric antigen triggered superior humoral and cellular immune response in immunized mice when compared with the wild-type (WT) S protein and a mixture of anti-S and anti-preS1 antibodies with HBV neutralizing capacity. However, these very promising results were overshadowed by the limited production of S/preS121–47–SVPs in different systems, including mammalian cells and plants (15, 20). Given the crucial role of the N-terminal 47 aa of the preS1 domain in binding the sodium taurocholate cotransporting polypeptide (NTCP), the HBV receptor (21), its reactivity to virus neutralizing antibodies (22–24) and the superior immunogenic properties of the S/preS1 chimeric antigens (15), we believe this strategy deserves deeper scrutiny.

In this study, we further optimized the design of chimeric S/preS1 antigens, by varying the length of the preS1 epitope or that of the recipient S protein, in order to improve SVP assembly and secretion and potentially elicit high levels of HBV neutralizing antibodies. Of the newly designed constructs, the S/preS116–42 antigen retained the ability to assemble into SVPs and exhibited significantly improved expression and secretion levels when compared with the chimeric antigen generated previously. Analysis of the immune response induced in mice following vaccination with S/preS116–42- and S-SVPs, respectively, demonstrated the higher immunogenicity of the former and its ability to produce neutralizing antibodies against both WT and vaccine-escape HBV variants. Our results suggest that the newly developed HBV antigen could be a strong candidate for administration in non-responders to the standard, S-based vaccines.



Materials and methods


Plasmids

The previously described pCi-HBV-S/preS121-47 plasmid encoding the chimeric S/preS121-47 antigen (15) was used as a template to generate novel constructs encoding preS1 epitopes comprising aa 10-36, 16-42 and 16-47, respectively, inserted within the AGL domain of S protein, between aa 126 and 127 (genotype D). The 16-47 preS1 sequence is slightly longer than the maximum length of insertions (27 aa) known to be tolerated by the AGL loop without disturbing its folding and stability (25). To potentially compensate for this length, an additional construct was generated as control, which contains the same epitope inserted between aa 126 and 132 of the AGL domain (i.e. the aa sequence 127-131 was deleted).

The new plasmids, pCi-HBV-S/preS110-36, pCi-HBV-S/preS116-42, pCi-HBV-S/preS116-47 and pCi-HBV-SΔ127-131/preS116-47 were generated by using the Q5 Site-Directed Mutagenesis Kit (NEB) and specific primers (Table 1). The same mutagenesis approach with the pGEM-4Z-HBV 1.3 WT (gift from Wang-Shick Ryu, Addgene, #65459) plasmid as a template were exploited to produce virus particles containing the representative G145R vaccine-escape mutation within the S domain. The primers used are described in Table 1.


Table 1 | Templates and primers used to generate the novel S/preS1 antigens and the HBV vaccine-escape mutant.





Cell lines and virus production

HEK293T cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% non-essential amino acids (NEAA) (Gibco). HepG2hNTCP cells used for neutralization assays (gift from Professor Stephan Urban, German Center for Infection Research, University of Heidelberg) were cultured in DMEM supplemented with 10% FBS, 1% NEAA and 2.5 µg/mL puromycin (Invitrogen). HepG2.2.2.15 cells (gift from Dr. David Durantel, INSERM U871, Lyon, France), used for production of WT-HBV particles were cultured as previously described (26). All cell lines were maintained at 37°C in an incubator with 5% CO2. HBV secreted from HepG2.2.2.15 cells was concentrated via ultracentrifugation on a 20% sucrose bed and then quantified by qPCR, as previously described (27). Stocks of HBV particles were also obtained following transfection of Huh7 cells with pGEM-4Z-HBV 1.3 WT or pGEM-4Z-HBV 1.3 G145R, by using Lipofectamine 3000 (Invitrogen), according to the manufacturer’s instructions. Cell media were collected between days 7 and 12 post-transfection, concentrated by ultracentrifugation on a 20% sucrose bed and quantified by qPCR.



Production of HBV antigens in HEK293T cells

HEK293T cells were seeded in 6-well plates and then transfected with pCi plasmids encoding the chimeric S/preS1 antigens described above or the S protein, by using Lipofectamine 3000 (Invitrogen) according to the manufacturer’s instructions. Cells transfected with the empty pCi vector were used as a control. The extracellular media and cells were collected at 72 h post-transfection. For large scale production, HEK293T cells were seeded in 1700 cm2 ribbed-surface roller bottles and cultured in a Roll-In CO2 Control incubator (Wheaton) as described previously (28). The extracellular media was then collected at 4- and 10-days post-transfection and used for further purification.



Purification of HBV antigens

The supernatants of HEK293T cells expressing the novel HBV antigens or the S protein were 20-fold concentrated via ultracentrifugation on a 20% sucrose-bed, for 5 h at 30,000 rpm (SW 32 Ti, Beckman Coulter). Concentrated samples were layered on a step sucrose gradient (15-60%) and subjected to ultracentrifugation at 32,000 rpm (SW 42Ti, Beckman Coulter) for 16 h. Fractions were collected and analyzed for the presence of antigens via ELISA, by using the Monolisa HBsAg Ultra kit (BioRad), that detects secreted S, M and L proteins assembled in SVPs, collectively known as the HBsAg. HBsAg-positive fractions were pooled, dialyzed against PBS and subjected to size-exclusion chromatography on the CaptoCore 400 resin (Cytiva), by gravitational flow. The presence of the viral antigens in flow-through fractions was confirmed by western blot or ELISA (for the S protein). Positive fractions were then pooled and concentrated on Amicon-100 kDa (Millipore) columns. HBV antigens were quantified by ELISA and western blot as previously described (15). The BCA assay (Thermo Scientific-Pierce) was used to determine the total protein content in each sample fraction, to estimate purification yields.



Western blot

Protein samples were separated by sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred onto nitrocellulose membranes. The membranes were blocked in 10% skimmed dry milk in PBS for 1 h, followed by successive incubations with mouse anti-preS1 antibodies (sc-57762, Santa Cruz Biotechnology, 1:1000) overnight at 4°C and HRP-conjugated mouse-IgGκ binding protein (sc-516102, Santa Cruz Biotechnology, 1:10,000) for 1 h at room temperature (RT). Proteins were visualized by using an enhanced chemiluminescence assay (ECL, Thermo Scientific-Pierce). Protein band intensity was determined by using the Image J software (National Institutes of Health) and HBV-S/preS1 protein contents were quantified by western blot using a standard curve of commercial L protein, as described before (preS1 antigen, Beacle) (15).



Pulse-chase and immunoprecipitation

HEK293T cells were seeded in 6-well plates and transfected with pCi-HBV-S/preS1 constructs described above or an empty pCi vector, by using Lipofectamine 3000 (Invitrogen) according to the manufacturer’s instructions. At 24 h post-transfection, the medium was removed and the cells were washed three times with PBS and incubated with RPMI-1640 modified medium (Sigma Aldrich), without methionine, cysteine, and L-glutamine, supplemented with GlutaMAX (Sigma-Aldrich), for 1 h at 37°C. Cells were pulse-labeled with 18 µCi/well of 35S-labeled methionine/cysteine (EXPRESS35S Protein Labeling Mix, [35S] EasyTag, Perkinelmer) for 30 min at 37°C and chased in RPMI-1640 supplemented with 10 mM methionine. Cells and media were collected at 0 and 3 h post-labeling. Radiolabeled cells were lysed in lysis buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM EDTA, and 0.5% Triton X-100) for 30 min, on ice, then subjected to centrifugation at 14,000 × g for 10 min, at 4°C. Clarified cell lysates and media were incubated with a mixture of horse anti-S (ab9193, Abcam, 1:100) and mouse anti-preS1 (sc-57762, Santa Cruz Biotechnology, 1:100) antibodies, overnight, at 4°C. Afterwards, the samples were incubated with 15 μL of Protein G-Sepharose beads (Sigma Alrdrich) for 3 h, at 4°C, under gentle agitation. The bound proteins were washed seven times with washing buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM EDTA, and 0.1% Triton X-100), pelleted by centrifugation at 1,500 × g, for 2 min and then eluted by boiling in Laemmli buffer containing DTT, for 10 min, at 95°C. The samples were then separated by SDS-PAGE and visualized by autoradiography.



Animals and immunization

Animal experiments were conducted in accordance with standards set forth in the Council Directive 86/609/EEC and national legislation, approved by the national designated authority, ANSVSA, number 488/22.01.2020. In brief, 4 groups of 5, 6-8-week-old female Balb/c mice were immunized three times intramuscularly, at a 14-day interval. The antigen groups received 5 μg of either HVB-S/preS116-42 or HVB-S in combination with 0.25 mg/mL Al(OH)3 (Alhydrogel, In vivoGen), as adjuvant, per injected dose. The control groups received 5 μg of background HEK293T proteins (i.e. proteins from mock-transfected cell supernatants subjected to identical purification steps as the HBV antigens) in the presence of 0,25 mg/mL Al(OH)3, or the adjuvant alone. The total volume of the administered dose was 50 µL/mouse. Blood samples were collected by retro-orbital bleeding prior to priming and at days 27 and 49 post-immunization. Following clotting, samples were centrifuged at 14, 000 × g for 10 min at RT and the resulting sera were stored at -80°C until further analysis. The mice were sacrificed on day 56 under anaesthesia, with final bleeding. Mice sera and spleens were collected for the functional tests.



Analysis of the humoral immune response by ELISA

Flat-bottom 384-well MediSorp plates (Sigma-Aldrich) were coated with 20 μL/well of UV-inactivated HBV suspended in PBS (containing 0.4 μg/mL of HBsAg), overnight at 4°C, followed by extensive washing in PBS containing 0.05% Tween 20 (Sigma-Aldrich). The plates were further treated with 5% nonfat dry milk in PBS (Bio-Rad), for 1 h, at RT, then washed again, as above. A 40 μL volume of two-fold serially diluted serum samples (1:200-1:6400) in PBS containing 5% nonfat dry milk in PBS was added to the antigen-coated plates and incubated for 2 h, at RT. The plates were washed again before incubation with HRP-conjugated goat anti-mouse IgG (1:6000) or IgG1/IgG2a (1:1000) (Southern Biotech), diluted in PBS containing 5% nonfat dry milk, for 2 h, at RT. The enzymatic reaction was initiated by incubation with the 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate (R&D Systems) according to the manufacturer’s instructions and optical densities (ODs) were read at 450 nm in a Thermo Scientific Multiskan FC microplate reader. Normalization across ELISA plates were performed by using serial dilutions of the pool of all the immune sera from day 56 as an internal standard on each plate. A 4-parameter logistic regression model was fitted to the measured values (29). Values of sample dilutions with an estimated error below 30% were averaged by arithmetic mean. Values of samples falling below the detection range were assigned a value of zero. A calculated value of 1 indicates antibody reactivity equal to that of the pooled sera. All calculations were performed in R version 3.1.1(x) using the calibFit 2.1.0 package (30). Statistical analysis was carried out to reveal the differences between groups by using the Wilcoxon rank-sum test.



Analysis of the cellular immune response by cytokine-multiplex immunoassay

Splenocytes isolated from immunized mice were seeded at 1×106 and 0,25×106 cells/well, in triplicate, in RPMI-1640 media containing 10% fetal calf serum (FCS) (Gibco) and 2-mercaptoethanol (Sigma-Aldrich). Cells were then stimulated with either UV-inactivated HBV (containing 5 µg/mL HBsAg) or the known cellular immune response activators CD3/CD28 (0.5 μg/mL, R&D Systems) and ConA (5 μg/mL, Sigma-Aldrich), as positive controls, for 36 h at 37°C, in a 5% CO2 incubator. Unstimulated, PBS-treated cells were also included in the experiment as a negative control. Cell culture supernatants were tested for relevant cytokine levels (IL-4, IFN-γ, IL-2, TNF-α, IP10, IL-10, MCP1, MIP1a, IL-13, IL-5, IL-1b, IL-6, IL-17, IL-23), by using the Mouse Premixed Multi-Analyte kit LXSAMS-14 (R&D Systems), according to the manufacturer’s instructions. Briefly, 50 μL of either standard or mice-derived samples were added to each well together with the diluted magnetic microparticle cocktail and incubated for 2 h, at RT, with gentle shaking. Plates were washed three times in washing buffer and then incubated with 50 μL/well of diluted biotin-antibody cocktail, for 1 h, at RT, with gentle shaking. Following washing, the plates were incubated with 50 µL/well of diluted Streptavidin-PE for 30 minutes at RT and washed again. The plate reading was performed on the Luminex 100ä platform (Athena Multi-Lyte Instrument) and data were processed with the Luminex 100 IS 2.3 Software. The concentration for each cytokine in pg/mL is shown. Clusters and dendrograms were automatically generated in R studio version 1.4.1103 by using the latticeExtra and dendextend packages (hclust by manhattan method and dendrograms by wald.D2 method).



Functional characterization of anti-HBV antibodies

HEK293T cells were transfected with pCi-HBV-S, pCi-HBV-L, or a previously generated plasmid, pCi-HBV-SΔ127-150/preS121-47 in which the AGL domain of the S protein was replaced by the preS1 aa 21-47, resulting in lack of recognition by the anti-S antibodies (15). Cell lysates were used to coat 96-well plates (30 µg of total protein/well), overnight at 4°C. Plates coated with mock-transfected HEK293T cell lysates were used as control. Plates were washed five times in PBS supplemented with 0.1% Tween-20 (Sigma Alrdrich) and blocked in 10% skimmed dried milk in PBS, for 1 h, at RT. Plates were washed again and incubated with serial dilutions (1:200, 1:400, 1:800, 1:1600, 1:3200) of sera from mice immunized with HBV-S/preS116-42, for 3 h, at RT. Following extensive washing in PBS supplemented with 0.1% Tween-20, samples were incubated with HRP-conjugated mouse-IgGκ binding protein (sc-516102, Santa Cruz Biotechnology, 1:10,000), for 1 h, at RT. Detection was performed by incubation with TMB for 30 min. The OD was read at 450 nm in a Mithras Microplate Reader, following addition of 2 N H2SO4 to stop the enzymatic reaction.



Neutralization of HBV infection by the immune sera

Pre-immune sera and sera from mice immunized with the HBV-S, HBV-S/preS116-42, as well as background proteins, collected at day 56 post-immunization, were diluted 1:50. Due to the limited volume available and the large number of experiments requiring this control, the pre-immune sera were pooled per mice group. The viral inoculum corresponding to 100 genome equivalents (GEq)/cell of either WT HBV or the vaccine escape HBV-SG145R was pre-incubated with diluted sera, in complete DMEM supplemented with 4% polyethylene glycol (PEG, Sigma Aldrich), for 1 h, at 37°C. HepG2hNTCP cells seeded in 48-well plates were infected with the sera-pretreated HBV inoculum, for 16 h, at 37°C. To control for specific inhibition of HBV infection, Myrcludex B (1 µM, Pepscan) was added to cells 3 h prior to the viral inoculum. Cells incubated with HBV only were used as control for the maximum level of infection. Cells were then washed three times with PBS and incubated with complete media supplemented with 2.5% DMSO (AppliChem). The medium was changed every two days until day 7 post-infection. The media accumulated from days 7 to 11 post-infection were collected and tested for the HBeAg levels, by using the Monolisa HBe Ag-Ab PLUS kit (BioRad). Data are shown as percentage of infection in the presence of post-immune sera from infectivity in the presence of the pre-immune sera, at the same dilution. Statistical analysis was performed by using the Mann–Whitney U test using the GraphPad Prims version 6 software.




Results


Antigen design

The ability of the current S-based vaccines to trigger an efficient virus-neutralizing immune response relies on the presence of strongly immunogenic B-cell epitopes, located between aa 122-150 of the S protein, collectively known as the “a” determinant of the AGL (31), that is shared by all HBV genotypes. Notably, the NTCP-binding site of the preS1 domain of the HBV-L protein is also a target of virus neutralizing antibodies (23, 32) and a map of the epitopes with reactivity to antibodies with potent HBV-neutralizing activity has recently been revealed (24). Consistent with these findings, our previously reported chimeric S/preS121-47 antigen, containing the aa 21-47 of preS1 (genotype D) inserted between aa 126 and 127 of the S protein, elicited stronger humoral immune response in vaccinated mice when compared with the S protein and antibodies against both the carrier and the inserted peptide, with inhibitory activity of HBV infection in vitro (15, 20). Although this chimera retained the ability of the WT S protein to assemble into SVPs, the production capacity in mammalian or plant cells remained modest, hampering large scale applications. Therefore, our novel design to optimize the S/preS1 chimeric antigens has considered the S/preS121-47 protein as a reference. Our strategies aimed to (i) improve protein stability and thus yields, by reducing the hydrophobicity of the inserted preS1 sequence and (ii) obtain antibodies with potential broad-neutralizing activity, by inserting a preS1 region containing more conserved epitopes across genotypes. Following alignment of the preS1 sequences of prevalent HBV isolates (Figure 1A), preS1 sequences comprising aa 10-36, 16-42 and 16-47 (genotype D) were selected for insertion within the AGL domain of the S protein, between aa 126 and 127. These regions partially overlap the original 21-47 sequence, extending it at the N-terminus by addition of conserved aa (Figure 1B). Deletion of aa 127-131 at the insertion site within the S protein was also performed in a control construct, to compensate for the introduction of the longer, 16-47 preS1 sequence. This experiment aimed to determine whether maintaining an appropriate length of the AGL domain at the expense of its integrity influences the chimeric protein stability and antigenicity (25). Analysis of the hydrophobicity profile of the selected preS1 inserts revealed that sequences spanning aa 16-42 and aa 16-47 are less hydrophobic than the aa 21-47 reference (Table 2).




Figure 1 | Design of novel HBV S/preS1 antigens. (A) The amino acid sequences corresponding to the preS1 region of prevalent HBV isolates were aligned using the Blosum62 matrix. Genotypes A to H are indicated on the left side according to their GenBank annotations. The red box illustrates the preS1 antigenic region which can generate virus neutralizing antibodies (numbers in italics apply to genotype D). (B) preS1-derived sequences were inserted between amino acids 126/127 or 126/132 of the antigenic loop (AGL, depicted in light blue) of the S protein. The unique N-glycosylation site at position N146 of the S protein is also shown (Y).




Table 2 | The hydrophobicity of the inserted preS1 sequences was calculated using the Peptide Hydrophobicity/Hydrophilicity Analysis Tool (https://www.peptide2.com/N_peptide_hydrophobicity_hydrophilicity.php).





Expression and characterization of the novel S/preS1 antigens in HEK293T cells

To determine the expression levels of the newly designed antigen constructs, HEK293T cells were transfected with the corresponding plasmids, including that encoding for the previously developed S/preS121-47 antigen, for comparison. At 72-h post-transfection, the cells were lysed, analyzed for the total protein content and samples containing equal amounts of protein were subjected to SDS-PAGE under reducing (+DTT) conditions. The chimeric S/preS1 antigens were detected by western blot, using anti-preS1 antibodies. The DTT treatment revealed the presence of S/preS1 monomers resolved in two bands with an apparent molecular weight of ~24 and ~29 kDa, corresponding to the non-glycosylated (p) and glycosylated (gp) polypeptides respectively, which suggests appropriate N-glycosylation of the S domain (Figure 2A). Interestingly, of the tested constructs including the former S/preS121-47 antigen, the S/preS116-42 antigen had the highest expression level (Figure 2A). Insertion of the longer (32 aa) preS1 sequence resulted in poor expression of the corresponding S/preS116-47 and SΔ127-131/preS116-47 proteins confirming the limitation of the S protein to accommodate large epitopes at the 126/127 insertion site (25). In addition, insertion of the same epitope in a shorter AGL, proved deleterious for the expression of the SΔ127-131/preS116-47 antigen, likely affecting the folding and hence stability of the protein (Figure 2A).




Figure 2 | Expression of novel HBV S/preS1 antigens in mammalian cells. HEK293T cells were transfected with pCi plasmids encoding the indicated antigens or the empty pCi plasmid as control (C). (A) Cell lysates were analyzed by western blot under reducing (+DTT) conditions. (B) Cell lysates were analyzed by western blot under non-reducing (-DTT) conditions. Glycosylated (gp) or non-glycosylated (p) S/preS1 proteins were detected with anti-preS1 antibodies. Tubulin was used as a loading control. Representative images are shown (n=3).



The ability of the best expressed antigens to acquire intermolecular disulfide bonds, the first step in SVP assembly, was next analyzed by SDS-PAGE under non-reducing (-DTT) conditions, followed by western blot, as above. As shown in Figure 2B, all tested chimeric constructs were able to form dimers with an apparent molecular weight of ~50 kDa. The results confirmed the highest expression of the S/preS116-42 antigen observed previously.

We further investigated the antigenicity and secretion of the S/preS1 antigens by pulse-chase and immunoprecipitation with anti-S and anti-preS1 antibodies. Crude extracts and supernatants of 35S-labeled cells expressing the chimeric proteins were immunoprecipitated with conformation-dependent (anti-S) or independent (anti-preS1) antibodies followed by SDS-PAGE and autoradiography. As shown in Figures 3A, B, the S/preS116-42 protein is recognized by both anti-S and anti-preS1 antibodies and has the highest expression level among the tested constructs, in agreement with the western blot analysis. This indicates that the aa 16-42 preS1 epitope is well displayed by the AGL, while the overall conformation of this domain is preserved in the chimeric protein. Notably, analysis of intra- and extracellular protein levels after 3 h of chase also indicates improved expression and secretion of the S/preS110-36 protein when compared with the previously produced antigen, albeit at a lower level than S/preS116-42.




Figure 3 | Antigenicity of novel HBV S/preS1 antigens produced in mammalian cells. (A, B) HEK293T cells transfected with pCi plasmids encoding the indicated antigens or the empty pCi plasmid as control (C) were pulse-labelled with 35S-protein labelling mix for 30 min and chased for 3 h. Cell lysates and supernatants were immunoprecipitated with either anti-S, or anti-preS1 antibodies and bound proteins were separated by SDS-PAGE and visualized by autoradiography. (C) HEK293T cells were transfected with pCi plasmids encoding the indicated antigens or the empty pCi plasmid as control (Control) for 72 h. Secretion of the HBsAg was quantified by ELISA in cell supernatants and represented as optical density values measured at 450 nm (n=3). Data are represented as means ± SD; Student’s unpaired t test (**** p < 0,0001).



Secretion of the S/preS1 antigens was further quantified by ELISA, which is based on recognition of the HBsAg by conformation-dependent antibodies (Figure 3C). The analysis indicated a significant accumulation of the S/preS116-42 antigen as compared with the other chimeric proteins, thereby confirming the results of the pulse-chase experiments. Taken together, these properties qualify the S/preS116-42 protein as a promising antigen candidate for further immunological studies.



Purification of HBV-S and -S/preS16-42 antigens produced in mammalian cells

Supernatants of HEK293T cells expressing the chimeric S/preS116-42, S/preS121-47 antigens or the WT S, for comparison, were first concentrated on a 20% sucrose bed to collect higher molecular weight assemblies, then subjected to rate-zonal ultracentrifugation using a 15-60% sucrose gradient. Fractions were harvested, diluted in PBS to normalize for the amount of antigen (15) and analyzed for the presence of SVPs by ELISA, as above. As shown in Figure 4A, the sedimentation rates of chimeric and WT particles were fairly similar, while a small delay was observed for the S/preS116-42–derived peak, likely reflecting assembly of this antigen into slightly larger and/or heavier SVPs. Antigen-positive fractions were pooled, dialyzed against PBS and further purified by size-exclusion chromatography, using the CaptoCore 400 resin, which excludes large molecules (>400 kDa) from entering into the matrix pores. As this resin contains both hydrophobic and positively charged ligands, smaller-size impurities are retained onto the column, while the chimeric antigens are collected in the flow-through and no elution step is required. Antigen-containing fractions were further confirmed by western blot (Figure 4B), pooled and concentrated by using 100 kDa cut-off Amicon columns. The amount of purified SVPs was determined in the concentrated samples by ELISA and western-blot, as described before (15). Typically, this procedure leads to antigen purification levels of about 35%. A side-by-side comparison of the immunogenic properties of the S and S/preS116-42 antigens was further performed in vivo.




Figure 4 | Assembly and purification of the novel S/preS116-42 antigen. (A) HEK293T cells were transfected with pCi plasmids encoding the S/preS121-47, S/preS116-42, and S antigens. Cell supernatants were collected between days 4 and 10 post-transfection, 20-fold concentrated and subjected to ultracentrifugation onto a 15-60% step sucrose gradient. Collected fractions were diluted 1000-fold and analyzed for their HBsAg content by ELISA. Results are shown as optical density values measured at 450 nm. (B) The S/preS116-42 antigen was further purified using the CaptoCore 400 resin, by gravitational flow. A representative image confirming the presence of the antigen in input sample and collected fractions, as determined by western blot using anti-preS1 antibodies is shown (n=3).





The novel S/preS116-42 antigen induces stronger humoral immune response and a different pattern of T cell activation as compared with the S protein.

The immune response triggered by the HBV-S/preS116-42 and the HBV-S antigens produced HEK294T cells was investigated in Balb/c mice immunized with three doses of either protein in the presence of Al(OH)3, at 14-day intervals. Control lots of mice immunized with HEK293T cell supernatant-derived background proteins (group 1) or the adjuvant only (group 4) were also included in the experiment. Notably, the S/preS116-42 antigen (group 2) induced an earlier and stronger IgG immune response than did S (group 3), (p < 0.05 on day 27, Figure 5A). Moreover, analysis of the IgG subclasses indicated significantly higher IgG1 titers in mice vaccinated with the S/preS116-42 antigen (Figure 5B). This is consistent with the IgG1-dominant immune response induced by the former chimeric antigen, S/preS121-47, suggesting activation of Th2 cells and consequently, of the humoral immunity (15). Both S and S/preS116-42 were also able to elicit significant titers of IgG2a antibodies, an indication of potential Th1 cell-mediated activation of cellular immunity (Figure 5C). Interestingly, the yeast-derived S protein was shown to induce low levels of this IgG subclass (33) and a similar result was obtained in our previous study following immunization with mammalian cell- or plant-derived HBV-S protein in the absence of adjuvants (15). To analyze in more detail a possible activation of the cellular immune response by adjuvanted-HBV antigens produced in HEK293T cells, a cytokine-multiplex immunoassay was performed to quantify secretion of relevant cytokines from splenocytes of vaccinated mice. The clustered heatmap resulting from this analysis indicates a broad spectrum of HBV-reactive T cells generated by immunization with the S and S/preS116-42 antigens (Figure 6). The complexity of this immune response is illustrated by the presence of pro- (TNF-α, IL-1β, IL-6, IL-17A) and anti-inflammatory cytokines (IL-10) (34), some of them with known antiviral activity against HBV (IL-1β, IL-6, IL-17A) (35–37). Importantly, both immunogens induced secretion of IFN-γ, the well-accepted marker of Th cell activation, above the levels found in controls; however, this was not the predominant cytokine (Figure 6). This observation is in line with the previously published data showing that IFN-γ is underrepresented amongst the cytokines elicited in humans vaccinated with the commercial HBV vaccine (38). Although the quantification of more specific mediators of cellular immunity, such as IL-4 and IL-2 was obscured by the higher background in non-stimulated samples, overall, the results indicate evident T cell activation, consistent with the presence of IgG2a antibodies in mice immunized with either the S or the S/preS116-42 antigen. Notably, there is little overlap between the cytokine patterns induced by either HBV antigens, suggesting stimulation of different T cell subsets.




Figure 5 | Analysis of the humoral immune response elicited by mammalian cell-derived HVB-S/preS116-42 and HVB-S antigens. (A-C) Group of five mice were immunized 3 times, at 14-day intervals with HEK293T background protein (1), HVB-S/preS116-42 (2), HBV-S (3) and Al(OH)3 adjuvant only (4). Antibody endpoint titres, (A) IgG, (B) IgG1 and (C) IgG2a, at 0, 27 and 49 days post-immunization were calculated based on a 4-parameter logistic regression curve fitted to a pool of immune sera, as the reciprocal sample dilution that would results in three times baseline + standard error as derived from the internal standard curve by multiplication (n=5). Statistical analysis was performed by using the Wilcoxon rank-sum test. Comparisons between groups at the same time point (*, p < 0.05; **, p < 0.01), time points at days 27 and 49 compared to day 0 (##, p < 0.01) and time point at day 49 compared to day 27 (&, p < 0.05) are shown.






Figure 6 | The clustered heatmap of the cytokine secretion triggered by mammalian cell-derived HVB-S/preS116-42 and HVB-S antigens. Group of five mice were immunized 3 times, at 14-day intervals with HEK293T background protein (1), HVB-S/preS116-42 (2), HBV-S (3) and Al(OH)3 adjuvant only (4). Cytokine levels were measured in spleen cells harvested from mice of each group (1-4) after stimulation with UV-inactivated HBV (Ag) and compared with unstimulated cells (N). Concanavalin A (CONA) and CD3/CD28 antibodies (CD3/28) were added as positive controls for the in vitro stimulation assay (n=5). Clusters and dendrograms were automatically generated, by using the hclust - manhattan and wald.D2 methods, respectively, in Rstudio (version 1.4.1103, the latticeExtra and dendextend packages). Columns and rows of the heatmap matrix show the analyzed cytokines and the stimulation agents, respectively. The blue and white colours indicate high and low levels of cytokine secretion, respectively.





Immunization with the S/preS116-42 antigen triggers both anti-S and anti-preS1 antibodies

To determine the specificity of antibodies induced by the S/preS116-42 antigen, the binding of sera from immunized mice to the S and L proteins was tested by ELISA. As the L protein also contains the S domain at the C-terminus, antibody reactivity with the SΔ127-150/preS121-47 protein was tested. This chimeric protein lacks the AGL domain and hence reactivity to anti-S antibodies, while it strongly binds preS1 antibodies, due to the display of the aa 21-47 sequence, as previously documented (15). As shown in Figure 7, the sera from all mice immunized with the S/preS116-42 antigen reacted similarly with L, S and SΔ127-150/preS121-47. This indicates that both S and preS1 epitopes are equally well presented to the immune system cells, highlighting the capacity of this novel chimeric antigen to trigger a mixture of anti-S and -preS1 antibodies.




Figure 7 | Binding of antibodies elicited by the HVB-S/preS116-42 antigen to HBV surface proteins. Lysates of HEK293T cells transfected with pCi plasmids encoding for the S, (A), L (B), and SΔ127-150/preS121-47 (C) proteins were used to coat 96-well plates. Serial dilutions of pooled pre-immune sera and of sera from mice immunized with S/preS116-42 were added to the plates, followed by incubation with HRP-conjugated anti-mouse secondary antibodies. Antibody binding is shown as optical density values measured at 450 nm following subtraction of those obtained for the pre-immune sera (n=3). Data are represented as means ± SD for each individual mouse.





Immunization with the S/preS116-42 antigen induces antibodies with neutralizing activities against both WT and a vaccine escape mutation HBV variant

To comparatively determine the ability of the immune response induced by the S and the S/preS116-42 antigens to protect against infection, HBV particles were incubated with pre- or post-immunization sera (1:50 dilution) from mice vaccinated with either antigen or HEK293T cell background proteins (control), before infection of permissive HepG2hNTCP cells (100 GEq/cell). Cells treated with Myrcludex B prior to infection were also used as an additional control for specific inhibition of HBV infection. Quantification of the HBeAg secreted in cell media was performed by ELISA and resulting values were normalized against those obtained for the pooled pre-immune sera of each group. Notably, the sera from mice immunized with either HBV antigen significantly inhibited HBV infection, when compared with controls (Figure 8).




Figure 8 | Neutralization of WT HBV infection by S and S/preS116-42 antisera. Pooled pre-immune sera or sera from mice immunized with S, S/preS116-42, or background proteins (control) were diluted 1:50 and pre-incubated with HBV inoculum (100 Geq/cell), in medium supplemented with 4% PEG, for 1 h. HepG2hNTCP cells were incubated with the sera-treated HBV inoculum for 16 h, or maintained non-infected, as negative control (NC). Cells incubated with Myrcludex B for 3 h prior to infection were used as a control for the specificity of inhibition of HBV infection. At 16 h post-infection the medium was supplemented with 2.5% DMSO and then changed every two days. Cell media were collected at day 11 post-infection and used to quantify the HBeAg levels by ELISA. Data are shown as percentage of HBV infection in the presence of post-immune sera from infection values obtained in the presence of the pre-immune sera, at the same dilution (n=4). Values in the presence of Myrcludex B and in the negative-control represent percentages of infection from HBV-only samples (n=4). Statistical analysis was performed by using the Mann-Whitney U test. Comparisons between control and HBV-S/preS116-42 or S groups are shown (*, p < 0.05).



The AGL domain is composed of two loops stabilized by intra-molecular disulfide bonds and the second loop, spanning the 139 to 149 aa sequence of the S protein is the major target of HBV-neutralizing antibodies induced by current S-based vaccines (39). Antibody binding is extremely sensitive to conformational changes of this region; therefore, mutations affecting the AGL folding result in selection of vaccine escape HBV variants (40). To determine the ability of S and S/preS116-42 antisera to neutralize a vaccine escape mutant, the most relevant G145R mutation (41–43) was introduced in the HBV sequence and HBV-SG145R viral particles were produced in Huh7 cells. PCR-quantification of the virus load revealed impaired secretion of HBV-SG145R particles, in agreement with previous reports (44, 45) (Figure 9A). Equal amounts of the WT and the mutant HBV were serially diluted before analysis by HBsAg ELISA. As expected, the WT HBV particles were efficiently recognized by the highly conformation-dependent anti-S antibodies, in contrast to the HBV-SG145R variant, confirming the deleterious effect of the G145R mutation on the AGL structure (Figure 9B). The potential consequence of the G145R mutation on the HBV infectivity was further assessed following infection of HepG2hNTCP cells with equal amounts of WT and mutant viral particles and quantification of the secreted HBeAg. As shown in Figure 9C, infection occurred with similar efficiency regardless of the presence of the vaccine escape mutation. The neutralization of HBV-SG145R infection by the S and S/preS116-42 antisera was next investigated using the same experimental procedure and controls as for the WT virus. Notably, the sera from mice immunized with the S/preS116-42 antigen significantly inhibited HBV-SG145R infection, at levels similar to those achieved by the Myrcludex treatment (Figure 9D). A more heterogeneous response was observed in the group of mice immunized with the S antigen and no significant neutralization capacity when compared with the control group (Figure 9D). This is consistent with the notion that antibodies elicited by the WT S immunogen do not efficiently prevent infection with HBV bearing the G145R mutation.




Figure 9 | Neutralization of G145R HBV infection by S and S/preS116-42 antisera. (A) Huh7 cells were transfected with pGEM-4Z-HBV 1.3 WT or pGEM-4Z-HBV 1.3 G145R. Secretion of HBV particles was quantified in cell media by qPCR at day 7 post-transfection (n=4). Data are represented as means ± SD; Student’s unpaired t test (*, p < 0.05). (B) Serial dilutions of WT and G145R HBV particles were incubated with anti-S antibodies and specific binding was quantified by using the Monolisa HBsAg Ultra kit. Results are shown as optical density values measured at 450 nm (n=3). Data are represented as means ± SD. (C) HepG2hNTCP cells were incubated with WT and G145R HBV particles (100 Geq/cell) for 16 h in the presence of 4% PEG. At 16 h post-infection the medium was supplemented with 2.5% DMSO, then changed every two days. Cell media were collected at day 11 post-infection and used to quantify the HBeAg levels by ELISA. Results are shown as optical density values measured at 450 nm (n=3). Data are represented as means ± SD. (D) Pooled pre-immune sera or sera from mice immunized with S, S/preS116-42, or background proteins (control) were diluted 1:50 and pre-incubated with G145R HBV inoculum (100 Geq/cell), in medium supplemented with 4% PEG, for 1 h. HepG2hNTCP cells were incubated with the sera-treated HBV inoculum for 16 h, or maintained non-infected, as negative control (NC). Cells incubated with Myrcludex B for 3 h prior to infection were used as a control for the specificity of inhibition of HBV infection. At 16 h post-infection the medium was supplemented with 2.5% DMSO and then changed every two days. Cell media were collected at day 11 post-infection and used to quantify the HBeAg levels by ELISA. Data are shown as percentage of HBV infection in the presence of post-immune sera from values obtained in the presence of the pre-immune sera, at the same dilution (n=5). Values in the presence of Myrcludex and in the negative-control represent percentages of infection from G145R HBV-only samples (n=5). Statistical analysis was performed by using the Mann-Whitney U test. Comparisons between control and either antigen groups and between the antigen groups are shown (*, p < 0.05; **, p < 0.01; ns, no statistical significance).






Discussion

The HBV vaccine has made considerable contributions to the control and management of HBV infection. However, the shortcomings encountered in the past decades have shown that novel antigens with improved immunogenicity are needed. Owing to its crucial role in HBV infection, the preS1 domain of the L envelope protein has been the focus of many studies aiming to solve the issues associated with the S only-based vaccines (46). Indeed, recent data have shown that antibodies targeting the preS1 domain have robust neutralizing activity against HBV and protect humanized mice from infection (32). Moreover, preS1 antibodies are able to clear the viral particles in HBV-carrier mice, a strong indication that the preS1 region is also a T cell activator and thus could play a major role in breaking the immune tolerance to HBV (47). With the emerging studies revealing the exciting properties of the preS1-targeting antibodies, various approaches have been considered to produce the best vaccine formulation able to trigger such an immune response. This intense research has led to the development of third-generation vaccines that are based on the production of SVPs containing all three surface proteins, S, M and L, in mammalian cells (12, 48). These vaccines had favorable safety profiles in clinical trials and achieved earlier and higher seroprotection rates when compared with second-generation, yeast-derived vaccines, even in the specific risk-groups of non-responders (12, 49).

A promising alternative to using the whole L protein as an immunogen is to expose only the relevant, virus neutralizing preS1 epitopes on the surface of the S protein. Such chimeric proteins would have the advantage of displaying equimolar ratios of preS1 and S epitopes on the S protein backbone, as opposed to the poor incorporation rate of the L protein in mixed SVPs (50–52). The ability of S-SVPs to carry heterologous sequences has previously been demonstrated by the successful development of chimeric antigens containing clinically relevant epitopes derived from the human malaria parasite P. falciparum or other viruses, such as HCV and polio (53–56). These recombinant proteins triggered high titers of neutralizing antibodies against the foreign epitopes and also retained the ability to mount a humoral immune response specific for the carrier S protein, albeit at lower levels when compared with the standard vaccine (55, 57). Our own studies demonstrated the superior immunogenic properties of the S/preS121-47 chimera produced in mammalian cells and plants, when compared with the S protein. This antigen was able to induce systemic and mucosal immune responses in mice immunized by parenteral and oral administration, respectively (15, 20).

In this report we aimed to refine the design and production of S/preS1 chimeric antigens by inserting novel epitopes spanning the preS1 domain, within the AGL domain of the S protein and exploring the quality of the humoral and cellular immune response elicited by the resulting recombinant proteins. Of the four antigen candidates generated in this study, S/preS116-42 had significantly higher expression and secretion levels as compared with the previously developed S/preS121-47 chimera and exhibited reactivity to both anti-preS1 and anti-S antibodies. Therefore, this protein was selected for a detailed immunological analysis in vivo. An earlier onset of antibody production was observed in mice immunized with S/preS116-42, which appeared after the second injection, as compared with those receiving the S protein, accompanied by significantly higher IgG titers. Interestingly, a recent HBV vaccine clinical trial performing a head-to-head assessment of the efficacy of the 3-antigen formulation containing the L, M and S proteins produced in mammalian cells and the standard, S only-based vaccine, indicated a higher rate of seroprotection achieved by the former (49). These results confirm the hypothesis that incorporation of preS sequences in novel HBV vaccines is likely to increase their immunogenicity and efficacy.

The S/preS116-42 immunogen induced a mixture of anti-preS1 and anti-S antibodies, indicating efficient presentation of the novel preS1 epitope by the AGL domain. It is likely that the insertion of the preS1 sequence between aa126 and 127 of the S protein did not significantly perturb the stability of the AGL domain due to extensive intramolecular disulfide bonding within this region. These antibodies belong to both IgG1 and IgG2a subclasses, unlike those elicited by the S protein that are enriched in IgG2a, suggestive of different T-cell activation and signaling triggered by the two antigens. Although traditionally it is inferred that a Th2-type immune response is preferentially primed by Al(OH)3- adjuvanted antigens, the intramuscular administration route can activate both Th1 and Th2-mediated pathways, also depending on the antigen structure (58). Quantitative analysis of the cellular immune response, confirmed this observation, revealing predominant induction of TNF-α, IL-13 and IL-6 in mice immunized with the S/preS116-42 antigen as opposed to IL-10 and IP-10, the main cytokines induced by S. Due to their adjuvantation with aluminum hydroxide, a known activator of the inflammasome pathway (59, 60), both antigens induced IL-1β, at similar levels.

Although the cell-mediated immunity to HBV vaccination is less well understood, this response is considered important for efficient control of HBV infection (61). It has been shown that TNF-α, a strong pro-inflammatory cytokine, activates proliferation of HBV-specific cytotoxic T lymphocytes (62) and counteracts suppression of this response by regulatory T cells (63). Surprisingly, TNF-α rather than IFN-γ is the predominant cytokine secreted in humans after vaccination with the S-based HBV vaccine produced in yeast (38). Arguably, an increase in TNF-α-producing T cells may indicate a better immunization outcome in both healthy individuals and risk groups, as recently shown (64, 65). Moreover, TNF-α inhibits HBV DNA replication at nontoxic concentrations for the host cell, by a mechanism requiring NF-κB-signaling, which may contribute to an early suppression of HBV infection, should this occur in patients with low anti-HBV antibody titers (66). Similarly, IL-6 inhibits HBV transcription by epigenetic mechanisms, in addition to performing a broad range of pro- and anti-inflammatory signaling (36). This pro-inflammatory cytokine pattern is similar to that resulted after the viral infection or TLR-9 stimulation, suggesting a crosstalk between that innate and adaptive immunity influencing the antigen specific immune response (34, 67). Clearly, further research involving more relevant animal models is needed to understand the true benefit of a particular T-cell activation pattern. This will ultimately depend on the fine balance between the capacity of the complex cytokine-mediated pathways to boost anti-HBV immunity on one hand, and to potentially cause liver inflammation, on the other (34).

An important finding emerging from this study is the equivalence of the S and S/preS116-42 antigens produced in mammalian cells in terms of activating an efficient WT HBV-neutralizing humoral immune response and the evident superiority of the latter immunogen to prevent infection with the G145R vaccine-escape mutant. This is the most stable and frequent mutation identified in vaccinated children (42, 68) and adults under immunosuppressive therapy (69, 70). The recent use of high-resolution DNA sequencing technologies suggests that in fact, the frequency of HBV mutations may have been largely underestimated. Notably, mathematical models of epidemiological data indicate that the G145R mutation hampers HBV diagnosis and has spreading potential, supporting timely modifications of current vaccines in order to protect against this HBV variant (71). The ability of anti-preS1 antibodies to protect against the G145R vaccine escape mutant has recently been documented in a reporter-based HBV infection assay (24). While our results using cell culture HBV particles are in line with this report, the ability of the S/preS116-42 antisera to neutralize the G145R variant more efficiently than the WT HBV is intriguing, since both particle types have the same preS1 sequence and are equally infectious. Although this difference may simply reflect an experimental variation, it is tempting to hypothesize that the S/preS116-42 antigen may trigger a different set of anti-S antibodies that retain the ability to bind the G145R mutated AGL, thus contributing to this strong neutralization effect. Future work will attempt to sequentially deplete the S/preS116-42 antiserum of either anti-S or anti-preS1 antibodies, followed by analysis of their capacity to bind and neutralize WT and G145R HBV variants, to clarify the quality of the immune response induced by chimeric S/preS1 antigens. Nevertheless, our results indicate that combining relevant epitopes in one molecule is a valid strategy to increase activation of the immune response and expand its specificity and thus improve efficiency of HBV vaccination.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding authors.



Ethics statement

The animal study was reviewed and approved by ANSVSA, Romania.



Author contributions

Conceived and designed the experiments: NB-N, A-MP, M-OD, CL, JL-C, CS. Performed the experiments: A-MP, M-OD, CSc, IC, II, CT, AC, CSt. Analyzed the data: NB-N, A-MP, CSc, AO, CT, IC, II, AC. Wrote the paper: NB-N, A-MP, JL-C, CSt. All authors approved the submitted version of the manuscript.



Funding

This research has received funding from the EEA Grants 2014-2021, SmartVac project no. 1SEE/2019. A-MP was supported by a PhD fellowship of the Romanian Academy. The funding institution had no role in study design, the collection, analysis and interpretation of data, the writing of the report or the decision to submit the article for publication.




References

1. Stanaway, JD, Flaxman, AD, Naghavi, M, Fitzmaurice, C, Vos, T, Abubakar, I, et al. The global burden of viral hepatitis from 1990 to 2013: findings from the global burden of disease study 2013. Lancet (2016) 388(10049):1081–8. doi: 10.1016/s0140-6736(16)30579-7

2. World Health Organization. Global hepatitis report, 2017. (2017), 9789241565455.

3. World Health Organization. Hepatitis b factsheet (2021). Available at: http://www.who.int/news-room/fact-sheets/detail/hepatitis-b (Accessed 4 May 2022).

4. World Health Organization. Global health sector strategy on viral hepatitis 2016-2021. towards ending viral hepatitis. Geneva: world health organization (2016).

5. Cox, AL, El-Sayed, MH, Kao, J-H, Lazarus, JV, Lemoine, M, Lok, AS, et al. Progress towards elimination goals for viral hepatitis. Nat Rev Gastroenterol Hepatol (2020) 17(9):533–42. doi: 10.1038/s41575-020-0332-6

6. Kim, WR. Epidemiology of hepatitis b in the united states. Hepatology (2009) 49(5 Suppl):S28–34. doi: 10.1002/hep.22975

7. Rubin, LG, Levin, MJ, Ljungman, P, Davies, EG, Avery, R, Tomblyn, M, et al. 2013 Idsa clinical practice guideline for vaccination of the immunocompromised host. Clin Infect Dis (2014) 58(3):309–18. doi: 10.1093/cid/cit816

8. Sahana, HV, Sarala, N, and Prasad, SR. Decrease in anti-hbs antibodies over time in medical students and healthcare workers after hepatitis b vaccination. BioMed Res Int (2017) 2017:1327492. doi: 10.1155/2017/1327492

9. Gerlich, WH. Do we need better hepatitis b vaccines? Indian J  Med Res (2017) 145(4):414–9. doi: 10.4103/ijmr.IJMR_1852_16

10. Champion, CR. Heplisav-b: a hepatitis b vaccine with a novel adjuvant. Ann  Pharmacother (2021) 55(6):783–91. doi: 10.1177/1060028020962050

11. Pulendran B, S, Arunachalam, P, and O’Hagan, DT. Emerging concepts in the science of vaccine adjuvants. Nat Rev Drug Discov (2021) 20(6):454–75. doi: 10.1038/s41573-021-00163-y

12. Shouval, D, Roggendorf, H, and Roggendorf, M. Enhanced immune response to hepatitis b vaccination through immunization with a pre-s1/pre-s2/s vaccine. Med Microbiol  Immunol (2015) 204(1):57–68. doi: 10.1007/s00430-014-0374-x

13. Vesikari, T, Finn, A, van Damme, P, Leroux-Roels, I, Leroux-Roels, G, Segall, N, et al. Immunogenicity and safety of a 3-antigen hepatitis b vaccine vs a single-antigen hepatitis b vaccine: a phase 3 randomized clinical trial. JAMA Netw Open (2021) 4(10):e2128652. doi: 10.1001/jamanetworkopen.2021.28652

14. Vesikari, T, Langley, JM, Segall, N, Ward, BJ, Cooper, C, Poliquin, G, et al. Immunogenicity and safety of a tri-antigenic versus a mono-antigenic hepatitis b vaccine in adults (protect): a randomised, double-blind, phase 3 trial. Lancet Infect Dis (2021) 21(9):1271–81. doi: 10.1016/S1473-3099(20)30780-5

15. Dobrica, MO, Lazar, C, Paruch, L, Skomedal, H, Steen, H, Haugslien, S, et al. A novel chimeric hepatitis b virus s/pres1 antigen produced in mammalian and plant cells elicits stronger humoral and cellular immune response than the standard vaccine-constituent, s protein. Antiviral Res (2017) 144:256–65. doi: 10.1016/j.antiviral.2017.06.017

16. Yum, JS, Ahn, BC, Jo, HJ, Kim, DY, Kim, KH, Kim, HS, et al. Use of pre-s protein-containing hepatitis b virus surface antigens and a powerful adjuvant to develop an immune therapy for chronic hepatitis b virus infection. Clin  Vaccine Immunol Cvi (2012) 19(2):120–7. doi: 10.1128/cvi.05355-11

17. Shapira, MY, Zeira, E, Adler, R, and Shouval, D. Rapid seroprotection against hepatitis b following the first dose of a pre-s1/pre-s2/s vaccine. J  Hepatol (2001) 34(1):123–7. doi: 10.1016/s0168-8278(00)00082-9

18. Qian, B, Shen, H, Liang, W, Guo, X, Zhang, C, Wang, Y, et al. Immunogenicity of recombinant hepatitis b virus surface antigen fused with pres1 epitopes expressed in rice seeds. Transgenic Res (2008) 17(4):621–31. doi: 10.1007/s11248-007-9135-6

19. Rendi-Wagner, P, Shouval, D, Genton, B, Lurie, Y, Rümke, H, Boland, G, et al. Comparative immunogenicity of a pres/s hepatitis b vaccine in non- and low responders to conventional vaccine. Vaccine (2006) 24(15):2781–9. doi: 10.1016/j.vaccine.2006.01.007

20. Dobrica, MO, Lazar, C, Paruch, L, van Eerde, A, Clarke, JL, Tucureanu, C, et al. Oral administration of a chimeric hepatitis b virus s/pres1 antigen produced in lettuce triggers infection neutralizing antibodies in mice. Vaccine (2018) 36(38):5789–95. doi: 10.1016/j.vaccine.2018.07.072

21. Yan, H, Zhong, G, Xu, G, He, W, Jing, Z, Gao, Z, et al. Sodium taurocholate cotransporting polypeptide is a functional receptor for human hepatitis b and d virus. Elife (2012) 1:e00049. doi: 10.7554/eLife.00049

22. Glebe, D, Aliakbari, M, Krass, P, Knoop, EV, Valerius, KP, and Gerlich, WH. Pre-s1 antigen-dependent infection of tupaia hepatocyte cultures with human hepatitis b virus. J Virol (2003) 77(17):9511–21. doi: 10.1128/jvi.77.17.9511-9521.2003

23. Hong, HJ, Ryu, CJ, Hur, H, Kim, S, Oh, HK, Oh, MS, et al. In vivo neutralization of hepatitis b virus infection by an anti-pres1 humanized antibody in chimpanzees. Virology (2004) 318(1):134–41. doi: 10.1016/j.virol.2003.09.014

24. Yato, K, Onodera, T, Matsuda, M, Moriyama, S, Fujimoto, A, Watashi, K, et al. Identification of two critical neutralizing epitopes in the receptor binding domain of hepatitis b virus pres1. J  Virol (2021) 95(5):e01680–20. doi: 10.1128/JVI.01680-20

25. Yoshikawa, A, Tanaka, T, Hoshi, Y, Kato, N, Tachibana, K, Iizuka, H, et al. Chimeric hepatitis b virus core particles with parts or copies of the hepatitis c virus core protein. J Virol (1993) 67(10):6064–70. doi: 10.1128/jvi.67.10.6064-6070.1993

26. Dorobantu, C, Macovei, A, Lazar, C, Dwek, RA, Zitzmann, N, and Branza-Nichita, N. Cholesterol depletion of hepatoma cells impairs hepatitis b virus envelopment by altering the topology of the large envelope protein. J  Virol (2011) 85(24):13373–83. doi: 10.1128/JVI.05423-11

27. Lazar, C, Durantel, D, Macovei, A, Zitzmann, N, Zoulim, F, Dwek, RA, et al. Treatment of hepatitis b virus-infected cells with alpha-glucosidase inhibitors results in production of virions with altered molecular composition and infectivity. Antiviral Res (2007) 76(1):30–7. doi: 10.1016/j.antiviral.2007.04.004

28. Dobrica, MO, Lazar, C, and Branza-Nichita, N. Production of chimeric hepatitis b virus surface antigens in mammalian cells. In:  BA Pfeifer, and A Hill, editors. Vaccine delivery technology methods in molecular biology. New York, NY: Humana (2021). p. 2183.

29. R Core Team. R: a language and environment for statistical computing.: r foundation for statistical computing. Vienna, Austria: The R foundation (2014). Available at: https://www.r-project.org/.

30. Haaland P, SD, and McVey, E. Calibfit: statistical models and tools for assay calibration (r package version 2.1.0) (2011). Available at: http://cran.r-project.org/web/packages/calibFit/index.html.

31. Stirk, HJ, Thornton, JM, and Howard, CR. Atopological model for hepatitis b surface antigen. Intervirology (1992) 33(3):148–58. doi: 10.1159/000150244

32. Li, D, He, W, Liu, X, Zheng, S, Qi, Y, Li, H, et al. A potent human neutralizing antibody fc-dependently reduces established hbv infections. Elife (2017) 6:e26738. doi: 10.7554/eLife.26738

33. Thanavala, Y, Yang, YF, Lyons, P, Mason, HS, and Arntzen, C. Immunogenicity of transgenic plant-derived hepatitis b surface antigen. Proc  Natl Acad  Sci  United States  America (1995) 92(8):3358–61. doi: 10.1073/pnas.92.8.3358

34. Zhong, S, Zhang, T, Tang, L, and Li, Y. Cytokines and chemokines in hbv infection. Front Mol Biosci (2021) 8:805625. doi: 10.3389/fmolb.2021.805625

35. Lei, Q, Li, T, Kong, L, Li, L, Ding, X, Wang, X, et al. Hbv-pol is crucial for hbv-mediated inhibition of inflammasome activation and il-1β production. Liver Int Off J Int Assoc Study Liver (2019) 39(12):2273–84. doi: 10.1111/liv.14214

36. Palumbo, GA, Scisciani, C, Pediconi, N, Lupacchini, L, Alfalate, D, Guerrieri, F, et al. Il6 inhibits hbv transcription by targeting the epigenetic control of the nuclear cccdna minichromosome. PloS One (2015) 10(11):e0142599. doi: 10.1371/journal.pone.0142599

37. Wang, B, Zhao, XP, Fan, YC, Zhang, JJ, Zhao, J, and Wang, K. Il-17a but not il-22 suppresses the replication of hepatitis b virus mediated by over-expression of mxa and oas mrna in the hepg2.2.15 cell line. Antiviral Res (2013) 97(3):285–92. doi: 10.1016/j.antiviral.2012.12.018

38. De Rosa, SC, Lu, FX, Yu, J, Perfetto, SP, Falloon, J, Moser, S, et al. Vaccination in humans generates broad t cell cytokine responses. J Immunol (2004) 173(9):5372–80. doi: 10.4049/jimmunol.173.9.5372

39. Salisse, J, and Sureau, C. A function essential to viral entry underlies the hepatitis b virus "a" determinant. J Virol (2009) 83(18):9321–8. doi: 10.1128/jvi.00678-09

40. Wu, C, Deng, W, Deng, L, Cao, L, Qin, B, Li, S, et al. Amino acid substitutions at positions 122 and 145 of hepatitis b virus surface antigen (hbsag) determine the antigenicity and immunogenicity of hbsag and influence in vivo hbsag clearance. J Virol (2012) 86(8):4658–69. doi: 10.1128/jvi.06353-11

41. Zuckerman, AJ. Effect of hepatitis b virus mutants on efficacy of vaccination. Lancet (2000) 355(9213):1382–4. doi: 10.1016/s0140-6736(00)02132-2

42. Hsu, HY, Chang, MH, Ni, YH, and Chen, HL. Survey of hepatitis b surface variant infection in children 15 years after a nationwide vaccination programme in taiwan. Gut (2004) 53(10):1499–503. doi: 10.1136/gut.2003.034223

43. Bian, T, Yan, H, Shen, L, Wang, F, Zhang, S, Cao, Y, et al. Change in hepatitis b virus large surface antigen variant prevalence 13 years after implementation of a universal vaccination program in china. J Virol (2013) 87(22):12196–206. doi: 10.1128/jvi.02127-13

44. Kalinina, T, Iwanski, A, Will, H, and Sterneck, M. Deficiency in virion secretion and decreased stability of the hepatitis b virus immune escape mutant g145r. Hepatology (2003) 38(5):1274–81. doi: 10.1053/jhep.2003.50484

45. Amini-Bavil-Olyaee, S, Vucur, M, Luedde, T, Trautwein, C, and Tacke, F. Differential impact of immune escape mutations g145r and p120t on the replication of lamivudine-resistant hepatitis b virus e antigen-positive and -negative strains. J Virol (2010) 84(2):1026–33. doi: 10.1128/JVI.01796-09

46. Ho, JK-T, Jeevan-Raj, B, and Netter, H-J. Hepatitis b virus (hbv) subviral particles as protective vaccines and vaccine platforms. Viruses (2020) 12(2):126. doi: 10.3390/v12020126

47. Bian, Y, Zhang, Z, Sun, Z, Zhao, J, Zhu, D, Wang, Y, et al. Vaccines targeting pres1 domain overcome immune tolerance in hepatitis b virus carrier mice. Hepatology (2017) 66(4):1067–82. doi: 10.1002/hep.29239

48. Shouval, D, Ilan, Y, Adler, R, Deepen, R, Panet, A, Even-Chen, Z, et al. Improved immunogenicity in mice of a mammalian cell-derived recombinant hepatitis b vaccine containing pre-s1 and pre-s2 antigens as compared with conventional yeast-derived vaccines. Vaccine (1994) 12(15):1453–9. doi: 10.1016/0264-410x(94)90155-4

49. Diaz-Mitoma, F, Popovic, V, and Spaans, JN. Assessment of immunogenicity and safety across two manufacturing lots of a 3-antigen hepatitis b vaccine, sci-b-vac®, compared with engerix-b® in healthy asian adults: a phase 3 randomized clinical trial. vaccine (2021) 39(29):3892–9. doi: 10.1016/j.vaccine.2021.05.067

50. Short, JM, Chen, S, Roseman, AM, Butler, PJ, and Crowther, RA. Structure of hepatitis b surface antigen from subviral tubes determined by electron cryomicroscopy. J Mol Biol (2009) 390(1):135–41. doi: 10.1016/j.jmb.2009.04.059

51. Bruss, V, Gerhardt, E, Vieluf, K, and Wunderlich, G. Functions of the large hepatitis b virus surface protein in viral particle morphogenesis. Intervirology (1996) 39(1-2):23–31. doi: 10.1159/000150471

52. De Wilde, MR,T, Cabezon, T, Hauser, P, van Opstal, O, Harford, N, van Wijnendaele, F, et al. Pres-containing hbsag particles from saccharomyces cerevisiae: production, antigenicity, and immunogenicity. In:  FB Hollinger, SM Lemon, and H Margolis, editors. Viral hepatitis and liver disease, vol. . p . Baltimore, MD, USA: Williams & Wilkins (1991). p. 732–6.

53. Delpeyroux, F, Chenciner, N, Lim, A, Malpièce, Y, Blondel, B, Crainic, R, et al. A poliovirus neutralization epitope expressed on hybrid hepatitis b surface antigen particles. Science (1986) 233(4762):472–5. doi: 10.1126/science.2425433

54. Vietheer, PT, Boo, I, Drummer, HE, and Netter, HJ. Immunizations with chimeric hepatitis b virus-like particles to induce potential anti-hepatitis c virus neutralizing antibodies. Antiviral Ther (2007) 12(4):477–87. doi: 10.1177/135965350701200409

55. Wei, S, Lei, Y, Yang, J, Wang, X, Shu, F, Wei, X, et al. Neutralization effects of antibody elicited by chimeric hbv s antigen viral-like particles presenting hcv neutralization epitopes. Vaccine (2018) 36(17):2273–81. doi: 10.1016/j.vaccine.2018.03.036

56. von Brunn, A, Früh, K, Müller, HM, Zentgraf, HW, and Bujard, H. Epitopes of the human malaria parasite p. falciparum carried on the surface of hbsag particles elicit an immune response against the parasite. Vaccine (1991) 9(7):477–84. doi: 10.1016/0264-410x(91)90032-2

57. Kingston, NJ, Kurtovic, L, Walsh, R, Joe, C, Lovrecz, G, Locarnini, S, et al. Hepatitis b virus-like particles expressing plasmodium falciparum epitopes induce complement-fixing antibodies against the circumsporozoite protein. Vaccine (2019) 37(12):1674–84. doi: 10.1016/j.vaccine.2019.01.056

58. He, P, Zou, Y, and Hu, Z. Advances in aluminum hydroxide-based adjuvant research and its mechanism. Hum Vaccines Immunother (2015) 11(2):477–88. doi: 10.1080/21645515.2014.1004026

59. Li, H, Willingham, SB, Ting, JP, and Re, F. Cutting edge: inflammasome activation by alum and alum's adjuvant effect are mediated by nlrp3. J Immunol (2008) 181(1):17–21. doi: 10.4049/jimmunol.181.1.17

60. Franchi, L, and Núñez, G. The nlrp3 inflammasome is critical for aluminium hydroxide-mediated il-1beta secretion but dispensable for adjuvant activity. Eur J Immunol (2008) 38(8):2085–9. doi: 10.1002/eji.200838549

61. Rehermann, B, and Nascimbeni, M. Immunology of hepatitis b virus and hepatitis c virus infection. Nat Rev Immunol (2005) 5(3):215–29. doi: 10.1038/nri1573

62. Kasahara, S, Ando, K, Saito, K, Sekikawa, K, Ito, H, Ishikawa, T, et al. Lack of tumor necrosis factor alpha induces impaired proliferation of hepatitis b virus-specific cytotoxic t lymphocytes. J Virol (2003) 77(4):2469–76. doi: 10.1128/jvi.77.4.2469-2476.2003

63. Stoop, JN, Woltman, AM, Biesta, PJ, Kusters, JG, Kuipers, EJ, Janssen, HLA, et al. Tumor necrosis factor alpha inhibits the suppressive effect of regulatory t cells on the hepatitis b virus–specific immune response. Hepatology (2007) 46(3):699–705. doi: 10.1002/hep.21761

64. Chawansuntati, K, Chaiklang, K, Chaiwarith, R, Praparattanapan, J, Supparatpinyo, K, and Wipasa, J. Hepatitis b vaccination induced tnf-α and il-2-producing t cell responses in hiv– healthy individuals higher than in hiv+ individuals who received the same vaccination regimen. J Immunol Res (2018) 2018:8350862. doi: 10.1155/2018/8350862

65. Awad, G, Roch, T, Stervbo, U, Kaliszczyk, S, Stittrich, A, Hörstrup, J, et al. Robust hepatitis b vaccine-reactive t cell responses in failed humoral immunity. Mol Ther  Methods Clin Dev (2021) 21:288–98. doi: 10.1016/j.omtm.2021.03.012

66. Biermer, M, Puro, R, and Schneider, RJ. Tumor necrosis factor alpha inhibition of hepatitis b virus replication involves disruption of capsid integrity through activation of nf-κb. J Virol (2003) 77(7):4033–42. doi: 10.1128/JVI.77.7.4033-4042.2003

67. Bode, C, Zhao, G, Steinhagen, F, Kinjo, T, and Klinman, DM. Cpg dna as a vaccine adjuvant. Expert Rev Vaccines (2011) 10(4):499–511. doi: 10.1586/erv.10.174

68. Komatsu, H, Inui, A, Umetsu, S, Tsunoda, T, Sogo, T, Konishi, Y, et al. Evaluation of the g145r mutant of the hepatitis b virus as a minor strain in mother-to-child transmission. PloS One (2016) 11(11):e0165674. doi: 10.1371/journal.pone.0165674

69. Konopleva, MV, Belenikin, MS, Shanko, AV, Bazhenov, AI, Kiryanov, SA, Tupoleva, TA, et al. Detection of s-hbsag mutations in patients with hematologic malignancies. Diagnostics (2021) 11(6):1–22. doi: 10.3390/diagnostics11060969

70. Konopleva, MV, Borisova, VN, Sokolova, MV, Semenenko, TA, and Suslov, AP. Recombinant hbsag of the wild-type and the g145r escape mutant, included in the new multivalent vaccine against hepatitis b virus, dramatically differ in their effects on leukocytes from healthy donors in vitro. Vaccines (2022) 10(2):235. doi: 10.3390/vaccines10020235

71. Wilson, JN, Nokes, DJ, and Carman, WF. Current status of hbv vaccine escape variants – a mathematical model of their epidemiology. J Viral Hepatitis (1998) 5(s2):25–30. doi: 10.1046/j.1365-2893.1998.0050s2025.x





Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Pantazica, Dobrica, Lazar, Scurtu, Tucureanu, Caras, Ionescu, Costache, Onu, Clarke, Stavaru and Branza-Nichita. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-13-941243-g001.jpg
ABOG4314-A
L AB014367-C
ABO73821-8

AB116552-F

L AB179747H
AB091255-E
L AB0S6513-G

AB090270-D

S/preS121-47

S/preS116-47

SA127-131/5re G 11647

S/preS116-42

S/preS110-36

Y

AGL
126 127

Y
PAFRANTANPDWDFNPNKDTWPDANKV ‘!
AGL

126 127 Y
DHQLDPAFRANTANPDWDFNPNKDTWPDANKV '!
AGL

126 132

| Y
pHaLDPAFRANTANPDWDFNPNKDTWPDANKY D

AGL
126 127

Y
DHQLDPAFRANTANPDWDFNPNKDTWP ‘!
AGL

126 127
Y

PLGFFPDHQLDPAFRANTANPDWDFNP | D

AGL






OEBPS/Images/fimmu-13-941243-g006.jpg
2-CD3/28
1-CD3/28
4-CD3/28
4-CONA
1-CONA
3-CONA
2-CONA
4-Ag

4-N

3-N

2-N

1-Ag

1-N

3-Ag
2-Ag

IL4

IFNg

IL2

TNFa

IP10

L10

o
O &
= S

Cytokine

IL13

ILS

IL1b

IL6

IL17A





OEBPS/Images/fimmu-13-941243-g004.jpg
Secreted HBsAg

(O D450nm)

Sucrose gradient
(15%-60%)

\ ~o~ S-SVPs
b - S/pres12'47 -svps
-=- S/presS1'642_svpPs

012 3 456 7 8 9101112131415
Fraction number

kDa

50 —

25 —

S/preS116-42

Input

1 2 3

Collected fractions





OEBPS/Images/fimmu-13-941243-g002.jpg
-DTT

+DTT

< S/preS1 dimers

< Tubulin

'e]
N

<—gp S/preS1
<—p S/preS1

<—Tubulin

50 —

w.

50





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Efficient cellular and humoral immune response and production of virus-neutralizing antibodies by the Hepatitis B Virus S/preS116-42 antigen

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Plasmids

          



          		

            Cell lines and virus production

          



          		

            Production of HBV antigens in HEK293T cells

          



          		

            Purification of HBV antigens

          



          		

            Western blot

          



          		

            Pulse-chase and immunoprecipitation

          



          		

            Animals and immunization

          



          		

            Analysis of the humoral immune response by ELISA

          



          		

            Analysis of the cellular immune response by cytokine-multiplex immunoassay

          



          		

            Functional characterization of anti-HBV antibodies

          



          		

            Neutralization of HBV infection by the immune sera

          



        



        



        		

          Results

        

          		

            Antigen design

          



          		

            Expression and characterization of the novel S/preS1 antigens in HEK293T cells

          



          		

            Purification of HBV-S and -S/preS16-42 antigens produced in mammalian cells

          



          		

            The novel S/preS116-42 antigen induces stronger humoral immune response and a different pattern of T cell activation as compared with the S protein.

          



          		

            Immunization with the S/preS116-42 antigen triggers both anti-S and anti-preS1 antibodies

          



          		

            Immunization with the S/preS116-42 antigen induces antibodies with neutralizing activities against both WT and a vaccine escape mutation HBV variant

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-13-941243-g007.jpg
Antibody binding

Antibody binding

(OD450nm)

(OD450nm)

0.6

0.4

0.2

0.0

0.6

0.4

0.2

0.0

pCI-S

1000 2000
Sera dilution (1/dilution)

pCi-SA12-150/p a5 12147

1000 2000
Sera dilution (1/dilution)

3000

3000

LR L )

tdtd

Mouse 1
Mouse 2
Mouse 3
Mouse 4
Mouse 5

Mouse 1
Mouse 2
Mouse 3
Mouse 4
Mouse 5

Antibody binding

(ODg50nm)

0.6

0.4

0.2

0.0

0

pCI-L

1000 2000
Sera dilution (1/dilution)

3000

RIS |

Mouse 1
Mouse 2
Mouse 3
Mouse 4
Mouse 5





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-941243-g009.jpg
4x107

- HBVWT
- G145R HBV

~N -
(wosrqQ)
Buipuiq s-uy
> > >
x x *
L] N L. ol
(/beo) vNa AGH

.-

S
S
<
X
Virus Dilution
ns
*%
v
v
——
v
v
ke
A

QQQ
%, .
9
@eww l*.
e@& # °
4
(=] o o o o o o
(%) uoyoaul
o
va
%
%
4, O
@v«
Y
o w S 0
- - o
(“10srgo)

o ByagH pajaioog

= = = == Cut-off

-0

-G145R HBV

+G145R HBV





OEBPS/Images/table2.jpg
HBV-§/preS1
chimera

S/pres1?'7
S/preS1'®*”
SA™7 B /pres1'¢Y”
S/preS1'¢?
S/preS110-3¢

Hidrophobicity of inserted preS1
sequences

48.15%
43.75%
43.75%
44.44%
55.56%





OEBPS/Images/fimmu-13-941243-g005.jpg
o]

1gG1 (Endpoint Titer)

(¢}

IgG2a (Endpoint Titer)

70000

60000

4]
o
o
L=
=]

400000
350000
300000
250000
200000
150000
100000

50000

0 = -an A~ -

1

300000

250000

200000

150000

100000

50000

04 @ e 00 o8-

1

2

2

3

3

4

4

#it
L s
c®e
—eous- e —em—
1 2 3 4
27
*
*k
#H#
.
~oms- o —am-
1 2 3 4

*k

*k

57

1

2

3

4

*

*
##
L]
#H#,&
[ ]
°
L]

53!55 oo
1 2 3 4
49
—

*
#H#
##,&
- —00— - e
—
1 2 3 4
*
x #H
[ ]
L]
B _ b el
_—rr——Y]u
1 2 3 4





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu.2022.941243_cover.jpg
’ frontiers ‘ Frontiers in Immunology

Efficient cellular and humoral
immune response and
production of virus-neutralizing
antibodies by the Hepatitis B
Virus S/preS1'42 antigen





OEBPS/Images/fimmu-13-941243-g003.jpg
anti-preS1

(]
b4
=
©

]S/preS1

Supernatant

Intracellular

1
[}
o
e
3
€
&

anti-S

IP:

| |siprest
|s/prest

Supernatant

Intracellular

Chase (h)

0

Chase (h)

*kkk

1.5

o 0
b

(“u0s*qo)
BysgH pajaloag






OEBPS/Images/fimmu-13-941243-g008.jpg
Infection (%)

140

120

100

(o]
o

60

40

209 oo






OEBPS/Images/table1.jpg
Antigens
S/pres1'®”

S/pres1 '+

SAIZ7131pres 1 16-

47

S/pres1'3¢

HBV-§GM5R

Template
S/pres1*'”

S/pres1'eY
S/pres1'e47

1. S/pres1'e*?
2. S/preS1'**

HBV 1.3-mer WT (Addgene
#65459)

Forward primer

5
GACCACCAGTTGGATCCAGCCTTCAGAGCAAACACCGC3'
5'ACTGCTCAAGGAACCTCTATGTATCCCTC3’
5'TCTATGTATCCCTCCTGTTGCTGTACCAAACCTTCG3’

5'TTCTTTCCCGACCACCAGTTGGATCCAG3'
5'ACTGCTCAAGGAACCTCTATGTATCCC3’

5’ACCTTCGGACAGAAATTGCAC 3'

Reverse primer

5
AGTCATGCAGGTCCGGCATGGTCCCG3'
5'TGGCCAGGTGTCCTTGTTGGG3'
5'TACCTTGTTGGCGTCTGGCCAGG3’

5'TCCCAGAGGAGTCATGCAGGTCCGG3'
5
GGGATTGAAGTCCCAATCTGGATTTGC3’
5'TTGGTACAGCAACAGGAGG 3’





