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Editorial on the Research Topic 


Pandemic influenza vaccine approaches: Current status and future directions


For over a hundred years, humanity was confronted with recurring pandemics caused by influenza viruses, over-burdening health care systems and disrupting societies worldwide. Since the beginning of the previous century, we have encountered four pandemics caused by H1N1, H2N2, and H3N2 viruses, with the last one in 2009 caused by an H1N1 swine-origin virus. With every pandemic a new influenza virus emerged that started circulating in a human population that was immunologically naive against the emerging virus. This condition allows us to study the response to a new vaccine that targets the emerging virus in the absence of pre-existing neutralizing antibodies that may affect vaccine effectiveness. In this Research Topic, Amdam et al., reported on the effect of vaccination history on the immune response to H1N1pdm09 vaccines in health care workers during the period 2009-2014, and Juvet et al., summarized data obtained in the years following the 2009 H1N1 pandemic on vaccine safety for the rolled-out pandemic influenza vaccines.

There is a constant fear that a new and potentially highly pathogenic influenza virus will make the cross-species jump from the animal reservoir to humans and start a new pandemic. Therefore, it came as a surprise for many of us when the second pandemic of this century was caused by SARS-CoV-2, a coronavirus. We are now over two years into the COVID-19 pandemic, and effective vaccines have saved many lives and allowed us to go from worldwide lockdowns towards less restricted travel. The fast response to this newly emerging coronavirus, also from an animal reservoir, was at least partly possible due to pandemic preparedness guided by our knowledge from previous preclinical and clinical research in the context of influenza virus-host interactions, influenza epidemiology, and influenza vaccine development. Interestingly, due to measures in place like social distancing, masking and creating awareness for respiratory virus transmission during the COVID-19 pandemic, hospitalized cases due to influenza virus dropped drastically (1, 2). With easing of restrictions, more social interaction and international travel are again taking off, and thereby influenza cases are also on the rise. The absence of seasonal influenza in humans observed in the first year of the COVID-19 pandemic due to measures taken worldwide to mitigate the spread of SARS-CoV-2 made it difficult to predict the strains to be included in the vaccine, and antigenic mismatch for at least the H3 hemagglutinin (HA) vaccine component has been reported (3, 4). This highlights the need for further investment in pandemic influenza vaccine approaches, as outlined in the strategic plan for a Universal Influenza Vaccine from the National Institute of Allergy and Infectious Diseases (5). A recurring topic is the search for conserved antigens derived from influenza virus proteins and for strategies to make them immunogenic. Moreover, protection can be provided by immune mechanisms other than antibody-mediated virus neutralization, such as T cells or antibody-mediated cellular toxicity (ADCC). As such, different vaccine candidates based on different platforms are suggested. In this Research Topic, conventional (adjuvanted) inactivated influenza virus vaccines are discussed along with mRNA, DNA, virus like particles, T4 bacteriophage-based, and recombinant protein vaccines. Liu et. al., discussed a strategy based on targeting conserved epitopes in the influenza B HA using an engineered inactivated influenza B virus vaccine to induce antibody-mediated protection that correlates with ADCC. A strategy is also being tested in the clinic for an Influenza A universal vaccine that uses chimeric HA influenza vaccines (6, 7). Del Campo et al., described a recombinant protein-based approach to induce cross-reactive influenza nucleoprotein (NP)-specific CD8+ T cells. The nucleoprotein is a conserved influenza T cell antigen also in humans, and therefore targeting the NP may result in protection against influenza viruses from different subtypes. It was already suggested that infection induced NP-specific CD8+ T cells correlated with protection from influenza re-infection for several decades (8). Inducing them by vaccination, however, remained challenging. Interestingly, this methodology seems to be able to induce lung-resident memory CD8+ T cells by intramuscular vaccination, thereby promoting cellular mediated immunity in the tissue where infection starts, allowing for a faster response upon infection. Neuraminidase (NA) is the second major antigenic determinant on the surface of influenza viruses, and infected cells and antibodies against NA correlate with reduced shedding and shorter symptom duration in humans (9). In this Research Topic, Creytens et al., discussed the potential of NA as a vaccine antigen, and Hansen et al., reported that repeated vaccination with seasonal influenza vaccines can boost and maintain NA-specific humoral immunity health care workers in a five-year longitudinal study. The highly conserved ectodomain of the influenza matrix 2 protein (M2e) has been suggested as a good universal vaccine epitope, and antibodies targeting M2e correlated with protection in preclinical and clinical settings (10, 11). However, following natural infection, M2e-specific antibodies are not highly induced, and M2e is poorly immunogenic if not presented to the immune system with the help of a scaffold (12). Li et al., proposed to use the bacteriophage T4 vaccine platform combined with the M2e antigen as a scalable low-cost solution for producing a universal vaccine. Scalability and fast production are crucial for pandemic vaccines, and DNA- and RNA-based vaccine approaches are very attractive for this reason. Nucleic acid-based platforms hold the advantage that vaccine antigen is produced inside host cells and therefore can be efficiently presented to the immune system in the context of major histocompatibility complex proteins. This typically results in efficient T cell activation, as demonstrated by Andersen et al., Nucleic acid-based vaccines can also be recognized by innate immune receptors, thereby further adjuvanting vaccine responses against the antigen they encode, as discussed by Lee and Ryu. Pandemic vaccines often anticipate zoonotic spillover of (avian) influenza viruses from the animal reservoir. Therefore, H5N1 and H7N9-based pandemic vaccines have been tested in humans. Zhou et al., reported that an adjuvanted H5N1 vaccine can efficiently induce HA- and NA-specific antibodies in healthy volunteers that are protective in a preclinical animal model. Finally, preventing spillover of influenza viruses from the animal reservoir may reduce the risk of future pandemics. The one health approach is based on the concept of controlling viruses with zoonotic potential in animal reservoirs, for example poultry, not only to limit circulation of viruses with pandemic potential in the reservoir but also to prevent spread to humans. Kong et al., described in this Research Topic a virus-like particle supplemented with epitope antigens that can be effectively used to prevent H7N9 avian influenza virus from being shed by experimentally infected chickens.

In summary, Pandemic Influenza Vaccine Approaches: Current Status and Future Directions provided an interesting and timely update on the current research activities progressing in a highly relevant area of vaccine development that is part of an overall pandemic preparedness strategy, and the editors appreciated the many excellent contributions by several scientific teams.
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Tissue-resident memory (TRM) CD8+ T-cells play a crucial role in the protection against influenza infection but remain difficult to elicit using recombinant protein vaccines. OVX836 is a recombinant protein vaccine, obtained by the fusion of the DNA sequence of the influenza A nucleoprotein (NP) to the DNA sequence of the OVX313 heptamerization domain. We previously demonstrated that OVX836 provides broad-spectrum protection against influenza viruses. Here, we show that OVX836 intramuscular (IM) immunization induces higher numbers of NP-specific IFNγ-producing CD8+ T-cells in the lung, compared to mutant NP (NPm) and wild-type NP (NPwt), which form monomeric and trimeric structures, respectively. OVX836 induces cytotoxic CD8+ T-cells and high frequencies of lung TRM CD8+ T-cells, while inducing solid protection against lethal influenza virus challenges for at least 90 days. Adoptive transfer experiments demonstrated that protection against diverse influenza subtypes is mediated by NP-specific CD8+ T-cells isolated from the lung and spleen following OVX836 vaccination. OVX836 induces a high number of NP-specific lung CD8+ TRM-cells for long-term protection against influenza viruses.




Keywords: influenza vaccine, recombinant nucleoprotein, protection, cellular immunity, CD8+ T-cells



Introduction

Influenza A infection is a major cause of respiratory infections worldwide. Seasonal flu epidemics occur each year in autumn and winter, with a prevalence of 5 to 10%. They are caused by A/H1N1, A/H3N2, and B-type influenza viruses. Although most seasonal influenza infections are benign, they can cause hospitalization in severe cases, and even death in at-risk populations. Each year, up to 650,000 people die from influenza around the world (https://www.who.int/influenza/surveillance_monitoring/en/). The “at-risk” populations include elderly people, children, immunosuppressed individuals, and people with chronic diseases.

Influenza viruses are extremely variable. This variability is mainly due to the nature of RNA and the segmentation of the virus’ genome. Currently, the quadrivalent vaccines against seasonal influenza, which account for the majority of influenza vaccines worldwide, are inactivated, fragmented vaccines, administered in a single dose comprising 15 µg of hemagglutinin (HA) protein for four viral strains (1). These vaccines are composed of two type A (H1N1 and H3N2) viruses and two type B viruses, injected by the conventional IM route (1). The presence of antibodies directed against the HA glycoprotein on the virus surface which is subject to substantial immune selection pressure is considered the principal reference for protection against influenza viruses. However, vaccination strategies targeting influenza surface glycoproteins frequently have suboptimal effectiveness due to 1) virus mismatches (2, 3) and 2) low humoral responses in fragile populations (4). Nonetheless, CD8+ cytotoxic T-cells also play a role in the mechanisms that protect against influenza (5, 6). NP, in addition to the M1 and PB1 antigens, are significant sources of epitopes inducing cross-strain CD8+ T-cell responses (6–8). McMichael et al. performed a clinical challenge study showing that, in individuals lacking specific antibodies, high levels of CD8+ T-cells correlate with reduced viral shedding following experimental infection (5). During the 1980s, Doherty’s group also demonstrated the protective role of CD8+ T-cells against influenza (8). These influenza-specific T-cells play a crucial role in the control of influenza; they are capable of producing cytokines and killing infected cells (7, 9). Various authors have proposed that these cytotoxic CD8+ T lymphocytes might provide protection against multiple subtypes (i.e. H1N1, H5N1, and H3N2) (10). The persistence of cellular immunity against influenza virus variants may play an important role in reducing the severity of infections during epidemics and pandemics (11). This cellular immune memory against influenza viruses is conferred during infections (12). These CD8+ cell responses play a crucial role in viral infections, particularly in immunocompromised individuals (i.e. with an HIV infection or cancers) and the elderly (13, 14). Indeed T-cell responses may be a better correlate of protection in the elderly (5). In addition, their role as immune memory, able to persist and protect during influenza infections has moved forward substantially in the literature (15). Notably, the discovery of tissue localization of cellular immunity against infection has altered our understanding of adaptive immunity for protection. As a result, site-specific responses need to be taken into account in vaccine design (16, 17).

Lung tissue-resident memory (TRM) CD4+ and CD8+ T-cells generated following influenza infection have been shown to provoke viral clearance and survival after lethal challenge (18). Lung TRM T-cells are observed after viral infection and vaccination using live attenuated influenza viruses (LAIV) by the intranasal (IN) route (18). However, their induction remains insignificant when using recombinant protein or trivalent inactivated influenza vaccines. Compared with circulating T-cells, lung TRM cells protect animals against influenza infection (18). Mostly composed of CD8+ T-cells that recognize conserved epitopes, their induction via vaccination might be a key aim for effective heterosubtypic protection (6, 19).

OVX836 (18) is a recombinant protein vaccine candidate obtained by genetically fusing the NP sequence of the Influenza A/WSN/1933(H1N1) virus to the OVX313 sequence (oligomerization domain). By spontaneous oligomerization during the production process, OVX836 forms a stable homo-heptameric recombinant protein, comprising seven copies of the NP antigen (19). OVX836 demonstrated a protective efficacy in mice challenges using various influenza A subtypes, thus minimizing the risks of lower protection linked to antigenic drift and even mismatches (19). However, the mechanism of protection needs to be elucidated.

In the present study, we analyzed the mechanism of protection conferred by OVX836 and compared the immune responses and protection produced by three distinct NP proteins, all based on the NP sequence from the Influenza A/WSN/1933(H1N1) virus: monomeric E339A/R416A mutant NP (NPm), wild-type trimeric NP (NPwt), and heptameric NP (OVX836). Our findings demonstrate that the OVX836 vaccine, when compared to NPm and NPwt, generates higher proportions of lung TRM CD8+ T-cells with cytotoxic activity, producing a higher level of protection against influenza viruses.



Methods


Expression and Purification of Proteins

The amino acid sequence of NPm, NPwt, and OVX836 was based on influenza virus A/Wilson-Smith/1933. Synthetic genes, codon optimized for Escherichia coli expression, encoding NP-OVX313 (namely OVX836) and NPm (E339A/R416A) were purchased from ATUM Bio, USA. NP wild type (NPwt) was obtained by deletion of the OVX313 sequence from the OVX836 plasmid.

The recombinant NP proteins were produced using the E. coli BL21 (New England Biolabs) bacterial strain as previously described (19). After cell harvest by centrifugation, the pellets were resuspended in a phosphate buffer containing NaCl (supplemented with DNAse and RNAse for NPm), subsequently lysed by sonication on ice, and centrifuged. NPwt and OVX836 in supernatant were purified using a heparin affinity column followed by a diafiltration for OVX836 or gel filtration chromatography for NPwt. Supernatant containing soluble fraction of recombinant NPm was purified using a first ion exchange exclusion chromatography prior to the heparin and the gel filtration chromatography. Protein concentrations were determined by UV 280 nm measurement; their purity and identity were determined by SDS-PAGE, western blot and intact protein mass spectrometry.



Mass Spectrometry

Measurements of the average mass of intact proteins were performed on a UHR-QqTOF mass spectrometer (Impact II, Bruker Daltonics) interfaced with a U3000 RSLC liquid chromatography system (CCSM, Lyon, France).



Dynamic Light Scattering Analysis

The measurements were performed on a Malvern Zetasizer Ultra apparatus thermostatted at 25°C. The scattering intensity data, from three measurement angles (MADLS, multi-angle dynamic light scattering), were processed using the instrument software, transformed into the intensity and volume distribution to obtain the hydrodynamic diameter (DH) in each sample. The entire analysis was conducted in triplicate in 0.1 M Na/K2 phosphate, 0.5 M Na2SO4. The protein concentrations were 0.8 mg/ml (NPm), 0.4 mg/ml (NPwt), and 0.2 mg/ml (OVX836).



Nano Differential Scanning Fluorimetry

nDSF (nano differential scanning fluorimetry) analysis (Tycho NT.6, Nanotemper) was performed to verify the structural integrity (or thermal stability) of NP constructs. The samples tested were the same as those used for the DLS experiments. After the capillaries were inserted into the Tycho NT.6, they were heated to 35–95°C at 20°C/min. The fluorescence was recorded during the thermal run, plotted as ratio and used to calculate the inflection temperature (Ti). These changes in fluorescence signal indicate transitions in the folding state of recombinant proteins. The Ti corresponds to the point at which half of the proteins in the solution have already unfolded.



Electron Microscopy

Samples (concentrations around 0.002–0.02 mg/ml) were applied between a carbon and a mica layer. The carbon was then floated on the top of a 1% (w/v) sodium silicotungstate, pH 7.0 solution. The carbon film was covered with a copper grid. Both were fished out using a small piece of journal paper and air dried before insertion into the electron microscope. Charge-coupled device (CCD) frames were taken with a FEI T12 microscope operating at 120 kV and a nominal magnification of 30,000 times. The dilutions for EM were performed with the 0.01 M Na phosphate pH 7.3, 0.5 M NaCl buffer (NPm and NPwt) or water (OVX836) right before preparing the grid.



Mice Immunizations and Influenza Virus Challenges

Six-week-old female C57BL/6 mice (Charles River Laboratories, Lyon, France) were used in all experiments. The animals were kept under specific pathogen-free conditions, with ad libitum access to food and water. All animal procedures were approved by the Institutional Animal Care ethics committee of the Plateau de Biologie Expérimental de la Souris (CECCAPP_ENS_2018_019, Lyon, France), and accreditations have been obtained from governmental agencies. The dose of 30 µg OVX836 used in this paper to characterize the mechanism of action of the vaccine was based on dose response studies in mice: this dose was selected as it provides high NP specific cellular responses and broad protection against influenza challenges. Mice were immunized twice, 21 days apart, with 30 µg of NPm and NPwt (0.536 µmol NP) and heptameric NP (OVX836, 0.476 µmol NP). Immunizations were performed by injection into the gastrocnemius muscle, with both injections being administered in the same hind limb. For immunogenicity studies, seven days after the second immunization, mice were sacrificed to collect serum, lungs, and splenocytes. All samples were processed individually immediately after collection.

For challenge studies, mice were infected 21 days after the last vaccination with the H1N1 influenza strain (A/California/07/2009) by intra-nasal administration of a 104.7 Tissue Culture Infective Dose (TCID50) in 20 µl (10 µl/nostril) after ketamine/xylazine anesthesia. Weight was recorded for 10 days after the challenge. Animals that lost more than 20% body weight were euthanized according to institutional guidelines by cervical dislocation.



Antibody Enzyme-Linked Immunosorbent Assay (ELISA)

Levels of immunoglobulin G (IgG) were measured in serum samples collected on D28 as previously described (19). Briefly, the 96-well ELISA plates were pre-coated with recombinant NPwt (OSIVAX) at 2.5 µg/ml overnight at 4°C. About 100 µl of serial 2-fold dilutions of serum (starting dilution 1/200) were added to each well and incubated for 2 h at 25°C. Bound antibodies were detected with goat anti-mouse IgG-HRP (Life Technology, USA) and finally, 100 μl of tetramethylbenzidine (TMB) (Interchim, France) substrate was added to each well. The antibody levels in the serum were expressed as a logarithm of endpoint dilution titer, defined as the reciprocal of the highest analytic dilution that gives a reading 3-fold over the mean O.D. 650 value of the negative-control mice serum at the 1/100 dilution.



IFNγ ELISpot Assays

Influenza NP-specific T-cells secreting IFNγ were enumerated using an IFNγ ELISpot assay (Mabtech, Sweden). Lymphocytes were isolated from the spleen and the lung from individual mice as previously described (19). ELISpot plates were coated with the capture mAb (#3321-2H) then incubated overnight at 4°C according to the instruction manual of Mabtech. Then 2 × 105 T-cells were cultured for 20 h at 37°C/5% CO2 with 2 µg/ml of recombinant NPwt or with 2 µg/ml of the NP366–374 (GenScript, Netherlands) immunodominant peptide epitope in C57BL/six mice. Concavalin A (Sigma-Aldrich, France) was used as a positive control and unstimulated splenocytes/lung cells were used as negative controls. Spots were counted with an ELISpot reader system (CTL-ImmunoSpot® S6 Ultra-V, Germany). The number of protein- or peptide-reactive cells was represented as spot-forming cells (SFCs) per 2 × 105 cells per well.



Flow Cytometry Staining

Spleens and lungs were harvested at D28, after intravascular (IV) staining with 200 μl of anti-CD45-BV421 antibody diluted 1/300 in PBS 1×, for the identification of vascular T-cells (clone 30-F11; BD Biosciences, USA). Lungs and spleens were dissociated as previously described (19). Red blood cells from lungs and spleens were lysed and cells were counted with the EVE system (Witec AG, Swiss). 2 × 106 cells of spleen and total lung cells were stained with 10 µl/sample of R-PE labelled Pro5 MHC H-2Db ASNENMETM (366–374) Pentamer (Proimmune, U.K.) for 20 min at room temperature, before viability staining with Fixable Viable Dye efluor 506 (eBioscience, USA). For lung tissue-resident T-cell analysis, cells were stained with a mix of antibodies: CD103-APC (clone 2E7, Biolegend, USA), CD62L-BV786 (clone MEL-14; Biolegend, USA), CD8-Super Bright 645 (clone 53-6.7, eBioscience, USA), CD3-APC-Cyanine 7 (clone 17A2, BD Biosciences, USA), CD4-FITC (clone GK1.5, BD Biosciences), CD44- PerCP-Cy5.5 (clone IM7, eBioscience, USA), and CD69-PerCP-Cy7 (clone H1.2F3; BD Biosciences). Flow cytometry was performed with a Fortessa™ and data were analyzed with Flowjo™ software (BD Biosciences, USA).



DC Subset Isolation and In Vitro CD8+ T-Cell Stimulation

For isolation of dendritic cell (DC) subsets (CD11c+CD8+), a CD8+ Dendritic Cell Isolation Kit (Miltenyi, France) was used according to the manufacturer’s instructions. Briefly, splenocytes were incubated with a cocktail of biotin-conjugated antibodies (CD90, CD45R, CD49b), followed by anti-biotin microbeads to deplete T, B, and NK cells. The CD8α+DC subset was isolated with CD8+ selection. The CD8α+ DC subset was further purified using CD11c selection beads. The purity of the CD8α+ DC subset was 95%, as verified by flow cytometric analysis. The DC subsets were incubated with 2 µg/ml of either NPm, NPwt, or OVX836 at 37°C in the presence of 5% CO2 for 18 h. Cells were washed and expression of CD40 and CD86 activation markers was measured on CD8α+ DCs by flow cytometry. DCs were stained with a combination of Abs to murine CD11c-FITC (clone HL3, eBioscience, USA), B220-PE (clone RA3-6B2, eBioscience, USA), CD11b-APC-Cy7 (clone M1/70, eBioscience, USA), SiglecH-eFluor 450 (clone eBio440c, eBioscience, USA), CD86-PE-Cy7 (clone B7-2, BD Biosciences, USA), and CD40-APC (clone 3.23, eBioscience, USA). Then, antigen-loaded DCs were incubated in vitro with purified CD8+ T-cells from the spleen of mice immunized with 10 µg of NP366–374 peptide in IFA (Ratio 5:1). Naive DC-loaded with NP366–374 peptide and CpG 1826 (Invivogen, France), both at 2 µg/ml, were used as positive controls in the assay. After 2 h, brefeldin A (Sigma-Aldrich, France) was added at 5 µg/ml for 4 h of additional incubation. Lymphocytes were stained using CD8-Super Bright 645 (clone 53-6.7, eBioscience, USA) and CD3-APC-Cyanine 7 (clone 17A2, BD Biosciences, USA). For IFNγ intracellular cytokine staining, cells were fixed, permeabilized using CytoFix/CytoPerm (BD Biosciences, USA), and labeled with IFNγ−BV785 (clone XMG1.2, BD Biosciences, USA). Flow cytometry was performed with a Fortessa™ and data were analyzed with Flowjo™ software (BD Biosciences, USA).



Cytotoxic Assay

Splenocytes (5 × 107 cells/ml) from naive C57BL/6 mice were divided into two populations, labeled with two different concentrations of CFSE (Life Technology, USA). One population was pulsed with 4 μg/ml of NP366–374 peptide (GenScript, Netherlands) for 1 h at 37°C and treated for 15 min at 37°C with 0.5 μM CFSE (CFSElow). The other population remained un-pulsed and was treated with 5 μM CFSE (CFSEhigh). The CFSElow (NP loaded) and CFSEhigh cells (control) were mixed at a 1:1 ratio, washed twice in PBS + 2% FBS and incubated for 16 h with CD8+ T-cells obtained from the spleen or lung of animals immunized with OVX836, and purified by positive selection using CD8a (Ly-2) (Miltenyi Biotec, USA). This assay allows for the measurement of the intrinsic capacity of CD8+ T-cells to kill target cells to determine the actual value of cell specific lysis: 1) Ratio = %[CFSEhigh] peak/%[CFSElow] peak, 2) Percent Specific Lysis = [1 − (Control ratio/Experimental ratio)] × 100, as described previously (20).



Adoptive Transfer Experiments and Influenza Virus Challenge

The experiment schema is represented in Supplementary Figure 3. Donor mice (n = 6–7 per group) were immunized twice (D0 and D21) intramuscularly (IM) with either 30 µg of OVX836 or Ovalbumin (OVA, 10 µg, Sigma-Aldrich, France) emulsified in IFA (Invivogen, France) or buffer. Mice of each group were sacrificed on D28 or D36. The lungs or spleens of the donor mice were processed individually to extract lung and spleen cells respectively as previously described (19). The cells were then pooled for cell sorting by positive selection with CD8α [MACS Isolation Kit CD8 (Ly-2)] or CD4 [MACS Isolation Kit CD4 (L3T4)] MicroBeads using MACS columns according to the manufacturer’s protocol (Miltenyi Biotech, France). The purity of CD8+ or CD4+ T-cells was >95% as determined by flow cytometry. Some 5 × 105 lung-enriched CD8+ or CD4+ T-cells were transferred by the intravenous route to each recipient mouse 24 h before challenge. In addition, NP immune serum of each immunized mouse was collected at D36, pooled and each recipient mouse received 300 µl of this serum pool by the intraperitoneal route 24 h prior to influenza challenge. Six OVX836-vaccinated mice were used as positive controls in each challenge study. Recipient mice (n = 6) and positive control mice (n = 6) were then infected by intranasal administration of 104.7 TCID50/20 µl (10 µl/nostril) of an H1N1 influenza strain (A/California/07/2009 or A/WSN/1933, Virpath, Lyon, France), after ketamine/xylazine anesthesia. Weight was recorded for 10 days after challenge. Animals that lost more than 20% body weight were euthanized according to institutional guidelines by cervical dislocation.



Statistical Analyses

Statistical analyses and graphic representations were performed with Prism 8.0 (GraphPad Software Inc.). Statistical significance was determined using the unpaired, one-way analysis of variance (ANOVA) with Tukey’s multiple comparisons test or a non-parametric Kruskal–Wallis test followed by Dunn’s multiple comparisons test. Differences were considered significant if the p value was <0.05: *, <0.05; **, <0.01; ***, <0.001; ****, <0.0001. Survival rates of mice were compared using Kaplan–Meier survival analysis, and statistical significance was assessed using the Log-Rank (Mantel–Cox) test. The radar charts were designed with R (http://www.r-project.org/).




Results


NPm, NPwt, and OVX836 Proteins Display Different Physical Characteristics

We have previously proposed that heptameric influenza A NP proteins can be obtained by fusing OVX313 to the C-terminal sequence of NP, conferring a higher level of immunogenicity to the NP protein (19). Here, we produced in Escherichia coli and purified the three following recombinant proteins: the E339A/R416A mutant of strain A of NP (NPm), wild-type NP (NPwt), and NP-OVX313 (OVX836), prior to studying their immunogenicity. Table 1 summarizes the structure and physicochemical characteristics of the three NP proteins. First, intact protein mass spectrometry confirmed the homogeneity and the expected mass of NPm and NPwt. Under conditions leading to complete reduction of the disulfide bonds, the primary structure of the OVX836 subunit was also ascertained by high-resolution mass spectrometry. Then, we assessed the degree of oligomerization of these three NP proteins by measuring their hydrodynamic diameter using dynamic light scattering. As shown in Figure 1A and in Table 1, we found that NPm remains monomeric in solution (DH 6.5 nm), confirming previous findings (21, 22). NPwt protein forms oligomers with a DH of 11.2 nm, whereas OVX836 displayed larger oligomers with a DH of 41.0 nm and a rather multimodal size distribution. As shown in Figure 1B and in Table 1, the unfolding profiles of the three proteins were compared by nano differential scanning fluorimetry (nanoDSF). NPwt and OVX836 thermally unfolded at 75–76°C, a relatively high temperature, as compared to that of NPm (52–53°C). NPm is thus intrinsically more thermolabile than its wild-type counterparts. By negative stain electron microscopy (EM), we confirmed that NPm was monomeric (Figure 1C, left image) and showed that NPwt forms mainly trimers in solution (Figure 1C, middle image). When analyzing OVX836, EM images showed mainly heptameric NP structures, as well as higher-order structures formed through protein/protein interactions (Figure 1C, right image).


Table 1 | Structural characteristics of the NP proteins.






Figure 1 | Characterization of influenza A nucleoprotein (NP) constructs. (A) Size distribution as measured by dynamic light scattering (left panel). The x-axis shows a distribution of size classes (nm) and the y-axis shows the relative volume distribution. Hydrodynamic diameters are obtained from scattering intensity DLS distributions. (B) Thermal stability as measured by nano differential scanning fluorimetry (right panel). The inflection temperature (Ti) values are mentioned. (C) Electron microscopy images. NP protein vaccines show different oligomeric states.



In conclusion, we characterized three NP proteins as defined by their physicochemical characteristics: monomeric NP (NPm), trimeric NP (NPwt), and heptameric NP (OVX836 vaccine candidate). Then, their immunogenicity and protective efficacy were compared in mice.



Compared to NPm and NPwt, OVX836 Vaccine Induces Higher Numbers of Persistent NP-Specific CD8+ T-Cells in Lung Tissue and Spleen, Providing Better Protection Against Influenza

In order to measure the immunogenicity and protective efficacy of NPm, NPwt, and OVX836, we immunized mice twice (D0, D21) by the IM route. Humoral and cellular immune responses were measured at D28 by ELISA, IFNγ ELISpot, and H-2Db NP366–374 Pentamer staining (Figure 2). Whereas anti-NP IgG levels were significantly higher after NPwt and OVX836 compared to NPm immunization (p <0.0001) (Figure 2A), NP366–374-specific CD8+ T-cell responses were significantly higher after OVX836 compared to NPwt (p <0.05) and NPm (p <0.0001) immunization, as measured by IFNγ ELISpot assays in both the spleen (Figure 2B) and lung (Figure 2C). The superior ability of OVX836 over NPwt and NPm to generate lung tissue-associated CD8 cellular responses was confirmed by H-2Db NP366–374 Pentamer staining of CD8+ T-cells (Figures 2D, E).




Figure 2 | OVX836 vaccine induces higher numbers of persistent NP-specific CD8+ T-cells in lung tissue and spleen compared to NPm and NPwt. C57BL/6 female mice (n = 10) were immunized twice (D0, D21) with 30 µg of NPm, NPwt, and OVX836 by the IM route. (A) NP-specific IgG were measured by ELISA in serum at D28. Levels of IgG are expressed as Log (endpoint dilution titer) and represented in box-and-whisker plots. (B, C) NP366–374-specific IFNγ secreting T-cells (spot-forming cells (SFC)/2 × 105 cells) were measured by ELISpot in the spleen (B) and in the lung (C) at D28. (D, E) In the lung tissue, NP366–374-specific CD8+ T-cells were detected by flow cytometry using pentamer staining (H2Db-NP366–374). Representative flow cytometry plots show frequencies of NP366–374-specific CD3+CD8+ T-cells in the lung (D). Percentage of NP366–374-specific CD3+CD8+ T-cells in the lungs of mice (E). Individual data, mean (line), and SEM are represented, n = 10 mice per group in two independent experiments. Differences were assessed by one-way ANOVA followed by Tukey’s multiple comparison test or with a Kruskal–Wallis test followed by Dunn’s multiple comparison test. *p < 0.05; **** for p < 0.0001. (F) Radar chart presents the minimum (min) and maximum (max) values for each assay as indicated in log10 scale. Comparing the mean of antigen-specific immune responses at D28 (empty triangle) and D90 (plain triangle): NPm (black), NPwt (green), and OVX836 (blue).



We also measured cellular and humoral effector memory responses at D90 (Supplementary Figure S1 and Figure 2E). Whereas humoral responses were maintained at D90 for all NP proteins (Supplementary Figure S1A), only OVX836 induced persisting NP366–374-specific IFNγ-producing CD8+ T-cells in the lung and spleen at this late time point (Supplementary Figures S1B–E). All immunogenicity results are compared and visualized in a radar chart (Figure 2F). Interestingly, at the memory phase, OVX836 induced persistent NP366–374-specific IFNγ-producing CD8+ T-cells, especially in the lung, whereas NPwt vaccination promoted persistent anti-NP antibodies (Abs), however, with reduced cellular responses over time. NPm is overall less immunogenic when compared to NPwt and OVX836.

Lethal challenge studies using the A/California/07/2009 virus were performed in mice vaccinated with OVX836, NPwt, and NPm both at D42 (Figure 3A) and D90 post-first vaccination (Figure 3B). A significantly higher protection rate was observed after OVX836 vaccination at the effector phase (D42) compared to NPwt (p <0.05) and NPm (p <0.001). At the memory phase (D90), the protection against lethal influenza challenge was lost following vaccination with NPwt and NPm, whereas it was maintained, although slightly decreased, after vaccination with OVX836 (Figure 3B). The level of protection was associated with a high number of NP-specific CD8+ T-cells as observed in OVX836 compared to NPm and NPwt-immunized mice. In addition, the pronounced persistence of NP-specific CD8+ T-cells responses in the lung (Figure 2F and Supplementary Figure S1) suggests the important role of the lung CD8+ T-cells in animal protection.




Figure 3 | Long-term protection against viral challenges following OVX836 vaccination compared to NPm and NPwt. C57BL/6 mice (n = 12) were immunized twice 3 weeks apart (D0, D21), with 30 µg of NPm, NPwt, OVX836, or buffer (control mice) by the IM route. (A) 42 days and (B) 90 days post-first vaccination, mice were infected by IN route with 104.7 TCID50/20 μl (10 μl/nostril) of influenza H1N1 A/California/7/2009. Graph shows the percentage of survival observed among each group of mice. Buffer (dashed black), NPm (plain black), NPwt (green), and OVX836 (blue). *p < 0.05, **p < 0.01 and ***p < 0.001 by Log-Rank (Mantel–Cox) test.



In order to understand the mechanism of induction of CD8+ T-cell responses, we hypothesized that OVX836 might better stimulate these cells by inducing activation of DC. To test this hypothesis, we performed in vitro experiments assessing antigen presentation to CD8+ T-cells. First, we observed that purified CD8α+CD11c+ DC expressed a higher level of CD40 (data not shown) and CD86 surface activation markers when incubated with OVX836 compared to NPm and NPwt (Figure 4A). Then, antigen-loaded CD8α+CD11c+ DC were incubated with NP366–374-specific CD8+ T-cells isolated from mice immunized with NP366–374 peptide plus Incomplete Freund Adjuvant (IFA). We observed a higher production of IFNγ by NP366–374-specific CD8+ T-cells when using DC incubated with NP366–374 (positive control) and OVX836 compared to NPm and NPwt-loaded DC (Figure 4B). These results show that the OVX836 vaccine promotes DC activation favoring higher CD8+ T-cell effector responses compared to NPm and NPwt.




Figure 4 | OVX836 activates CD8α+ DC and promotes effector T-cell responses in vitro. (A) Mean CD86 expression on purified CD8a+ DCs incubated for 18 h with 2 µg/ml NPm (36 nM NP), NPwt (36 nM NP), OVX836 (32 nM NP), or a positive control. (B) Graph shows the percentage of specific CD8+ T cells that were positive for IFNγ, measurement of IFNγ production by NP-specific CD8+ T-cells incubated for 6 h with antigen-loaded DCs (as indicated) at a 5:1 (DC/CD8) ratio, then analyzed by flow cytometry. CD8+ T-cells used in the assay were isolated from the spleen of mice immunized with 30 µg of NP366–374 peptide in IFA. NP366–374 was used as a positive control in the assay. Results are representative of two independent experiments.





OVX836 Generates a Higher Number of Lung TRM CD8+ T-Cells With Cytotoxic Activity

Because the NP-specific CD8+ T-cells following vaccination was mainly persistent in the lung (Figure 2A), we investigated the presence of lung TRM CD8+ T-cells that could rapidly control viral infection upon challenge (18), as well as their cytotoxic function. As shown in Figure 5A, when using in vivo CD45 staining to distinguish circulating and tissue-resident cells (23), we observed that OVX836 induced more resident CD8+ T-cells compared to NPwt and NPm. We also observed a significantly higher percentage of resident H-2Db NP366–374 Pentamer+ among CD8+ T-cells following OVX836 immunization (Figure 5B). Likewise, the ratio of resident/circulating H-2Db NP366–374 Pentamer+ CD8+ T-cells percentages was significantly higher after OVX836 vaccination compared to NPwt and NPm (p <0.01 and 0.001, respectively) (Figure 5C). CD103 and CD69 integrins are markers of the TRM population in tissue (24). Representative flow cytometry analysis for the expression of CD103 and CD69 markers on NP366–374 Pentamer+ CD8+ T-cells is shown in Figure 5D. We found a higher abundance of H-2Db NP366–374 Pentamer+ among CD8+ CD69+CD103+ T-cells following vaccination with OVX836 compared to NPwt (p <0.05) and NPm (p <0.0001) vaccinated mice (Figure 5E). To our knowledge, this is the first demonstration that a NP protein vaccine favors the induction of TRM CD8+ T-cells.




Figure 5 | OVX836 vaccine generates lung NP-specific CD8+ TRM cells. C57BL/6 mice (n = 9–10 in each group) were immunized twice 3 weeks apart, with 30 µg of NPm, NPwt, OVX836, or buffer (control) by the IM route. At D28, anti-CD45 Abs were administered by the IV route to label vascular cells. (A) Representative flow cytometry analysis of circulating (CD45+) and resident (CD45−) distribution in the lung after immunization. (B) Representative flow cytometry analysis of circulating and resident lung NP366–374-specific CD8+ T-cells using H2-Db NP366–374 pentamer staining. (C) Ratio resident/circulating of percent H-2Db NP366–374 Pentamer + CD8+ T-cells of two independent experiments. (D) Representative overlay plots of flow cytometric analysis showing distribution of lung-resident H-2Db NP366–374 Pentamer+CD8+CD45− T-cell (red dots) TRM generated following vaccination among the CD69+CD103+ (black) population. (E) Graph representing percent resident H-2Db-NP366–374 Pentamer+ among CD8+CD69+CD103+ cells in the lung after vaccination of two pooled independent experiments. Individual data and mean ± SEM are represented. Differences were assessed by one-way ANOVA followed by Tukey’s multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



Of note, the effector memory (TEM) (CD44highCD62Lneg) populations significantly expanded after OVX836 immunization compared to NPwt and NPm (Supplementary Figure S2B, gating strategy in Figure S2A). TEM cells are cytotoxic and present in the circulation. They can be easily recruited to sites of inflammation and could rapidly control viral infection upon challenge (25).

We then assessed the cytotoxic potency of the CD8+ T-cells (Figure 6A). CFSE-labeled splenocytes loaded with NP366–374 (CFSEhigh) or negative controls (CFSElow) were used as target cells for effector CD8+ T-cells isolated from the lung and spleen of OVX836-immunized mice (Figure 6A). We found that CD8+ T-cells isolated from the lung and spleen of OVX836-immunized mice displayed significant cytotoxic function with about 35% (lung) and 25% (spleen) of killing activities (Figure 6B). Thus, the OVX836 vaccine induces NP-specific cytotoxic CD8+ T-cells in the lung and spleen.




Figure 6 | NP-specific CD8+ T-cells from OVX836-immunized mice are cytotoxic effector cells. (A) Splenocytes from naive C57/B6 mice were labelled with CFSE: the CFSElow peak corresponds to NP366–377-pulsed target cells, the CFSEhigh peak corresponds to unpulsed target cells. CFSE target cells were mixed at a 1:1 ratio and incubated for 16 h with sorted CD8+ T-cells isolated from the lungs and spleens of OVX836-vaccinated mice to measure antigen-specific CD8+ T-cell-mediated killing. (B) The data are representative of two separate experiments yielding similar results, represented in box-and-whisker plots (min and max, all points are shown) in the right panel. Differences were assessed by one-way ANOVA followed by Tukey’s multiple comparison test. Significance was set at ***p < 0.001, ****p < 0.0001.





OVX836 Heptameric NP Vaccine Generates Lung Tissue-Resident Memory CD8+ T-Cells for Cross-Protection Against Influenza

In order to determine the role of the different immune arms in the protection against lethal influenza challenge following OVX836 vaccination, we performed adoptive transfer of CD8+, CD4+ T-cells, or serum from vaccinated mice into recipient mice prior to influenza challenge. The experimental scheme is presented in Supplementary Figure 3A. Protection against the lethal A/California/07/2009 (H1N1) challenge was observed following adoptive transfer of sorted CD8+ T-cells from either lungs or spleens of OVX836-vaccinated mice, and not after transfer of either CD8+ T-cells from OVA-immunized mice or from unvaccinated mice (Figure 7A). Protection against the lethal A/WSN/1933 (H1N1) challenge was confirmed following adoptive transfer of sorted CD8+ T-cells from the spleens of OVX836-vaccinated mice (Figure 7B). In this lethal influenza challenge, the transfer of serum (Figure 7B) or sorted CD4+T cells from OVX836-immunized mice into recipient mice did not confer significant protection (Supplementary Figure 3B). In accordance with our previous findings, we observe cross-protection, since mice vaccinated with OVX836 or receiving CD8+ T-cells from OVX836 (containing NP of A/WSN/1933(H1N1) were protected after both Influenza A/WSN/1933(H1N1) virus (Figure 7B) and Influenza A/California/07/2009 (Figure 7A) challenges.




Figure 7 | NP-specific CD8+ T-cells protect mice from lethal influenza challenges. (A, B) Donor C57BL/6 mice (n = 6–7 in each group) received two IM immunizations (D0, D21) with OVX836 (30 μg), buffer (control mice), or OVA (10 μg) + IFA. Spleens and/or lungs were collected from the donor mice at D28 to obtain CD8+ T-cells for the transfer (A). Lungs to obtain CD8+ T-cells and serum were collected from the donor mice at D36 for the transfer (B). Naive C57BL/6 recipient mice (n = six in each group) received 5 × 105 lung-enriched CD8+ T-cells by the IV route or 300 μl of serum by the intraperitoneal (IP) route. Some 24 h after this adoptive transfer, all recipient mice were IN infected with 104.7 TCID50/20 µl of the influenza viral strain H1N1 A/California/07/2009 (A) or H1N1 A/WSN/33 (B). OVX836-vaccinated mice were used as positive controls in each experiment. Mice were then observed daily for clinical signs and body weight changes for 10 days. Percent survival rates are presented. *p < 0.05, **p < 0.01 by Log-Rank (Mantel–Cox) test.






Discussion

We have demonstrated that OVX836, a heptameric form of the influenza NP protein, has a high potency for the induction of both peripheral and lung-associated resident CD8+ T-cells as assessed by IFNγ production and cytotoxic function. The persistence of protective CD8+ T-cells is a striking feature of OVX836 compared to monomeric and trimeric NP. The identification of the mechanism of protection conferred by OVX836 provides a paradigm of the importance of NP CD8+ T-cell-mediated vaccine for heterosubtypic protection (5, 19).

Some vaccination strategies attempt to promote induction of CD8+ T-cell responses either by targeting the viral proteins that promote a cell-mediated response (M1, NP) or using vaccines in the form of particles (virosomes, virus-like particles, viral vectors, DNA, live attenuated influenza vaccine) to simultaneously promote humoral and cellular responses (10). In addition, the use of alternative routes of administration of vaccine formulations has provided evidence for the induction of systemic CD8+ T-cell responses (12, 26). Induction of lung-tissue CD8+ T-cell responses using protein-based vaccines remains challenging for vaccinologists. Inactivated influenza vaccines and LAIV are the two approved classes of influenza vaccine administered by the IM and IN routes, respectively (27). Both vaccines generate HA-specific antibodies while T-cell responses are significantly higher with LAIV (28). A single immunization with LAIV induces TRM, while vaccination with an inactivated influenza vaccine by a systemic or IN route is not sufficient to induce such T-cell responses in the lung (18). One of the main issues discussed for LAIV vaccination in adults, however, is the presence of pre-existing Influenza-specific memory responses in the lung that may affect vaccine efficacy by the IN route. Our finding demonstrates that conventional IM administration of OVX836 can induce memory CD8+ T-cells, both at the systemic level and in lung tissue, as well as protective efficacy against heterosubtypic influenza viruses.

The role of TRM in the lung has been evaluated for long-term protection in murine models, a question that cannot currently be addressed in humans (18, 29). Lessons learned from murine models of influenza infection have shown that the anti-viral activity of CD8+ T-cells is strongly dependent on their ability to migrate and localize in the lung while the expansion is detected in the secondary lymphoid tissue (30). After OVX836 vaccination, we found that CD8+ T-cells isolated from spleen and lung tissue display cytotoxic functions and IFNγ production. These cells can protect the animal against lethal influenza challenges, suggesting peripheral expansion of these cells into the secondary lymphoid tissue. Adoptive transfer experiments showed that lung-associated CD8+ T-cells following OVX836 vaccination can protect the animals, whereas serum and CD4+ T-cells from immunized mice were not similarly protective in the influenza challenge model. It has been shown that multiple mechanisms of effector CD8+ T-cells can contribute to protection, including the release of anti-viral cytokines and perforin/granzyme, as well as the activation of the Fas/FasL pathway (31, 32). Despite the fact that adoptive transfer of CD4+ T-cells isolated from OVX836-immunized mice did not confer full protection against influenza infection in our vaccination model, it has been proposed that CD4+ T-cells guide the formation of TRM in the lung during influenza infection (33).

Antigen-specific CD8+ T-cells can be divided into central, effector, and resident memory cells based on the expression of CD62L, CCR7, CD69, and CD103. TRM expressing CD103+CD69+ are a highly specialized TRM population and are involved in viral clearance both in humans and in mice (34, 35). We demonstrated that OVX836 vaccination is more efficient than monomeric mutant NP (NPm) and trimeric wild-type NP (NPwt) at inducing CD8+ TRM in the lung tissue. However, the mechanism for induction of TRM is currently unknown, as is the reason why these CD8+ T-cells are localized in the lung. The site of antigen encounter as well as its transport and presentation to T-cells might play a role in programming T-cell migration to the tissue (26, 36). One could hypothesize that heptamerization would promote better uptake and processing for MHC-class I presentation on APC, leading to a higher number of antigen-specific CD8+ T-cells. According to this hypothesis, we found that OVX836-loaded DC induced a higher effector CD8+ T-cell activation compared to NPm and NPwt, suggesting involvement of DC cells in favoring CD8+ T-cell responses following OVX836 immunization. Of note, NPm, NPwt, and OVX836 exhibit different physicochemical characteristics. NPm is monomeric due to the mutation of two amino acids in the NP sequence (E339A/R416A), as the ionic bond between R416 and E339 involved in NP oligomerization is then disrupted (19, 21). This results in particle sizes smaller than 7 nm and greater sensitivity to thermal denaturation. NPwt is trimeric, with an average particle diameter smaller than 15 nm, and more stable to thermal denaturation. OVX836 forms heptamers due to the OVX313 moiety and higher-order structures related to the self-associative properties of NP, thus exhibiting the largest particle size (e.g. 20–40 nm) among the three NP proteins, without detrimental effects to its stability. In addition, ion exchange chromatography shows that OVX836 (apparent pI 9.8) is more cationic than NPwt (apparent pI 9.5), mainly due to the presence of arginine and lysine residues in OVX313. NPm is overall less cationic, with probably less cationic groups on its surface (apparent pI 8.6, data not shown). Thus, the properties of OVX836—higher particle size, high thermal stability, and more surface cationic groups—might contribute to DC maturation and activation during immunization. Further studies need to be performed on the mechanism of antigen-presentation by conventional DC for cross-presentation to T-cells.

The persistence and durability of memory responses is the cornerstone of successful vaccination. The presence of memory CD8+ T-cells is potentially one of the contributing reasons that most healthy unvaccinated adults do not experience severe influenza disease on more than a few occasions. These T-cells might provide rapid and highly effective protective immunity during re-encounter of pathogens (15). In addition, CD8+ T-cells can recognize more conserved epitopes of pathogens and provide protection against several viral proteins (37, 38). CD8+ T-cell responses might diminish the morbidity and mortality typically caused by a newly emerging viral subtype (39, 40). In humans, resident effector cytotoxic T-cells are generated following multiple influenza infections. Epitopes of NP that are recognized by human cytotoxic T-cells have been identified (41). In addition, diverse TCR profiles of TRM cells and a high degree of clonal sharing with other CD8+ T-cell populations with polyfunctionality have been found in human lung tissue (42). This characteristic might be important for protection against the generation of viral-escape mutants. In pandemic situations or when influenza drifted strains circulate, available vaccines against conserved proteins of influenza virus would help to protect the population. Vaccines that promote cytotoxic T-cell responses in the lung could prevent seasonal or pandemic influenza, as a stand-alone and in combination with antibody approaches. Although cellular immunity is not sterilizing, it could contribute to significantly decreasing influenza illness, hospitalization, and death in humans (41). OVX836 is currently under clinical development: phase I was completed and Phase IIa was recently finalized (ClinicalTrials.gov Identifier: NCT03594890, NCT04192500).
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The innate immune system represents the first line of defense against influenza viruses, which cause severe inflammation of the respiratory tract and are responsible for more than 650,000 deaths annually worldwide. mRNA vaccines are promising alternatives to traditional vaccine approaches due to their safe dosing, low-cost manufacturing, rapid development capability, and high efficacy. In this review, we provide our current understanding of the innate immune response that uses pattern recognition receptors to detect and respond to mRNA vaccination. We also provide an overview of mRNA vaccines, and discuss the future directions and challenges in advancing this promising therapeutic approach.
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Introduction

The innate immune system serves as the first line of host immune response against pathogens but also virus-based vaccines containing either attenuated or inactivated viruses to prevent infectious diseases. After vaccination, the innate immune system identifies and removes vaccinated cells while coordinating the adaptive immune responses in the form of antigen-specific reactions, thereby sustaining long-term protection from the viral infection. To rapidly detect and defend against the various viruses, the immune cells have evolved to acquire multiple pattern-recognition receptors (PRRs) such as Toll-like receptors (TLRs), retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs), and the nucleotide-binding oligomerization domain (NOD)-like receptor family proteins (NLRs) (1, 2). Through such receptors, the innate immune system is activated in a tightly regulated manner while retaining the adaptive immune response, but without excessive innate immune responses that can cause tissue damage and systemic inflammation, which are harmful to the host. In the present review, we discuss innate immune recognition, activation of inflammasome, and cytokine secretion in response to influenza virus infection and its mRNA vaccines. We also emphasize mRNA vaccines as promising tools for the prevention and control of influenza virus disease.



Brief History on Influenza Vaccines to Date

Influenza viruses cause some of the most virulent respiratory tract infections in humans. Seasonal influenza virus epidemics are estimated to lead to up to 290,000–650,000 deaths per year globally (3). Influenza viruses are enveloped, negative-sense, single-stranded RNA (ssRNA) viruses with a segmented genome. For instance, the influenza A virus (IAV) contains eight RNA segments encoding the RNA polymerase subunits [polymerase acidic protein (PA), polymerase basic protein 1 (PB1), polymerase basic protein 2 (PB2)], viral glycoproteins [hemagglutinin (HA), which facilitates viral entry; and neuraminidase (NA), which facilitates viral release], viral nucleoprotein (NP), matrix protein (M1), membrane protein (M2), and nonstructural protein 1 (NS1) (Figure 1A). IAV infects the cell through endosomal uptake and release, and the viral ribonucleoproteins (vRNPs) enter the nucleus for mRNA transcription and replication via a positive-sense complementary ribonucleoprotein (cRNP) intermediate. Viral mRNA is then converted into viral proteins in cytoplasm, which are complex into new virions and released from the cell (Figure 1B).




Figure 1 | Influenza A virus structure and replication. (A) The influenza A virus (IAV) genome comprises eight segmented, and single- and negative-stranded RNAs (vRNA). Each segment is encapsulated by a nucleoprotein (NP) and, mediated by the RNA polymerase, they form the viral ribonucleoprotein (vRNP) complex (PB1, PB2, PA, and NP), which is the essential unit for both transcription and replication. (B) Infecting vRNP is transported into the nucleus where viral transcription and replication occurs, followed by progeny vRNP production. After the progeny vRNP is exported to the cytoplasm, the virus is assembled. HA, haemagglutinin; M1, matrix protein; M2, membrane protein; NA, neuraminidase; NS1, nonstructural protein 1; PA, polymerase acidic protein; PB1, polymerase basic protein 1; PB2, polymerase basic protein 2.



There are four distinct types of seasonal influenza viruses: types A, B, C, and D. Types A and B influenza viruses are currently co-circulating in the human population and cause seasonal epidemics: the H1N1 and the H3N2 subtypes of IAVs, and two divergent lineages (Yamagata lineage and Vitoria lineage) of the influenza B viruses (IBVs) (4). Through the coordination of World Health Organization Global Influenza Surveillance Network, seasonal influenza virus vaccines are designed annually and the formulations contain the two IAV strains and two IBV strains; however, the efficacy of seasonal influenza virus vaccines varies greatly each influenza season (5). Upon seasonal influenza vaccine injection, innate immune cells, including macrophages and dendritic cells (DCs) that are present in the muscle, cause an increase in the release of chemokines, which leads to the recruitment of more immune cells from the blood into the site of vaccination. The differentiated DCs act as antigen-presenting cells and migrate to the lymph nodes leading to the activation of T- and B-cells for the production of antibodies (6) (Figure 2). However, the vaccines induce narrow and strain-specific immunity that require constant updating (almost every year) due to the high frequency of point mutations, which ultimately represents a complex, expensive, and time-consuming process. In addition, various strains of influenza viruses, including avian and swine, have acquired the ability to grow efficiently in humans across species barriers from animal reservoirs and to disseminate between populations, posing a serious threat to humans. In addition to seasonal epidemics, influenza pandemics occur once every few decades and are caused by the swine-origin H1N1 IAVs, which have never circulated, and can spread rapidly across the human population. The H1N1 influenza virus pandemic in 1918 killed approximately 40 million people globally (7). Since then, pandemics have been caused by H2N2 in 1957, H3N2 in 1968, and again by H1N1pdm09 in 2009 (8). Considering seasonal influenza virus vaccines induce strain-specific immunity, which may not offer strong protection against infection by a pandemic-causing influenza virus, there is a need to develop novel influenza vaccines that induce broad immunity that is not focused on the corresponding vaccine strain (9).




Figure 2 | Host immune response against mRNA vaccines. A self-amplifying RNA (saRNA) vaccine can be delivered in the form of virus-like RNA particles, in vitro transcribed RNA, and plasmid DNA. Dendritic cells (DCs) recognize saRNA in the muscle and the cells are differentiated. The differentiated DCs function as antigen-presenting cells and migrate to the lymph nodes leading to activation of T- and B-cells for antibody production.



Prior to the 1980s, inactivated and live-attenuated vaccines were established to protect humans against pathogenic microorganisms. Inactivated vaccines were manufactured by chemical or heat treatment, and live-attenuated vaccines were usually developed in animals or cell lines. The use of killed whole organism-based vaccines or live-attenuated vaccines had huge success in the reduction of viral infections including measles, mumps, rubella, and polio, and the eradication of smallpox infection (1). Despite the success, major concerns persist regarding conventional vaccination strategies. Infectious pathogens such as influenza virus are able to evade the adaptive immune response, and it is frequently difficult to develop live-attenuated or killed whole organism-based vaccines (10). In the case of the current influenza virus vaccine, the main challenge is its low effectiveness in the elderly (≥ 65 years old), who are more susceptible to influenza virus infection than children and adults (11). Such shortcomings of inactivated influenza virus vaccines are often attributed to mutations in surface antigens of the influenza virus. Other concerns regarding influenza virus live-attenuated vaccines include the potential to cause systemic inflammation and death, possibly due to back-mutations, acquisition of compensatory mutations, or recombination with circulating transmissible wild-type strains (12–14).

Generally, influenza virus infects the host via the nasal or oral cavities, where it makes the first contact with the respiratory epithelium, similar to live-attenuated influenza vaccines administered intranasally (15, 16). After infecting the respiratory epithelial cells, the virus or the intranasal influenza vaccine can induce both systemic and mucosal immune responses. The defense mechanisms of the innate immune cells, especially DCs, are a formidable barrier to the influenza virus. Particular immune systems exist at distinct mucosal surfaces to fighting invasion by influenza virus. The viral RNA that is present within infected cells is recognized as non-self by various pattern recognition receptors (PRRs), which leads to the release of proinflammatory cytokines, chemokines, and type I interferons (IFNs). Macrophages, pneumocytes, DCs, and plasmacytoid-DCs produce type I IFNs, which in turn stimulate the expression of IFN-stimulated genes (ISGs) in neighboring cells that induce antiviral states (17–19).

Unlike influenza virus infection or intranasal influenza vaccine, mRNA-based vaccines contain mRNAs that encode both the viral protein and immune-modulatory proteins as adjuvants, which enhance immunostimulatory properties. Upon mRNA entry into host cells, endosomal (e.g., TLR3, TLR7, and TLR8) and cytosolic innate immune sensors (e.g., RIG-I, PKR, NOD2, OAS, and MDA5) recognize mRNAs, including single-stranded RNA (ssRNA) and double-stranded RNA (dsRNA). Subsequently, the immune cells are activated and produce type I IFN and multiple inflammatory cytokines (20). However, single-stranded mRNAs in the vaccine are purified appropriately through in vitro transcription process to eliminate the interaction with innate immune sensors, which induce excessive secretion of type I IFN and its cellular dysfunction (20).

Furthermore, the adjuvant stimulates the innate immune response and drives antigen-specific T-cell responses without inducing systemic inflammation that could elicit severe side effects. In addition, injection site (e.g., subcutaneous, intramuscular, intradermal, and intravenous) and mRNA vaccine delivery formulations (e.g. lipid nanoparticle) influence the potency of the immune response (21). For instance, lipid nanoparticle carrier systems further protect mRNAs from nuclease, and can target delivery to lymphatics and promote protein translation in lymph nodes by intramuscular injection (20). In contrast to intranasal mRNA-mediated innate immune response, intramuscular mRNA will primarily be up taken by non-immune cells including local myocytes. Once in the lymph nodes, the lipid nanoparticle is eventually phagocytized by DCs, which consequently produce and present the antigen to T-cells to promote adaptive immune responses (22, 23). The capability of mRNA vaccines to induce the intracellular production of antigen proteins along with innate immune responses must prime both CD8+ and CD4+ T-cells to differentiate into effector and memory subsets for the protection from the infection (24).

The effective use of in vitro transcribed mRNA in mammals was first reported in 1990, with reporter gene mRNAs being injected into mice that induced the production of the target proteins (25). A subsequent study showed that administration of vasopressin-encoding mRNA in the hypothalamus could induce a physiological response in rats (26). However, such early promising results did not lead to significant investment for the development of mRNA vaccines because of anxieties associated with mRNA instability, severe innate immune responses, and ineffective in vivo delivery. Over the past decade, however, major technological innovations and investments in research have made mRNA a promising vaccination tool. The use of mRNA vaccines has several benefits over subunit, killed, and live-attenuated viruses. As mRNA is a non-infectious and non-integrating platform, there is no potential risk of infection or insertional mutagenesis. In addition, mRNA is degraded by normal cellular processes, and various modifications and delivery methods can modulate its half-life in vivo (27–29). Formulating mRNA into carrier molecules facilitates rapid uptake and expression in the cytoplasm, where it is stable and highly translatable (28, 30). Furthermore, mRNA vaccines have quick, inexpensive, and mountable manufacturing potential due to the high yield of in vitro transcription responses. Additionally, several elegant studies with non-human primate models of influenza mRNA vaccine have been carried out. After immunization of modified non-replicating mRNA encoding influenza H10 encapsulated in lipid nanoparticles in monkeys, protective levels of antibodies against hemagglutinin were dramatically increased, similar to observations following seasonal influenza vaccination in humans (31). Using a novel imaging technology (positron emission tomography–computed tomography, PET–CT), an mRNA vaccine labeled with a probe is trafficked to assess bio-distribution in monkeys, providing insights of the mechanisms of the innate and adaptive immune responses following vaccine administration on site and at the draining lymph node, which translates into protective immunity (32).



Innate Immunity to Influenza Viruses

The IAV is recognized as foreign by PRRs including TLRs, RLRs, and NLRs, which leads to programmed cell death, secretion of type I IFNs, and proinflammatory cytokines, which induce excessive inflammation.


TLR- and RLR-Associated Influenza Virus Recognition

TLR- and RLR-mediated signals for influenza viruses induce to the release of type I IFNs and stimulate the expression of ISGs by infected and nearby cells to induce an antiviral state (33–36). Moreover, TLR and RLR signals also induce the release of proinflammatory cytokines, such as interleukin (IL)-6 and IL-8 (37, 38).

TLR3 senses dsRNA in endosomes. Although the cells infected by influenza virus do not produce dsRNA, Tlr3−/− mice have a longer lifespan compared with wild-type mice after deadly influenza virus infection (38), suggesting that TLR3 recognizes an unidentified RNA structure following viral infection. Furthermore, Tlr3−/− mice produce normal antibodies, and CD4+ and CD8+ T-cell responses after influenza virus infection (33), suggesting that TLR3 is dispensable for generating T-cell immunity. In plasmacytoid-DCs, TLR7 recognizes the ssRNA genomes of influenza virus (34, 35). TLR7 signaling via adaptor myeloid differentiation primary response 88 (MYD88) leads to the activation of transcription factors including nuclear factor-κB (NF-κB) and IFN-regulatory factor 7 (IRF7), which induce the production of type I IFNs and proinflammatory cytokines (39–41).

RIG-I is a cytosolic PRR that generally recognizes 5’ppp-double-stranded RNA (dsRNA). RIG-I also senses the 5’ppp-viral ssRNA that is produced following influenza viral replication (42–44). After detection of influenza viral RNA, the helicase domain of RIG-I interacts to ATP, which facilitates conformational changes of the caspase-recruitment domains (CARD) to interact with signaling adaptor mitochondrial antiviral signaling protein (MAVS) for type I IFN production (45, 46).



Inflammasome-Mediated Response to Influenza Virus

NLRs have an important role in antiviral immune response, inflammatory response, and cytokine induction. Proinflammatory signaling induces the recruitment of immune cell, such as macrophages and neutrophils, to eliminate pathogens and pathogen-derived molecules. IL-1β and IL-18 are key proinflammatory cytokines and are important for the protection against IAV infection (16, 47–49). Secretion of IL-1β and IL-18 requires the proteolytic maturation of pro-IL-1β and pro-IL-18, respectively, that is mediated by inflammasomes. Inflammasomes are multiprotein complexes consisting of caspase-1, ASC, and PRRs, such as NOD–like receptor family protein 3 (NLRP3) (16, 47–49). Upon viral ligand sensing, PRRs induce self-oligomerization and binds to the inflammasome adaptor protein ASC, which is composed of an N-terminal pyrin domain (PYD) and a C-terminal CARD. ASC oligomerizes via homotypic interactions of the PYD domain and then binds to caspase-1 via the CARD for the inflammasome formation, which ultimately induces inflammatory cell death.

In macrophages, influenza virus-induced NLRP3 inflammasome activation requires the Z-DNA binding protein 1 (ZBP1) to form the ZBP1–NLRP3 inflammasome (50, 51). When replicating, IAV generates Z-RNAs, which are transformed versions of an RNA double helix, that are sensed by ZBP1 and bind to the receptor interacting serine/threonine kinase 3 (RIPK3) and caspase-8 to activate the ZBP1–NLRP3 inflammasome (50–52). Recently, it has been shown that caspase-6 facilitates RHIM-dependent binding of RIPK3 with ZBP1, promoting ZBP1-mediated NLRP3 inflammasome activation (53). In respiratory epithelial cells, MxA functions as an inflammasome sensor that recognizes influenza viral protein NP and induces the release of IL-1β and IL-18 in an NLRP3-independent manner (15, 16).

NLRP3 and MxA inflammasome activation has been shown to be an important innate immune defense against influenza virus. After influenza virus strain A/Puerto Rico/8/34 (PR8) infection, NLRP3 was found to be important for the migration of leukocytes into the lungs and to protect the host from infection (47, 49). During influenza virus infection in human MxA transgenic mice, rapid activation of the MxA inflammasome in the respiratory epithelium showed to suppress viral spreading from the bronchioles to the distal alveolar regions (16). The results of such studies suggest that optimal inflammasome activation is beneficial for the host; however, abnormal activation can cause to harmful outcomes.




Adaptive Immunity to Influenza Virus

Innate and adaptive immune responses significantly protects the host from influenza viruses and are important for the production of strong antibody responses. After influenza virus infection, the innate immune system is critical for recognizing and removing vaccinated cells while also coordinating an adaptive immunity through an antigen-specific antibody reaction and providing long-term protection from the viral infection.

Upon recognition of viral antigens and interaction with cognate CD4+ T-cells, naïve B-cells are activated (54). Some of the activated B-cells quickly differentiate into short-lived plasmablasts. Although other activated B-cells migrate to the follicles of secondary lymphoid tissues and undergo a germinal center reaction, the plasmablasts produce the first wave of virus-specific antibodies in humans. If plasmablasts are derived from memory B-cells, the numbers of plasmablasts peak in the periphery at about 7 days post-infection (55). A small number of activated B-cells, however, will only differentiate into long-lived plasma cells, which migrate and resides in the bone marrow to produce antibodies, which provide the long-term serum antibody level and are associated with the defense against pathogen infection and disease. Another portion of the primarily activated B-cells differentiate into memory B-cells (56, 57), which do not release antibodies and remain in the periphery for immune surveillance, but they are long-lived and can be reactivated to become plasmablasts during infection for the production of new antibodies and further memory B-cells (55). Overall, the adaptive immunity-derived antibody response to influenza virus infection is relatively broad and long-lived; however, influenza viruses can deviate from the adaptive immune responses over time owing to their high mutation rates and antigenic flexibility. Further studies of how natural viral infection induces long-lived immune responses are required for the development of next-generation influenza virus vaccines.



Conventional Seasonal Influenza Virus Vaccines

Seasonal influenza virus vaccines are produced using egg-, cell-, and protein-based technologies, and the entire processes typically take 6~8 months. Influenza vaccines against IAVs and IBVs were invented in the 1940s and such whole-virus inactivated vaccines were generated in embryonated chicken eggs that consisted of crudely purified whole virus inactivated with formalin and phenylmercuric nitrate (58, 59). In 2012, vaccine-containing cell-based virus emerged as an alternative method for producing inactivated and live-attenuated vaccines (60). The efficacy of trivalent inactivated and live-attenuated influenza vaccines is approximately 65% and 83% in adults and children, respectively (61). Live-attenuated influenza virus vaccines that are used are usually cold-adapted and temperature-sensitive, and efficiently replicate in the upper but not the lower respiratory tract (62–64). Collectively, such studies indicate that seasonal influenza virus vaccines present good protection against influenza virus infection.

However, there are also negative reports on such vaccines. A vaccine efficacy of 75% in adults declines suddenly in the elderly, who are more susceptible to influenza virus infection (65, 66). In addition, mismatches between vaccine and circulating strains sometimes occur and are generally associated to lower vaccine efficiency (67). Based on US virologic surveillance and US Influenza Vaccine Effectiveness (Flu VE) Network data, the estimated vaccine effectiveness (VE) against IAV or IBV decreased to 29% in all ages during the 2019–2020 influenza season (average VE in 2010–2018 was 44.1%) due to the spread of antigenically drifted IAV (H3N2), which has raised concerns about vaccine strain selection (68) (https://www.cdc.gov/flu/vaccines-work/past-seasons-estimates.html). Furthermore, the duration of protection is occasionally short (69, 70). To induce stronger, more sustained immune responses in the elderly, high-dose vaccines or advanced adjuvant vaccines including MF59 and AS03, have been tested. The doses in high-dose vaccines are 4-fold those in trivalent inactivated vaccines, which could induce higher amounts of antibodies than standard dose vaccines (71). MF59-adjuvanted seasonal vaccines have been licensed and marketed in more than 25 countries for the elderly population (72, 73). AS03-adjuvanted influenza virus vaccines are also under consideration for use in the elderly population (74).



Conventional Pandemic Influenza Virus Vaccines

IAVs are typically transmitted within one animal species but sometimes they can cross over and cause illness in another species. In the latter situation, more significant genetic changes are exhibited than in circulating human seasonal IAV. If the novel IAV is infectious and spreads easily in humans, it is considered an influenza virus pandemic. Because most of the human population has no or only limited natural immunity to novel influenza virus strains, pandemic IAV vaccine candidates have been developed using a range of production platforms. The inactivated split influenza virus vaccine platform with an adjuvant has advanced the furthest, and other platforms, including nucleic acid (DNA and mRNA), vector, recombinant protein (VLP; virus-like particle), and live virus are still under development (75). H5N1 avian influenza virus vaccine was the first U.S. FDA-approved vaccine for the human population because concerns were raised with regard to the potential of the highly pathogenic H5N1 virus to cause an influenza pandemic (76, 77).

One of the challenges in influenza pandemic management is the global vaccine production capacity within several months following the emergence of an outbreak. In the case of vaccines against H5N1 strains, the seed strains were generated using reverse genetics to remove the multi-basic cleavage site of the HA and to alter the backbone to that of a high-growth PR8 H1N1 strain, which exhibits relatively less pathogenicity (77). Such modifications facilitate the production of safer vaccine strains and at high quantities, because highly pathogenic IAVs frequently kill embryonated eggs, resulting in low production (77). A number of the H5N1 and H7N9 vaccines have been tested in humans and a high antigen dose or the use of an adjuvant is necessary to induce reliable hemagglutination inhibition titer (77, 78). A clinical trial of an H7N9 vaccine yielded an efficacy of approximately 60% despite the use of an adjuvant (79), indicating that adjuvants and multiple vaccinations are required for achieving sufficient vaccine efficiency.



Messenger RNA Vaccine Strategies Against Influenza Virus

mRNA vaccines are extensively characterized by experimental approaches that improve mRNA stability and delivery, and protein production. Such approaches involves the development of nanoparticle transport techniques that stabilize mRNA, enhance cellular uptake, and improve biological availability when mRNA enters the cell. A clear advantage of mRNA vaccines is that it does not need to enter the nucleus to promote antigen expression.


Self-Amplifying mRNA Vaccines Against Influenza Virus

A self-amplifying RNA (saRNA) vaccine can be carried in the form of plasmid DNA, virus-like RNA particles, and in vitro transcribed RNA (80) (Figure 3). DNA plasmid-based saRNA vaccines combine the advantages of a more stable DNA nucleic acid product with greater levels of antigen expression. saRNA vaccines have elicited strong immune responses in preclinical models (81). saRNA vaccines are derived from the genome backbone of an alphavirus, in which the genes encoding the viral RNA replication machinery are intact (82).




Figure 3 | Obtaining antigen expression by self-amplifying RNA vaccination. Three routes for the delivery of self-amplifying RNA (saRNA) are shown. These include: 1) virus-like RNA particles that deliver saRNA to the cytoplasm by receptor-mediated endocytosis, 2) direct delivery of in vitro transcribed replicon saRNA to cells either in saline or in synthetic formulations, and 3) plasmid DNA carrying replicase genes and the transgene into the nucleus, where it is transcribed, generating replicon saRNA, which is then transported to the cytoplasm. The three saRNA vaccination routes finally generate messenger RNA (mRNA), which is translated via ribosomes to produce vaccine antigen.



There are several reports on the use of saRNA vaccines against influenza virus. Immunization with 10 mg of saRNA vaccine encoding PR8 H1N1 IAV HA produced antibody responses and protection from lethal homologous viral challenge in mice (83). Another study showed development of saRNA vaccines where the A/California/07/2009 (H1N1) or A/Shanghai/2/2013 (H7N9) IAV HA-encoding saRNA was formulated in lipid nanoparticles, and small doses induced protective levels of hemagglutination inhibition titers after two intramuscular injections in mice (84). Consistent with this finding, another group showed that intramuscular administration of 0.1 or 0.2 mg of PR8 H1N1 IAV NP, M1, or combined NP+M1 self-amplifying RNA-lipid nanoparticle vaccines resulted in strong antigen-specific T-cell responses and protection from homologous viral infection (85). IAV HA and NP replicon RNA complexed with chitosan-containing lipid nanoparticles or polyethylenimine (PEI) has elicited T- and B-cell immune responses in mice after subcutaneous delivery (86, 87). A recent study revealed a delivery platform consisting of a chemically modified, ionizable dendrimer complexed into lipid nanoparticles. Using this platform, intramuscular delivery of RNA replicons encoding A/WSN/33 (H1N1) IAV HA successfully protected mice against lethal homologous virus challenge (88). A more recent study showed a direct comparison of the immune response and protective efficacy after self-replicating mRNA and non-replicating mRNA immunization in mice (80). Animals were intramuscularly immunized two times with increasing doses of PR8 H1N1 IAV HA-encoding unformulated self-replicating mRNA or unmodified non-replicating mRNA and challenged eight weeks after the first vaccination. Both platforms induced protection against infection with the homologous influenza virus (80).



Non-Replicating Influenza Virus mRNA Vaccines

Non-replicating mRNA vaccines can be made with the incorporation of various modified nucleosides, and much effort has been invested in the development of directly injectable non-replicating mRNA vaccines. There are several studies of non-replicating mRNA vaccines against influenza virus. Administration of IAV NP-encoding mRNA complexed in liposomes induced cytotoxic T-cell responses in mice (89). Intradermally immunized mice, ferrets, and pigs with various IAV HA-, NP-, and NA-encoding RNActive vaccines produced protective immune responses after a single immunization (90). Intravenous immunizations in mice using PR8 H1N1 IAV HA-encoding unmodified mRNA-lipid complexes showed elevation of T-cell activation after administration of a single dose (91). Together, it will be important to determine if and how these findings translate to clinical trials and vaccination.




Innate Immunity to mRNA Vaccines

The innate immune system acts as the first line of host immune response against mRNA vaccination. During an mRNA vaccination, the mRNA can be recognized by various PRRs, including TLRs, RLRs, and NLRs, for the production of IFNs and proinflammatory cytokines. Prototypically, IFNs and proinflammatory cytokines are largely beneficial to the host and trigger induction of IFN-inducible genes and the infiltration of immune cells to remove vaccinated cells. However, dysregulated IFNs and proinflammatory cytokines drive inhibition of efficacy of mRNA vaccines, detrimental systemic hyperinflammation, and tissue damage. Therefore, appropriate purification of in vitro transcribed mRNA is critical for maximizing immunogen production and avoiding undesired innate immune activation.

TLR3 senses dsRNA longer than 45 base pairs and those derived from ssRNA forming secondary structures or from viral replication intermediates. TLR7 can recognize both dsRNA and ssRNA, whereas TLR8 only senses ssRNA (92). The activation of TLR7 can stimulate antigen presentation, cytokine release, and induce B-cell responses (93). In particular, RIG-I senses ssRNA and dsRNA bearing a 5′-triphosphate and stimulates IFN production (44, 94).

mRNA vaccine-derived IFN production via RNA sensors is dependent on the quality of in vitro transcribed mRNA, the delivery vehicle, and the administration route. Recognition of in vitro transcribed mRNA contaminated with dsRNA cause rapid type I IFN induction, which upregulates the expression and activation of protein kinase R (PKR) and 2′-5′-oligoadenylate synthetase (OAS). This leads to the inhibition of translation and the degradation of cellular mRNA, ribosomal RNA, and in vitro transcribed mRNA (95–97) (Figure 4). Contaminating dsRNA can be efficiently removed from in vitro transcribed mRNA by chromatographic methods including reverse-phase fast protein liquid chromatography or high-performance liquid chromatography. Purification by these methods has been shown to increase antigen protein production from in vitro transcribed mRNA by up to about 1000-fold in human DCs (97). In addition to dsRNA contaminants, single-stranded mRNA molecules are recognized as a PAMP and detected by TLR7 and TLR8, resulting in type I IFN production and decreased antigen protein production from in vitro transcribed mRNA (98–100).




Figure 4 | Dysregulated innate immunity prevents mRNA vaccine efficacy Upon mRNA vaccination, incoming self-amplifying RNA (saRNA) is recognized by the Toll-like receptor (TLR) 3, TLR7, and retinoic acid-inducible gene I (RIG-I), which promotes their downstream signaling and consequent production of type I interferon (IFN). Recognition of in vitro transcribed mRNA contaminated with dsRNA causes rapid type I IFN production, which induces the expression and activation of protein kinase R (PKR) and 2′-5′-oligoadenylate synthetase (OAS). This will inhibit the translation and induce the degradation of cellular mRNA, ribosomal RNA, and in vitro transcribed mRNA. EIF2a, eukaryotic initiation factor 2a; IFNAR, interferon-alpha receptor.



Given that reducing type I IFN signaling is critical for mRNA vaccine strategy, several studies revealed the development of modified mRNA that reduced type I IFN signaling. Incorporation of naturally occurring chemically modified nucleosides, including pseudouridine and 1-methylpseudouridine, prevented the activation of TLR7, TLR8, and other innate immune sensors, thereby reducing type I IFN signaling (27, 101–104). Another study also showed that nucleoside-modified mRNA translated better compared with that of unmodified mRNA in vitro, especially in primary DCs, and in vivo in mice (27, 103). Together, the balance between mRNA vaccines and the innate immune response is critical for potential vaccine approaches; this balance must be finely controlled to reduce excessive innate immune responses while retaining maximal immunogen production in DCs.

Note, that while the inflammasome-dependent release of IL-1b and IL-18 triggers further production in DCs for the induction of influenza virus-specific CD8+ T-cell priming (49, 105), whether in vitro transcribed mRNA can be recognized by inflammasome sensors remains largely unknown. Future studies are needed to fully examine the factors required for the inflammasome-driven adaptive immune response.



mRNA-Based Influenza Virus Vaccine Development

mRNA vaccines have lately attracted substantial attention, involved massive academic and industrial investment, and biotechnology companies have succeeded in raising capital for the development of innovative RNA vaccines. The first directly injectable influenza RNA vaccine against H10N8 and H7N9 was developed by scientists at Moderna Therapeutics (USA), who demonstrated that it was possible to induce protective immunogenicity with acceptable tolerability profiles (106, 107). For the first human seasonal influenza virus RNA vaccine trial, CureVac AG company (Germany) developed a sequence-engineered mRNA-lipid nanoparticle strategy that enables an extraordinary level of in vivo protein translation without the use of modified nucleosides (29). Using this strategy, a recent study demonstrated that a single intramuscular immunization with 10 μg of A/Netherlands/602/2009 (H1N1) HA-encoding mRNA-lipid nanoparticles induce hemagglutination inhibition titers in the protective range (≥1:40) in non-human primates. Moreover, inoculation of a second dose effectively boosted immune responses and resulted in hemagglutination inhibition titers ≥1:160 for over 1 year in all vaccinated animals (108). CureVac AG scientists provided evidence that two immunizations with mRNA-lipid nanoparticles encoding for HA from A/Hong Kong/4801/2014 (H3N2) induced stronger T- and B-cell immune responses than the licensed MF59-adjuvanted trivalent inactivated IAV vaccine.



Limitations of mRNA Vaccine

mRNA vaccine-associated hypersensitivity reactions are not often observed. Similarly, severe acute-onset, presumably immunoglobulin-E (IgE)- or immunoglobulin-G (IgG)-mediated, and complement-mediated anaphylactic or severe delayed-onset T-cell-mediated systemic responses are considered very rare. Hypersensitivity to the active antigen of the vaccine can also be developed. Acute hypersensitivity responses following vaccination include self-limited local side effects and systemic responses can range from urticaria/angioedema to full-scale anaphylaxis with multisystem involvement (109).

Anaphylaxis is a rare life-threatening allergic reaction that usually occurs within minutes to hours after vaccination (109). Anaphylaxis induced by vaccines is generally rare. The coronavirus disease 2019 (COVID-19) pandemic highlighted the need for robust vaccine production via mRNA vaccines derived in lipid nanoparticles. Unexpectedly, there are fewer serious allergic reactions due to public vaccines and, as a result, there are considerable public concerns centered on atopic individuals. Previous research on the immune mechanism of vaccine-related anaphylaxis has focused on the presence of gelatin, latex, and egg proteins, and more recently on polysorbate 80, a widely used surfactant present in many vaccines (110). However, all of the above-mentioned excipients were not included in the Pfizer-BioNTech COVID-19 mRNA vaccine and no cases of anaphylaxis were observed in large-scale phase 2/3 clinical trials; thus, these events are unexpected (111, 112). Hence, occurrence of anaphylaxis upon initial exposure to the COVID-19 vaccine refers to pre-existing antibody-mediated immunity (allergy) or a pseudo-allergic reaction unrelated to previous exposure.

Anaphylaxis associated with known allergens is best understood through the classical paradigm of crosslinked IgE bound to fragment crystallizable region (Fc) ϵ receptors of mast cells and basophils, but nonclassical pathways including antibody-dependent activation of complement or IgG-associated mast cell/granulocyte/platelet/basophil-mediated mast cell/granulocyte/platelet/basophil activation via Fcγ receptors has been described in animal models and in human allergic responses to drugs (113–117). Unfortunately, information on the potential use of vaccines for testing to confirm the pathological etiology or predict reactivity risk remain scarce.

A rapid and thorough study-based evaluation of patients who have experienced anaphylactic vaccine reactions and prospective clinical trials in individuals at risk are requested to address these concerns during the public health crisis.



Conclusions and Future Research Directions

We have highlighted the innate immune system response during IAV mRNA vaccination. Optimal innate immune sensing and inflammatory cytokine release are essential for T- and B-cell immune responses. However, excessive host innate immune responses possibly lead to cytokine storms and/or tissue damage (118, 119), inhibiting the efficacy of influenza virus mRNA vaccines. Therefore, mRNA-induced innate immunity must be controlled to reduce excessive inflammation while retaining antibody production.

Over the past decade, there has been a clear breakthrough in the field of influenza virus mRNA vaccines, demonstrating proof-of-concept in both preclinical and clinical settings (20). However, reducing the innate immune sensing of mRNA and maximizing translatability of the promising animal data to humans remains challenging. Further clinical trials examining the long-term safety and immunogenicity are required to evaluate the impact of RNA vaccines on the influenza virus vaccine field.

Currently, the COVID-19 pandemic continues to spread globally, urgently requiring effective vaccines to fight it. FDA-approved mRNA vaccines are greatly effective in working-age adults at preventing SARS-CoV-2 infection, with the vaccines attenuating the viral RNA load, risk of febrile symptoms, and duration of illness among those who have breakthrough infection despite vaccination (120). The future of mRNA vaccine field is potential, and the clinical data and resources provided by the associated companies and other academic institutions are likely to significantly build on and strengthen basic research into mRNA-based vaccines.
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Influenza viruses undergo antigenic changes in the immuno-dominant hemagglutinin (HA) head domain, necessitating annual re-formulation of and re-vaccination with seasonal influenza virus vaccines for continuing protection. We previously synthesized mosaic HA (mHA) proteins of influenza B viruses which redirect the immune response towards the immuno-subdominant conserved epitopes of the HA via sequential immunization. As ~90% of current influenza virus vaccines are manufactured using the inactivated virus platform, we generated and sequentially vaccinated mice with inactivated influenza B viruses displaying either the homologous (same B HA backbones) or the heterologous (different B HA backbones) mosaic HAs. Both approaches induced long-lasting and cross-protective antibody responses showing strong antibody-dependent cellular cytotoxicity (ADCC) activity. We believe the B virus mHA vaccine candidates represent a major step towards a universal influenza B virus vaccine.
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Introduction

Influenza B virus has been a significant public health burden on a global scale (1–3). Approximately 20 to 30% of all clinical influenza cases are caused by influenza B viruses. In some years, they are the most prominent circulating strains of influenza (4–7). Furthermore, influenza B viruses have been described to have significant and disproportionately higher mortality rates compared to influenza A strains in children and infants. For example, during the 2010-2011 epidemic in the United States, influenza B viruses caused 25% of all influenza cases while 38% of all pediatric deaths were attributed to influenza B infection (8). The impact of influenza B virus as a pediatric health problem has also been observed worldwide (7, 9, 10).

Currently, there are two antigenically distinct lineages of influenza B viruses co-circulating in the human population, the B/Yamagata/16/1988-like strains and the B/Victoria/02/1987-like strains, which diverged from a common ancestor in the 1980s (11). The influenza B virus HA contains four major antigenic sites in the globular head domain, the 120 loop, the 150 loop, the 160 loop and the 190 helix (12). These major antigenic sites are immuno-dominant, eliciting most of the HA-specific antibody responses in the host (13, 14). However, the immuno-dominant head domain has high plasticity and is subject to antigenic drift, which allows the virus to escape pre-existing immunity. Therefore, HA-based seasonal influenza virus vaccines need to be re-formulated and re-administered frequently based on surveillance of the circulating strains (15). Although the trivalent influenza virus vaccine (TIV) containing the influenza B virus components of one lineage offers cross-protection in some vaccine recipients (16, 17), a quadrivalent influenza virus vaccine (QIV) containing influenza B components of both lineages started to replace the TIV since 2013 in the United States and also in Europe, aiming for higher vaccine efficacy and broader protection (18–20). However, mismatches between the vaccine strains and circulating strains still substantially decrease vaccine efficacy (21, 22). To overcome such limitations, our group has developed two influenza B virus vaccine strategies, the chimeric HA (cHA) approach and the mosaic HA (mHA) approach (23–28). Both strategies were designed with the rationale of eliciting antibodies against the immuno-subdominant (SD) and more conserved epitopes of the HA protein. The mHA constructs had their immunodominant antigenic sites silenced and they were tested in the recombinant protein vaccine platform.

Because almost 90% of influenza virus vaccines are manufactured using the inactivated vaccine platform, the whole inactivated influenza B viruses (WIVs) displaying the mHAs were used for this study (29). Of note, in addition to the homologous B mHA viruses with the same B/Yamagata/16/1988 HA backbone, we rescued additional heterologous B mHA viruses in different HA backbones covering the two lineages (B/Phuket/3073/2013 and B/Brisbane/60/2008). In mice, we showed that sequential immunization with formaldehyde-inactivated WIVs expressing either the homologous or the heterologous B virus mHAs induced cross-reactive antibody responses against the SD epitopes that were long-lasting and highly cross-protective.



Materials and Methods


Cell Culture

Human embryonic kidney 293T (HEK 293T) cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM; Gibco) supplemented with 10% (vol/vol) fetal bovine serum (FBS; Gibco) and 100 units/mL of penicillin, 100 µg/mL of streptomycin (P/S; Gibco). Madin-Darby canine kidney (MDCK) cells were maintained in Minimum Essential Medium (MEM; Gibco) supplemented with 10% (vol/vol) FBS, 100 units/mL of penicillin, 100 µg/mL of streptomycin (P/S; Gibco), 2 mM of L-glutamine (Gibco), 0.15% (w/vol) of sodium bicarbonate (Corning) and 20 mM of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES; Gibco). Cell lines were maintained at 37°C with 5% CO2.



Recombinant HA Genes and Cloning

The mHA gene segments were based on the HA gene of the B/Yamagata/16/1988, B/Brisbane/60/2008 or B/Phuket/3073/2013 strains. The mosaic HA gene segments were designed by replacing the major antigenic sites of B HA with the corresponding sequences of H5, H8 or H13 viruses (H5, A/Vietnam/1203/2004 H5N1-PR8-IBCDC-RG/GLP; H8, A/mallard/Sweden/24/2002 H8N4; H13, A/black-headed gull/Sweden/1/1999 H13N6) as described before (28). The modified gene segments were obtained as synthetic double-stranded DNA fragments from Integrated DNA Technologies, using the gBlocks® Gene Fragments service, with 15 bp cloning sites specific for the pDZ vector at the 5’ and 3’ ends. The HA segments were subsequently cloned into the pDZ ambisense vector (30) through In-Fusion HD cloning (Takara Bio USA) according to the manufacturer’s protocol. The pDZ B virus mHA plasmids were purified using NucleoBond Xtra Maxi Plus kit (Takara Bio USA) for rescue. Sequences of HA segments were confirmed by Sanger sequencing (Psomagen).



Rescue of Recombinant Influenza B Viruses

HEK 293T cells were seeded onto poly-D lysine-coated 6-well plates at a ratio of 1:4. The next day, each well of cells was transfected with 2.8 μg of pRS-B/Mal04 7-segment plasmid and 0.7 μg of modified pDZ plasmid encoding the HA segment as well as 0.5 μg of pCAGGS B/Mal04 HA helper plasmid using 20 μL of TransIT LT1 transfection reagent (Mirus Bio). The pRS-B/Mal04 7-segment plasmid drives ambisense expression of the seven gene segments (except HA) of the B/Malaysia/2506/2004 (B/Mal04) mouse-adapted (MA) virus strain and has been described previously (31). Transfected cells were incubated at 37°C for 16 to 20 hours and were then transferred to a 33°C incubator to achieve optimal rescue efficiency. Forty-eight hours post transfection, cells were scraped from the plates and collected along with cell supernatants and briefly homogenized through several syringe strokes. Subsequently, 200 µL of the cell and supernatant mixture were injected into the allantoic cavity of 8-day-old specific pathogen-free (SPF) embryonated chicken eggs (Charles River Laboratories). The eggs were incubated at 33°C. After a 3-day incubation, eggs were cooled to 4°C overnight, and allantoic fluid was harvested and clarified by low-speed centrifugation. A hemagglutination (HA) assay was used to examine the presence of rescued virus using 0.5% turkey red blood cells. HA-positive allantoic fluid samples were used to plaque-purify homogeneous virus clones on confluent MDCK cells. The plaque-purified viruses were further amplified in 10-day old embryonated chicken eggs. RNA was extracted from allantoic fluid containing the plaque-purified viruses using QIAamp Viral RNA Mini Kit (Qiagen). One-step RT-PCR was performed to amplify the HA segment DNA using SuperScript™ III One-Step RT-PCR System with Platinum™ Taq DNA Polymerase (Invitrogen) and HA-specific primers. DNA was purified using NucleoSpin Gel and PCR Clean-up kit (Takara Bio USA) and then sequenced by Sanger sequencing (Genewiz).



Hemagglutination Inhibition (HI) Assay

Mouse sera were treated with receptor destroying enzyme (RDE; Denka Seiken) to eliminate non-specific inhibitors in the sera. Briefly, serum was mixed with RDE in a 1:3 ratio (vol/vol). RDE-treated samples were incubated at 37°C for 18-20 hours and the reaction was stopped by the addition of 2.5% sodium citrate solution in a 1:3 ratio (vol/vol). The samples were then heat-treated at 56°C for 30 minutes (32). Serum was finally diluted with sterile PBS to reach a final dilution of 1:10. To perform HI assays, virus stocks were diluted in PBS to a final HA titer of 8 HA units (4 wells of HA) per 50 μL sample. Two-fold dilutions (25 μL) of RDE-treated serum in PBS prepared in 96-well V-bottom microtiter plates (Thermo Fisher Scientific) were then combined with 25 μL of the diluted virus. The plates were incubated for 30 minutes at room temperature (RT) to allow HA-specific antibodies to bind to virus (32). Then 50 μL of a 0.5% suspension of turkey red blood cells (Lampire) were added to each well. HI titers were defined as the reciprocal of the highest dilution of serum that inhibited hemagglutination of red blood cells. Mouse antisera against the influenza B viruses used in the HI assays were generated from 6- to 8-week old female BALB/c mice with intranasal infection of either B/Phuket/3073/2013 virus (106 plaque forming units (PFU) per mouse) or reassortant B/Brisbane/60/2008 virus (104 PFU per mouse).



Preparation of Inactivated Viruses for Vaccination

Plaque-purified and sequence-confirmed B mHA viruses were expanded in 10-day-old SPF embryonated chicken eggs. Pooled allantoic fluids from eggs were treated with 0.03% (vol/vol) formaldehyde at 4°C under continuous shaking. After 72 hours, 25 mL of clarified allantoic fluid were added on top of 5 mL of a 30% sucrose (vol/vol) solution in 0.1 M sodium chloride (NaCl), 1 mM ethylenediaminetetraacetic acid (EDTA) and 10 mM Tris-HCl (pH 7.4) in round-bottom polypropylene copolymer (PPCO) centrifuge tubes (Thermo Fisher Scientific). After ultracentrifugation at 25,000 rpm in a Beckman L7-65 ultracentrifuge (Beckman Coulter) equipped with an SW28 rotor for 2 hours at 4°C, the supernatants were discarded and pellets were recovered in 1 mL of PBS. The total protein concentration of each stock was determined with the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific) according to the manufacturer’s protocol.



Immunization Studies

For animal immunizations, 6- to 8-week-old female BALB/c mice (Jackson Laboratories) were used for all experiments. Experiments were performed in accordance with protocols approved by the Icahn School of Medicine at Mount Sinai Institutional Animal Care and Use Committee (IACUC). Formaldehyde-inactivated viruses were administered intramuscularly at a dose of 1 μg HA per mouse diluted in a total volume of 100 μL sterile PBS with or without 50 μL of AddaVax adjuvant (Invivogen). PBS-vaccinated mice were included as negative controls. Vaccinations were given in 3- or 4-week intervals. Four weeks after the final immunization, mice were euthanized and blood was obtained by cardiac puncture. Sera were isolated by low-speed centrifugation and were stored at -80°C until use. Mice for longitudinal analysis of antibody dynamics were bled from the submandibular vein on study days 0, 28, 56, 84, 105, 147, 189, 231 and 292.



Passive Transfer and Challenge Studies

The challenge viruses B/New York/PV01181/2018 and B/New York/PV00094/2017 were isolated by the Personalized Virology Initiative at Icahn School of Medicine at Mount Sinai (ISMMS) and mouse-adapted. Six- to eight-week-old female BALB/c mice (Jackson Laboratories) received 100 or 150 μL of pooled sera via intraperitoneal (IP) injection. After 2 hours, mice were infected intranasally with 5 murine 50% lethal doses (5 mLD50) of the mouse-adapted B/New York/PV01181/2018 virus, mouse-adapted B/New York/PV00094/2017 virus or B/Lee/1940 virus in a volume of 30 μL of sterile PBS after anesthesia with a ketamine/xylazine cocktail administered intraperitoneally. Animals were monitored for survival and weight loss for 14 days post-challenge and were scored dead and humanely euthanized if they lost more than 25% of their initial body weight.



Enzyme-Linked Immunosorbent Assay (ELISA)

Recombinant HA proteins were produced as described previously (33). Proteins were coated onto Immulon® 4 HBX 96-well microtiter plates (Thermo Fisher Scientific) at 2 μg/mL in 1x coating buffer (SeraCare Life Sciences Inc.) at 50 μL/well overnight at 4°C. All plates were washed 3 times with 225 μL PBS containing 0.1% (vol/vol) Tween-20 (PBST) and 220 μL blocking solution (3% goat serum, 0.5% non-fat dried milk powder, 96.5% PBST) was added to each well and incubated for 1 hour at RT. Individual serum samples or pooled sera were serially diluted 3-fold in blocking solution followed by a 2-hour incubation at RT. ELISA plates were washed 3 times with PBST and 50 μL of anti-mouse IgG-horseradish peroxidase (HRP) conjugated antibody (Cytiva) was added at a dilution of 1:3,000 in blocking solution. After 1 hour, plates were washed 3 times with PBST and developed using SigmaFast OPD (Sigma-Aldrich) for 10 minutes. Reactions were stopped by adding 50 μL 3M hydrochloric acid (HCl) and absorbance at 492 nm was determined on a Synergy 4 plate reader (BioTek) or similar. For each ELISA plate, the average plus 3 standard deviations of absorbance values of blank wells was used as a cutoff to determine endpoint titers using GraphPad Prism 7.0.



Antibody Dependent Cell-Mediated Cytotoxicity (ADCC) Reporter Assay

White flat-bottom 96-well plates (Corning) were seeded with 2 × 104 MDCK cells per well. After 24 hours at 37°C, the MDCK cells were washed once with PBS and then infected with influenza B viruses at a multiplicity of infection (MOI) of 5 for a single cycle of virus replication overnight. The next day, the culture medium was removed and 25 μL of assay buffer (RPMI 1640 supplemented with 4% low-IgG FBS [Gibco]) was added to each well. Pooled mouse sera were diluted 1:2 (from a starting dilution of 1:30) in RPMI 1640 medium (Gibco) and added (25 μL per well) to the virus-infected MDCK cells in triplicates. The sera were then incubated with MDCK cells for 30 minutes at 37°C. Genetically modified Jurkat cells expressing the mouse FcγRIV with a luciferase reporter gene under transcriptional control of the nuclear factor-activated T (NFAT) cell promoter were then added to the plate at 7.5 × 104 cells in 25 μL/well (Promega) and incubated for 6 hours at 37°C. At the end of the incubation, a volume of 75 μL of Bio-Glo Luciferase assay reagent (Promega) was added to each well and luminescence was quantified using a Synergy 4 microplate reader (BioTek) using Gen5 2.09 software or similar. Fold induction was calculated as follows: (RLUinduced−RLUbackground)/(RLUuninduced−RLUbackground) and graphed using Prism 7.0.



Flow Cytometry Analysis

At 56 and 84 days post vaccination, the inguinal lymph nodes were harvested from euthanized mice. Lymph nodes were dispersed into single-cell suspensions by mechanical disruption through 40 μm cell strainer (Fisher Scientific) using syringe plungers into cold PBS. Red blood cells were lysed using ammonium-chloride-potassium (ACK) lysis buffer (0.15 M NH4Cl, 10 mM KHCO3 and 0.11 mM Na2EDTA, pH 7.2-7.4). Cell debris was removed by passing samples through 40 μm cell strainers. Cells were pelleted by centrifugation (450 g, 5 minutes) and re-suspended in FACS buffer (PBS containing 0.1% bovine serum albumin [BSA] and 2 mM EDTA) containing Fc block anti-mouse CD16/CD32 (1:100, eBioscience) for 10 minutes at 4°C and then stained with primary surface antibodies (30 minutes, 4°C). The following antibodies were used for surface staining: Live/Dead™ Near-IR fluorescent reactive dye (Thermo Fisher Scientific), Brilliant Violet 605™ anti-mouse IgD (BioLegend), Pacific Blue™ anti-mouse CD3 (BioLegend), Alexa Fluor® 700 anti-mouse/human CD45R/B220 (BioLegend), PerCP/Cyanine 5.5 anti-MU/HU GL7 antigen (BioLegend) and PE/Cyanine 7 anti-mouse CD38 (BioLegend). Cells were washed in FACS buffer (500 g, 5 minutes) and then incubated in 2% methanol-free paraformaldehyde (PFA) fixation buffer for 20 minutes at 4°C. UltraComp eBeads™ Compensation Beads (Invitrogen) were used for compensation. Samples were washed and re-suspended in FACS buffer and transferred to cluster tubes (Corning) for acquisition. Data was acquired on an BD LSRFortessa cytometer (BD Biosciences) using FACSDiva v7.03 (BD Biosciences) with the appropriate fluorescent minus one (FMO) controls. The data were analyzed using FCS Express 7.0 software.



Statistics

Statistical analyses were performed using Prism 7.0 (GraphPad). Statistical differences in ELISA data were determined using Kruskal-Wallis one-way analysis of variance (ANOVA) corrected using Dunn’s test for multiple comparisons and unpaired one-tailed t test when comparing two groups. The statistical analyses of FACS data were performed using one-way ANOVA corrected for multiple comparison using the Tukey test. Survival curves were compared using log-rank Mantel-Cox tests against the mock groups (PBS-treated or untreated). Levels of significance are indicated as follows: *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001; ns, not significant.




Results


Inactivated Homologous B mHA Viruses Induced Protective Antibody Responses to the Immuno-Subdominant (SD) Epitopes of the HA

The mHA approach aims to elicit antibodies not only against the conserved epitopes in the stalk domain but also against those conserved in the head domain outside of the variable antigenic sites. We have shown previously that the vaccine approach with B virus recombinant mHA proteins could induce strong cross-reactive antibody responses and broad protection against viral challenge in mice. Here we assessed whether the same principle holds true for the WIV platform. Three different B mHA viruses in which the major antigenic sites of the HA were replaced by corresponding sequences from H5, H8 or H13 have been constructed and characterized previously (28). The homologous B virus mHAs were based on the B/Yamagata/16/1988 (Yam) HA and designated as mosaic H5/BYam (mH5/BYam), mosaic H8/BYam (mH8/BYam), and mosaic H13/BYam (mH13/BYam) viruses. A virus with unchanged wild-type (WT) B/Yamagata/16/1988 HA served as the control. The B mHA viruses and the virus expressing the WT HA were propagated in embryonated chicken eggs, inactivated with formaldehyde and purified by ultracentrifugation through a sucrose cushion. To normalize HA content in the WIV preparations, we performed an ELISA using a monoclonal antibody (4G12) that broadly binds to an epitope within the stalk region of the influenza B virus HAs (34). The area under the curve (AUC) binding signal was used to calculate HA content relative to the recombinant Yam WT HA protein standard (data not shown). Two groups of 15 mice were vaccinated. Mice in the Yam mosaic group were primed with mH13/BYam WIV, boosted with mH5/BYam WIV and boosted again with mH8/BYam WIV. Mice in the Yam WT group received three doses of the WT WIV. The vaccines were administered with AddaVax, a squalene-based oil-in-water nano-emulsion with a formulation similar to that of MF59, which has been licensed in Europe for adjuvanted influenza virus vaccines (35). The vaccination was performed with a 3- to 4-week interval between doses. Then, mice were bled for serological analysis and passive transfer/viral challenge studies 3 to 4 weeks after the last boost (Figure 1A). First, we determined the antibody responses toward the stalk domain of HA by ELISAs using the chimeric H7/BYam (cH7/BYam) recombinant protein. The cH7/BYam has an H7 head domain on top of the stalk domain of the Yam HA. We observed that the Yam mosaic group developed significantly higher levels of stalk-reactive IgG than the Yam WT group (Figure 1B). Additionally, the antibody levels against the SD epitopes in both stalk and head domains were assessed by ELISAs using the mosaic H11/BYam (mH11/BYam) protein displaying the H11 sequences at the major antigenic sites of the Yam HA. As expected, in comparison to the Yam WT group, the Yam mosaic group reached higher IgG titer against the mH11/BYam than the Yam WT group (Figure 1B). Next, we determined the ability of the antibodies induced by the Yam mHA vaccines to confer cross-protection against lethal challenge of the antigenically divergent ancestral B/Lee/1940 virus strain. Groups of 5 naïve mice received 150 μL per mouse of pooled sera intraperitoneally and were challenged 2 hours later with 5 mLD50 of B/Lee/1940 virus. Mice were observed daily for weight loss and mortality for 14 days post-challenge. All mice challenged with B/Lee/1940 virus showed substantial weight loss (Figure 1C). Of note, all mice in the naïve group and the Yam WT group succumbed to infection by day 9 post-challenge, whereas 60% of the animals in the Yam mosaic group survived. This showed that serum antibodies elicited by the homologous B virus mHA WIVs induced better cross-protection against challenge with an antigenically distinct virus than that provided by immunization with the WT WIV.




Figure 1 | The homologous B mHA viruses induced protective antibody responses to the SD epitopes of the HA. (A) Schematic representation of the vaccination groups and regimen [modeled based on the structure of the B/Brisbane/60/2008 HA, PDB accession no. 4FQM (36)]. Residues that were mutated in homologous monomeric B mHAs are shown in different colors which represent corresponding sequences from different influenza A HAs. BALB/c mice (n=15) in the Yam WT group received B/Yam/88 WT HA WIV three times. BALB/c mice (n=15) in the Yam mosaic group received the three B virus mHA WIVs in the order of mH13/BYam WIV - mH5/BYam WIV - mH8/BYam WIV. Each mouse received WIV containing 1 μg of HA. AddaVax was used as the adjuvant and the WIVs were given through intramuscular (IM) administration. Mice were bled 3-4 weeks after the second boost. (B) Binding of serum antibodies towards the SD epitopes. A cH7/BYam protein with a group 2 avian H7 head and the B/Yamagata/16/1988 HA stalk was used to measure stalk-specific antibodies. A mH11/BYam protein displaying the H11 sequences at the major antigenic sites within the B/Yamagata/16/1988 HA was used to measure antibody binding to SD conserved epitopes in the head and stalk domains. The geometric mean endpoint titer was calculated as the readout. The statistics were calculated using unpaired one-tailed t test (*P ≤ 0.05). (C) Cross-protection of serum antibodies against a distant influenza B strain in a passive transfer/viral challenge study. Six- to eight-week-old naïve female BALB/c mice (n=5) received 150 µL of pooled Yam WT, Yam mosaic or naïve sera intraperitoneally. Two hours after the transfer, mice were challenged with 5 mLD50 of the B/Lee/1940 strain intranasally. Weight loss and survival of mice were monitored for 2 weeks, with a humane endpoint of >25% loss of the initial weight. In the survival plots, the proportion of surviving animals in each group is shown in parentheses and statistical significance was determined by log-rank Mantel-Cox tests against the naïve group with *P ≤ 0.05.





Rescue and Characterization of Heterologous B mHA Viruses

To improve the B virus mHA vaccine approach by introducing different HA backbones for the benefit of enriching cross-lineage antibodies, we rescued B mHA viruses either in the B/Phuket/3073/2013 (Phu, B/Yamagata/16/1988-like lineage) or the B/Brisbane/60/2008 (Bris, B/Victoria/2/1987-like lineage) HA backbones. We replaced the major antigenic sites with the corresponding sequences from H5 (Phu HA) or H13 (Bris HA) (Figure 2A). Those heterologous B mHA viruses were designated as mH5/BPhu and mH13/BBris respectively. The amino acid sequence alignment of the B/Phuket/3073/2013 or B/Brisbane/60/2008 HA with mH5/BPhu or mH13/BBris is shown in Figure 2A. Two viruses with WT B/Phuket/3073/2013 (Phu) or WT B/Brisbane/60/2008 (Bris) HA were also rescued as controls. The newly generated heterologous WT HA and B mHA viruses grew well in eggs, reaching a hemagglutination titer above 1:128 (Figure 2B) and an infectious titer of approximately 108 PFU/mL (Figure 2C). The major antigenic sites elicit most of the hemagglutination inhibition (HI) antibodies as they are relatively close to the receptor binding site (RBS) (13). To confirm the ablation of the original antigenic sites in the B virus mHAs, HI assays were performed using mouse sera raised against viruses with the WT HAs. As expected, mouse sera generated using the WT B/Brisbane/60/2008 HA virus inhibited hemagglutination strongly against the same virus. In contrast, no detectable HI reactivity was measured against the mH13/BBris (Figure 2D). Similarly, the mouse sera raised against B/Phuket/3073/2013 virus showed high HI titers against the same virus, while the HI titers against the mH5/BPhu virus were nearly 10-fold lower (Figure 2E). These results confirmed that the original major antigenic sites had been successfully silenced in the two heterologous B mHA viruses.




Figure 2 | Rescue and characterization of the heterologous B mHA viruses. (A) Schematic representation of the heterologous B mHAs design [modeled based on the structure of the B/Brisbane/60/2008 HA, PDB accession no. 4FQM (36)]. The left upper panel shows monomeric B/Brisbane/60/2008 WT HA and mHA. Residues that were mutated in monomeric mH13/BBris are shown in blue. The left lower panel shows monomeric B/Phuket/3073/2013 WT HA and mHA. Residues that were mutated in monomeric mH5/BPhu are shown in green. Amino acid sequences of the major antigenic sites of the B virus mHA are aligned with the corresponding sequences of the WT HA. The sequence alignment was performed with the HAs of B/Brisbane/60/2008, mH13/BBris, B/Phuket/3073/2013 and mH5/BPhu (H5: A/Vietnam/1203/04 H5N1-PR8-IBCDC-RG/GLP; H13: A/black-headed gull/Sweden/1/1999 H13N6). (B) HA titers and (C) plaque-forming units (PFU) of influenza B viruses grown from eggs. Allantoic fluid virus stocks were titrated by HA assay and plaque assay on MDCK cells in triplicate. Bars represent the mean ± SD. (D) HI assay using the indicated viruses and antisera of mice (n=4) raised against the reassortant B/Brisbane/60/2008. Symbols representing individual mice are color coded and the bars show the mean ± SD value of each group. (E) HI assay using the indicated viruses and antisera of mice (n=4) raised against the B/Phuket/3073/2013. Symbols representing individual mice are color coded and the bars show the mean ± SD value of each group.





Inactivated Heterologous B mHA Viruses Induced Protective Antibody Responses to the SD Epitopes of the HA

Humans are exposed to various strains of influenza B viruses via vaccinations and infections throughout life. Consequently, people of older age tend to have more stalk-specific antibodies than younger people (37). One way to demonstrate the value of the mosaic HA approach is to show that the heterologous B virus mHAs would elicit more antibodies to the SD epitopes than the heterologous WT HA. Therefore, we performed a similar immunization study as described in Figure 1 using formaldehyde-inactivated WIVs (normalized to 1 μg HA per mouse) (Figure 3A). The WT group was primed with Bris WIV and subsequently boosted with the Phu WIV followed by the Yam WIV (“Mixed WT”). The B virus mHA group was primed with mH13/BBris WIV and boosted with mH5/BPhu WIV then mH8/BYam WIV (“Mixed mosaic”). Three immunizations were given with a 4-week interval between doses. Each mouse was vaccinated with AddaVax as the adjuvant. Again, 4 weeks after the last immunization, mice were terminally bled to isolate sera. We performed ELISAs using cH7/BYam (stalk) or mH11/BYam (stalk and head) proteins to measure antibodies against the SD epitopes. In comparison to the Mixed WT group, the Mixed mosaic group demonstrated higher levels of antibodies targeting the SD epitopes of the B HA (Figure 3B). Then, we determined antibody-mediated cross-protection in mice by passive transfer and viral challenge study using the B/Lee/1940 strain. Groups of 5 naïve mice received 100 μL per mouse of pooled sera intraperitoneally and were lethally challenged 2 hours later with a dose of 5 mLD50. All mice that received naïve mouse sera succumbed to infection by day 9. Importantly, 80% of animals in the Mixed mosaic group survived, while only 20% in the Mixed WT group survived (Figure 3C). These data indicated that the heterologous B virus mHA WIVs conferred better cross-protection than the heterologous WT HA WIVs, emphasizing that the B virus mHAs can induce cross-protective antibodies more efficiently than the heterologous WT HAs.




Figure 3 | The heterologous B virus mHA viruses induced protective antibodies responses to the subdominant epitopes of the HA. (A) Schematic of the vaccination groups and regimen [modeled based on the structure of the B/Brisbane/60/2008 HA, PDB accession no. 4FQM (36)]. Residues that were mutated in the heterologous monomeric B mHAs are indicated in different colors, representing corresponding sequences from different influenza A HAs. BALB/c mice (n=15) in the Mixed WT group received B/Bris/08 WT HA WIV followed by B/Phu/13 WT HA WIV and then B/Yam/88 WT HA WIV. Mice (n=15) in the Mixed mosaic group received the B virus mHA WIV sequentially as follows: mH13/BBris WIV - mH5/BPhu WIV - mH8/BYam WIV. Each mouse received WIV containing 1 μg of HA. Each vaccination was given at 4-week intervals. AddaVax was used as the adjuvant and the WIVs were administered through intramuscular (IM) injection. Mice were bled 4 weeks after the second boost. (B) Binding of serum antibodies towards the SD epitopes. The cH7/BYam protein and the mH11/B Yam protein were used in ELISAs as described in Figure 1. The geometric mean endpoint titer (GMT) was calculated as the readout. The statistics were performed using the unpaired one-tailed t test (*P ≤ 0.05 and **P ≤ 0.01). (C) Cross-protection of serum antibodies against a distant influenza B strain in a passive transfer/viral challenge study. Naïve BALB/c mice (n=5) received 100 μL of pooled Mixed WT, Mixed mosaic or naïve sera intraperitoneally. Two hours after transfer, mice were challenged with 5 mLD50 of the B/Lee/1940 strain intranasally. Weight loss and survival of mice were monitored for 2 weeks, with a humane endpoint of >25% loss of the initial weight. In the survival plots, the proportion of surviving animals in each group is shown in parentheses and statistical significance was inferred by log-rank Mantel-Cox tests against the naïve group with *P ≤ 0.05.





Head-to-Head Comparison of the Homologous B Virus mHA With the Heterologous B Virus mHA Vaccine Candidates

We have shown that both homologous and heterologous B virus mHA WIVs are efficient at inducing SD epitope-specific antibodies. To determine if one approach is superior than the other in our mouse model, we performed a head-to-head comparison of sequential immunizations using homologous B mHA viruses (mH13/BYam - mH5/BYam - mH8/BYam, Yam mosaic) versus heterologous B mHA viruses (mH13/BBris -mH5/BPhu - mH8/BYam, Mixed mosaic). The homologous WT HA virus (Yam WT) group, heterologous WT HA viruses (B/Bris - B/Phu - B/Yam, Mixed WT) group and PBS-treated group were included as controls (Figure 4A). The immunization was performed in the presence or absence of an adjuvant (AddaVax). Mice were bled periodically for serological assays. In fact, the animals were followed up to 292 days and bled on days 28, 56, 84, 105, 147, 189, 231 and 292 to assess the longevity of antibodies against the SD epitopes. Again, we determined the antibody responses of day 84 (D84) sera toward the SD epitopes by ELISA using cH7/BYam and mH11/BYam proteins (Figure 4B). Both mHAs vaccine strategies induced robust levels of SD epitope-reactive IgGs when the vaccines were adjuvanted. Additionally, we did not see differences in antibody titers between Yam mosaic and Mixed mosaic groups. Furthermore, as a universal vaccine candidate should provide durable protection, we performed a longitudinal analysis of antibody responses against the SD epitopes (Figure 4C). We found that: (i) the adjuvanted Yam mosaic and Mixed mosaic vaccines elicited the highest antibody titers among all the vaccines, (ii) antibody titers against SD epitopes of HA increased substantially after booster immunization and reached a plateau by day 105 and (iii) antibody titers against the SD epitopes remained at the plateau level up to day 292.




Figure 4 | Immunogenicity of homologous versus heterologous B virus mHA constructs. (A) Vaccination groups and regimen. The groups (n=15) include homologous WT B/Yam (Yam WT), homologous B virus mHA (Yam mosaic), heterologous WT HA (Mixed WT), heterologous B virus mHA (Mixed mosaic) and PBS, each in the presence or absence of the adjuvant (AddaVax; Adj.). Mice were immunized with inactivated WIV at 4-week intervals via intramuscular injection. Two subsets of animals were euthanized on D56 and D84 to analyze germinal center reactions in the draining lymph nodes. Another subset of animals was terminally bled for serology. The remaining animals were kept until D292 and bled periodically to examine the longevity of antibody responses. (B) Serum IgG directed to the SD epitopes on D84. ELISAs were performed as described previously. The statistical analysis was performed using one-way ANOVA corrected for multiple comparison using Dunnett’s test (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001). (C) Longevity of antibody responses. Pooled mouse sera from each group obtained on the indicated days were tested with a technical duplicate. Endpoint titers were plotted.



Next, we performed passive transfer/viral challenge studies using the day 292 (D292) sera to evaluate long-term protection. The challenge studies were performed using two recently circulating influenza B viruses representing the B/Victoria/2/1987-like lineage (B/New York/PV01181/2018) and the B/Yamagata/16/1988-like lineage (B/New York/PV00094/2017) that had been isolated from clinical samples and mouse-adapted. Sera were pooled within groups and then transferred into naïve mice. Each naïve mouse received 100 μL of pooled sera intraperitoneally. Two hours after serum transfer, mice were infected with a dose of 5 mLD50 of either virus. Challenge with the B/Victoria/2/1987-like strain B/New York/PV01181/2018 resulted in substantial weight loss in all groups (Figure 5A). All mice in the PBS control group succumbed to infection. Although more than 50% of the mice in all unadjuvanted groups succumbed to infection by day 9 post-challenge, the mosaic groups exhibited slightly better survival rates (Yam WT: 0%; Yam mosaic: 40%; Mixed WT: 20%; Mixed mosaic: 40%). In contrast, 80% of mice in the adjuvanted Yam mosaic group and 100% of mice in the adjuvanted Mixed mosaic group survived. The adjuvanted Yam WT group and Mixed WT group showed relatively lower survival rates (40% and 60%, respectively) than the adjuvanted mosaic groups (Yam mosaic: 80%; Mixed mosaic: 100%). No statistical difference in survival was detected in animals receiving Yam mosaic and Mixed mosaic vaccines. Lethal challenge with the B/Yamagata/16/1988-like virus B/New York/PV00094/2017 produced similar results (Figure 5B). All animals that were given PBS group sera succumbed to infection. For the unadjuvanted vaccination groups, more than 50% of mice in each group succumbed to infection by day 9 post-challenge. While 80% of mice that received sera from mice vaccinated with adjuvanted Yam mosaic or Mixed mosaic survived, 60% of mice that received adjuvanted Yam WT or Mixed WT sera survived. Similarly, no statistical difference in survival was detected in animals receiving the sera from Yam mosaic and Mixed mosaic vaccinations. In summary, both homologous and heterologous B virus mHA vaccine candidates elicited comparable antibody titers against the SD epitopes of HA and provided similar protection in vivo. Sequential immunization with mHA vaccines provided better cross-protection against divergent viruses than immunization with the WT HA viruses.




Figure 5 | Protection of D292 serum antibodies induced by homologous versus heterologous B virus mHAs vaccination. (A) Weight loss and survival of vaccination groups challenged with B/New York/PV01181/2018 virus. Mice (n = 5) received 100 μL of D292 pooled sera intraperitoneally and were challenged intranasally with 5 mLD50 of challenge virus. Weight loss and survival of mice were monitored for 2 weeks with a humane endpoint of >25% loss of the initial weight. In the survival plots, the proportion of surviving animals in each group is shown in parentheses and statistical significance was inferred by log-rank Mantel-Cox tests against the corresponding control group (PBS or PBS Adj.) with *P ≤ 0.05 and **P ≤ 0.01.(B) Weight loss and survival of vaccination groups challenged with B/New York/PV00094/2017 virus. Mice (n = 5) received 100 μL of D292 pooled sera intraperitoneally and were challenged intranasally with 5 mLD50 of challenge virus. Weight loss and survival of mice were monitored for 2 weeks with a humane endpoint of >25% loss of the initial weight. In the survival plots, the proportion of surviving animals in each group is shown in parentheses and statistical significance was inferred by log-rank Mantel-Cox tests against the corresponding control group (PBS or PBS Adj.) with *P ≤ 0.05 and **P ≤ 0.01.



At last, we examined germinal center B cells in the draining lymph nodes as we were exploring the mechanism of action of the B virus mHA constructs. We took inguinal lymph nodes from a subset of animals at day 56 (D56, n=3) and day 84 (D84, n=8) and analyzed the relative abundance of germinal center B cells by flow cytometry (38–40). We observed that the sequential immunization with B virus mHA vaccines appeared to stimulate a stronger germinal center reaction, an effect which AddaVax strengthened significantly, even activating germinal center reactions when administered by itself in the PBS group (Supplementary Figure 1). We postulate that the sequential immunization of the B virus mHA constructs drives the memory B cells to re-enter a germinal center to undergo somatic hypermutations and affinity maturation as we expect the B cell receptors (BCRs) to the SD epitopes would have lower affinity to their epitopes than those that react to the immuno-dominant epitopes in the WT HA constructs. The MF59-like adjuvant AddaVax may increase antigen uptake or the adjuvant itself may promote a potent T follicular helper cell (Tfh) response and the persistence of germinal center B cells (41). Interestingly, the frequency of germinal center B cells appeared to correlate with the levels of antibodies targeting the SD epitopes.



Both Homologous and Heterologous mHA Vaccines Induced Non-HI Active Antibodies With Antibody-Dependent Cellular Cytotoxicity (ADCC) Activity

Next, we sought to determine the activity of the antibodies induced by the vaccine candidates. HI activity is a known correlate of protection, with a titer of 1:40 considered to confer 50% protection against seasonal influenza in human adults (42). Consistently with our previous data (28), both B virus mHA vaccination sera showed no detectable HI titers against diverse influenza B viruses including B/Lee/1940, B/New York/PV01181/2018 and B/New York/PV00094/2017 (Figure 6A). Not surprisingly, we found the Mixed WT groups elicited detectable levels of HI titers against the B/New York/PV01181/2018 and B/New York/PV00094/2017 viruses. This result was expected because the B/Brisbane/2008 and B/Phuket/3073/2013 strains in the Mixed WT group are phylogenetically close to the B/New York/PV01181/2018 and B/New York/PV00094/2017 virus isolates, respectively. However, we observed that the HI-active antibodies against the B/New York/PV01181/2018 and B/New York/PV00094/2017 viruses on D292 declined significantly compared to those on D84, unlike the long-lasting antibodies targeting the SD epitopes (Figure 4C). These data suggested that the protection conferred by the B virus mHA vaccination approach was not through HI. Previously, we have described that Fc-mediated effector functions (such as ADCC) can be one of the mechanisms by which stalk-specific antibodies contribute to protection in vivo independently of HI activity (43–46). Therefore, we tested whether serum antibodies induced by B virus mHAs engaged in Fc-mediated effector functions using an ADCC reporter assay. We observed that D84 pooled sera of adjuvanted Yam mosaic or Mixed mosaic vaccinated mice showed strong induction of ADCC activity when incubated with MDCK cells infected with B/Lee/1940, B/New York/PV00094/2017 or B/New York/PV01181/2018 (Figure 6B). In contrast, the adjuvanted Yam WT or Mixed WT group elicited limited levels of antibodies with ADCC activity. Therefore, the B virus mHA vaccination approach likely conferred protection through non-HI-active antibodies that trigger Fc-mediated effector functions.




Figure 6 | Activity of serum antibodies induced by homologous versus heterologous B virus mHA constructs. (A) HI activity of D84 (upper panel) and D292 (lower panel) pooled sera against influenza B viruses including B/Lee/1940, B/New York/PV00094/2017 and B/New York/PV01181/2018. (B) ADCC activity of D84 pooled sera in a reporter assay. To perform ADCC reporter assay, MDCK cells were infected with each virus at an MOI of 5 with single-cycle replication. Fold induction of the reporter signal from the sera over those from the blanks were analyzed. Data points represent mean ± SD of pooled sera from 8 mice measured in technical triplicates.






Discussion

The development of universal influenza virus vaccines that can provide durable protection against multiple strains is one of the most critical global public health priorities. To date, the vast majority of these efforts have focused on influenza A viruses. Given the significant clinical burden and economic impact that influenza B viruses pose on the global population, more efforts should be made to design or refine influenza B virus vaccines. Importantly, in contrast to influenza A viruses, influenza B viruses lack animal reservoirs, except for rare spillovers into marine mammals (47). Another notable difference between influenza A and B viruses is that the evolutionary rate of influenza B viruses is much lower than that of influenza A viruses (48, 49). Both the host restriction and the low evolutionary rate allow for the possibility of eradicating influenza B viruses. Here, a broadly protective inactivated virus vaccine strategy using the B virus mosaic HAs is described, which builds on an earlier mosaic B virus HA protein study (28). The approach is based on the antigenic silencing of the major antigenic sites of the type B HA by replacing them with exotic sequences from HAs of avian influenza A viruses (H5, H8 and H13), yielding mosaic HAs. Compared to the recombinant B mHA proteins, the inactivated B mHA vaccines will provide additional protection mediated by other viral components such as the neuraminidase (NA) and internal proteins. Importantly, the inactivated virus vaccine platform is compatible with most of the influenza virus vaccine production capacity. As hypothesized, sequential vaccination with WIVs expressing the B virus mosaic HAs induced higher cross-reactive antibodies against the conserved epitopes than immunization with WIVs expressing the WT HAs. The mHA approach relies on the replacement of the hypervariable immunodominant epitopes. This can be achieved by either using exotic epitopes from other HA subtypes (as shown in this study) or by introducing irrelevant epitopes such as those consisting of glycines and/or alanines. The latter strategy would very much increase the number of possible mHAs.

Of note, the adjuvant AddaVax, an oil-in-water emulsion adjuvant, had a positive role in inducing antibodies against the conserved epitopes of HA. When adjuvanted with AddaVax, the B virus mHA vaccines induced significantly higher antibody titers than the unadjuvanted B virus mHA vaccines. This effect, to a lesser extent was also observed in WT HA vaccine groups. Interestingly, we also observed that sequential immunization with the B virus mHA vaccines adjuvanted with AddaVax generated higher levels of germinal center B cell reactions than non-adjuvanted B virus mHA vaccines. There seems to be a correlation between the antibody titers against the SD epitopes and the frequency of germinal center B cells. We speculate that this positive effect on germinal center reaction in B virus mHA immunization is due to a subset of recalled memory B cells with relatively low affinity re-entering germinal centers to undergo further somatic hypermutation and affinity maturation. AddaVax seems to facilitate a persistent activation of germinal centers, subsequently helping to boost the antibodies targeting SD epitopes. Furthermore, our results demonstrated that antibody titers against SD epitopes (e.g., stalk-specific antibodies) can be maintained at high levels over a long period of time in mice. We did not observe differences of SD epitope-specific antibodies induced by the homologous and heterologous B virus mHA vaccines. But the protection provided by the heterologous B virus mHAs in the B/Lee/1940 and B/Victoria/2/1987-like B/New York/PV01181/2018 challenge studies seemed to be better by a narrow margin than that provided by the homologous B virus mHAs (Figures 1, 3, 5). It is also worth noting that in the mouse study, we were comparing the B virus mHA vaccine with their corresponding WT HA constructs. In fact, the current seasonal influenza virus vaccine is a single immunization of a multi-valent vaccine instead of sequential vaccination with heterologous strains. Therefore, it is likely that one or two immunizations with the B virus mHA vaccines in the primed human population would enrich even more SD epitope-specific antibodies than one shot of TIV or QIV. Future clinical studies would be needed to recapitulate these findings and to evaluate the B virus mHA in combination with different adjuvants.

The B virus mHA approach using the inactivated virus vaccine platform induced broadly-reactive antibodies without detectable HI activities. We expect these antibodies are also non-neutralizing based on our previous study (28). Serum antibodies generated by a sequential vaccination with B virus mHA WIVs was highly active in an ADCC reporter assay that measures Fc-mediated effector functions. This was described as an important mechanism of protection for HA stalk-reactive antibodies of influenza A viruses (43, 44). Here we showed that AddaVax enhanced ADCC activity of the antibodies resulting from vaccination with B virus mHAs. Although it was not measured in this study, a robust induction of IgG2a is expected in mice vaccinated with B mHA vaccines, as it was observed from our preclinical study involving the influenza A mHA vaccines (50). In contrast, sequential vaccination with WT HAs elicited limited levels of antibodies with ADCC reporter activity. Instead, the heterologous WT HA WIVs induced HI-active antibodies to the virus substrates due to the presence of similar immuno-dominant antigenic sites. However, the HI-active antibodies were not as long-lasting as the antibodies targeting the SD sites, explaining the lower protection of WT HA WIV sera as compared to mHA WIV sera collected at D292 in passive transfer/viral challenge studies. Consistent with what was observed in mice, a recent phase I clinical trial demonstrated that stalk-specific antibodies induced by sequential vaccination of group 1 cHA vaccines were long-lived (26).

Currently, the inactivated split-virion vaccine is most commonly used due to the relatively low production costs and high safety. Recombinant HA subunit vaccines are also available to effectively focus on HA-mediated protection. However, the production capacity of the subunit vaccine is limited (29). Despite the possible loss of immunogenicity, split-virion vaccines and subunit vaccines are used more frequently than the whole-virion vaccines in humans due to their reduced reactogenicity (51–53). Moreover, the recommended vaccine strains sometimes replicate poorly in eggs. Many passages of the vaccine strain in egg might be necessary to achieve high titers, yielding adaptive mutations. These changes, often within the major antigenic sites, can alter the antigenicity of the HAs, resulting in an antigenic mismatch of the vaccine and the circulating strain (54). Of note, the mHA vaccine approach provides durable and broad protection and is suitable for multiple vaccine platforms including inactivated, live attenuated and recombinant HA vaccines. Here, we only investigated the WIV as a platform. It would be of interest in the future to compare the B virus mHA WIV vaccine versus mHAs vaccine in other platforms. Finally, as we only show the activity of serum polyclonal antibodies in this study, further studies will focus on isolating and characterizing monoclonal antibodies targeting the SD epitopes after sequential immunization using mHA vaccines. The interaction of such monoclonal antibodies against the SD HA head epitopes will be studied by structural biology techniques including X-ray crystallography and cryo-EM.
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Supplementary Figure 1 | Frequency of germinal center B cells. Inguinal lymph nodes were collected on D56 (A) and D84 (B) and frequency of germinal center B cells (CD3-B220+IgD-GL7+CD38low) was measured by FACS. The statistical analysis was performed using one-way ANOVA corrected for multiple comparison using the Tukey test (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001; ns, not significant).



References

1. Paul Glezen, W, Schmier, JK, Kuehn, CM, Ryan, KJ, and Oxford, J. The Burden of Influenza B: A Structured Literature Review. Am J Public Health (2013) 103:e43–51. doi: 10.2105/AJPH.2012.301137

2. Koutsakos, M, Nguyen, TH, Barclay, WS, and Kedzierska, K. Knowns and Unknowns of Influenza B Viruses. Future Microbiol (2016) 11:119–35. doi: 10.2217/fmb.15.120

3. Su, S, Chaves, SS, Perez, A, Mello, TD, Kirley, PD, Yousey-Hindes, KY, et al. Comparing Clinical Characteristics Between Hospitalized Adults With Laboratory-Confirmed Influenza A and B Virus Infection. Clin Infect Dis (2014) 59:252–5. doi: 10.1093/cid/ciu269

4. Molinari, NAM, Ortega-Sanchez, IR, Messonnier, ML, Thompsonc, WW, Wortley, PM, Weintraub, E, et al. The Annual Impact of Seasonal Influenza in the US: Measuring Disease Burden and Costs. Vaccine (2007) 25:5086–96. doi: 10.1016/j.vaccine.2007.03.046

5. Dijkstra, F, Donker, GA, Wilbrink, B, Gageldonk-Lafeber, ABV, and van der Sande, MAB. Long Time Trends in Influenza-Like Illness and Associated Determinants in The Netherlands. Epidemiol Infect (2009) 137:473–9. doi: 10.1017/S095026880800126X

6. Heikkinen, T, Ikonen, N, and Ziegler, T. Impact of Influenza B Lineage-Level Mismatch Between Trivalent Seasonal Influenza Vaccines and Circulating Viruses, 1999–2012. Clin Infect Dis (2014) 59:1519–24. doi: 10.1093/cid/ciu664

7. Kosasih, H, Roselinda,, Nurhayati,, Klimov, A, Xu, X, Lindstrom, S, et al. Surveillance of Influenza in Indonesia, 2003–2007. Influenza Other Resp (2012) 7:313–20. doi: 10.1111/j.1750-2659.2012.00403.x

8. McCullers, JA, and Hayden, FG. Fatal Influenza B Infections: Time to Reexamine Influenza Research Priorities. J Infect Dis (2012) 205:870–2. doi: 10.1093/infdis/jir865

9. Chan, PS, Chan, MCW, Cheung, JLK, Lee, N, Leung, TF, Yeung, ACM, et al. Influenza B Lineage Circulation and Hospitalization Rates in a Subtropical City, Hong Kong, 2000–2010. Clin Infect Dis (2013) 56:677–84. doi: 10.1093/cid/cis885

10. Tran, D, Vaudry, W, Moore, D, Bettinger, JA, Halperin, SA, Scheifele, DW, et al. Hospitalization for Influenza A Versus B. Pediatrics (2016) 138:e20154643. doi: 10.1542/peds.2015-4643

11. Rota, PA, Wallis, TR, Harmon, MW, Rota, JS, Kendal, AP, and Nerome, K. Cocirculation of Two Distinct Evolutionary Lineages of Influenza Type B Virus Since 1983. Virology (1990) 175:59–68. doi: 10.1016/0042-6822(90)90186-U

12. Wang, Q, Cheng, F, Lu, M, Tian, X, and Ma, J. Crystal Structure of Unliganded Influenza B Virus Hemagglutinin. J Virol (2008) 82:3011–20. doi: 10.1128/JVI.02477-07

13. Sun, W, Kang, DS, Zheng, A, Liu, STH, Broecker, F, Simon, V, et al. Antibody Responses Toward the Major Antigenic Sites of Influenza B Virus Hemagglutinin in Mice, Ferrets, and Humans. J Virol (2018) 93:e01673–01618. doi: 10.1128/JVI.01673-18

14. Zhirnov, OP, and Klenk, HD. Influenza A Virus Proteins NS1 and Hemagglutinin Along With M2 Are Involved in Stimulation of Autophagy in Infected Cells. J Virol (2013) 87:13107–14. doi: 10.1128/JVI.02148-13

15. Krammer, F, and Palese, P. Advances in the Development of Influenza Virus Vaccines. Nat Rev Drug Discov (2015) 14:167–82. doi: 10.1038/nrd4529

16. Skowronski, DM, Janjua, NZ, Sabaiduc, S, Serres, GD, Winter, AL, Gubbay, JB, et al. Influenza A/Subtype and B/Lineage Effectiveness Estimates for the 2011–2012 Trivalent Vaccine: Cross-Season and Cross-Lineage Protection With Unchanged Vaccine. J Infect Dis (2014) 210:126–37. doi: 10.1093/infdis/jiu048

17. Beyer, WEP, Palache, AM, Boulfich, M, and Osterhaus, ADME. Rationale for Two Influenza B Lineages in Seasonal Vaccines: A Meta-Regression Study on Immunogenicity and Controlled Field Trials. Vaccine (2017) 35:4167–76. doi: 10.1016/j.vaccine.2017.06.038

18. Gaglani, M, Vasudevan, A, Raiyani, C, Murthy, K, Chen, W, Reis, M, et al. Effectiveness of Trivalent and Quadrivalent Inactivated Vaccines Against Influenza B in the United States, 2011–2012 to 2016–2017. Clin Infect Dis (2021) 72:1147–57. doi: 10.1093/cid/ciaa102

19. Crépey, P, Redondo, E, Díez-Domingo, J, de LejarazuI, RO, Martinón-Torres, F, de Miguel, AG, et al. From Trivalent to Quadrivalent Influenza Vaccines: Public Health and Economic Burden for Different Immunization Strategies in Spain. PloS One (2020) 15:e0233526. doi: 10.1371/journal.pone.0233526

20. Uhart, M, Bricout, H, Clay, E, and Largeron, N. Public Health and Economic Impact of Seasonal Influenza Vaccination With Quadrivalent Influenza Vaccines Compared Totrivalent Influenza Vaccines in Europe. Hum Vacc Immunother (2016) 12:2259–68. doi: 10.1080/21645515.2016.1180490

21. Tricco, AC, Chit, A, Soobiah, C, Hallett, D, Meier, G, Chen, MH, et al. Comparing Influenza Vaccine Efficacy Against Mismatched and Matched Strains: A Systematic Review and Meta-Analysis. BMC Med (2013) 11:153. doi: 10.1186/1741-7015-11-153

22. Morimoto, N, and Takeishi, K. Change in the Efficacy of Influenza Vaccination After Repeated Inoculation Under Antigenic Mismatch: A Systematic Review and Meta-Analysis. Vaccine (2018) 36:949–57. doi: 10.1016/j.vaccine.2018.01.023

23. Ermler, ME, Kirkpatrick, E, Sun, W, Hai, R, Amanat, F, Chromikova, V, et al. Chimeric Hemagglutinin Constructs Induce Broad Protection Against Influenza B Virus Challenge in the Mouse Model. J Virol (2017) 91:e00286–00217. doi: 10.1128/JVI.00286-17

24. Hai, R, Krammer, F, Tan, GS, Pica, N, Eggink, D, Maamary, J, et al. Influenza Viruses Expressing Chimeric Hemagglutinins: Globular Head and Stalk Domains Derived From Different Subtypes. J Virol (2012) 86:5774–81. doi: 10.1128/JVI.00137-12

25. Krammer, F, Margine, I, Hai, R, Flood, A, Hirsh, A, Tsvetnitsky, V, et al. H3 Stalk-Based Chimeric Hemagglutinin Influenza Virus Constructs Protect Mice From H7N9 Challenge. J Virol (2013) 88:2340–3. doi: 10.1128/JVI.03183-13

26. Nachbagauer, R, Feser, J, Naficy, A, Bernstein, DI, Guptill, J, Walter, EB, et al. A Chimeric Hemagglutinin-Based Universal Influenza Virus Vaccine Approach Induces Broad and Long-Lasting Immunity in A Randomized, Placebo-Controlled Phase I Trial. Nat Med (2021) 27:106–14. doi: 10.1038/s41591-020-1118-7

27. McMahon, M, Arunkumar, GA, Liu, W, Stadlbauer, D, Albrecht, RA, Pavot, V, et al. Vaccination With Viral Vectors Expressing Chimeric Hemagglutinin, NP and M1 Antigens Protects Ferrets Against Influenza Virus Challenge. Front Immunol (2019) 10:2005. doi: 10.3389/fimmu.2019.02005

28. Sun, W, Kirkpatrick, E, Ermler, M, Nachbagauer, R, Broecker, F, Krammer, F, et al. Development of Influenza B Universal Vaccine Candidates Using the “Mosaic” Hemagglutinin Approach. J Viol (2019) 93:e00333–00319. doi: 10.1128/JVI.00333-19

29. Sparrow, E, Wood, JG, Chadwick, C, Newall, AT, Torvaldsen, S, Moen, A, et al. Global Production Capacity of Seasonal and Pandemic Influenza Vaccines in 2019. Vaccine (2021) 39:512–20. doi: 10.1016/j.vaccine.2020.12.018

30. Martínez-Sobrido, L, and García-Sastre, A. Generation of Recombinant Influenza Virus From Plasmid DNA. J Vis Exp (2010) 42:e2057. doi: 10.3791/2057

31. Fulton, BO, Sun, W, Heaton, NS, and Palese, P. The Influenza B Virus Hemagglutinin Head Domain Is Less Tolerant to Transposon Mutagenesis Than That of the Influenza A Virus. J Virol (2018) 92:e00754–00718. doi: 10.1128/JVI.00754-18

32. Kaufmann, L, Syedbasha, M, Vogt, D, Hollenstein, Y, Hartmann, J, Janina, E, et al. An Optimized Hemagglutination Inhibition (HI) Assay to Quantify Influenzaspecific Antibody Titers. J Vis Exp (2017) 130:e55833. doi: 10.3791/55833

33. Krammer, F, Margine, I, Tan, GS, Pica, N, Krause, JC, and Palese, P. A Carboxy-Terminal Trimerization Domain Stabilizes Conformational Epitopes on the Stalk Domain of Soluble Recombinant Hemagglutinin Substrates. PloS One (2012) 7:e43603. doi: 10.1371/journal.pone.0043603

34. Arunkumar, GA, Ioannou, A, Wohlbold, TJ, Meade, P, Aslam, S, Amanat, F, et al. Broadly Cross-Reactive, Nonneutralizing Antibodies Against Influenza B Virus Hemagglutinin Demonstrate Effector Function-Dependent Protection Against Lethal Viral Challenge in Mice. J Virol (2019) 93:e01696–e18. doi: 10.1128/JVI.01696-18

35. Calabroa, S, Trittoa, E, Pezzottia, A, Tacconea, M, Muzzia, A, Bertholeta, S, et al. The Adjuvant Effect of MF59 Is Due to the Oil-in-Water Emulsion Formulation,None of the Individual Components Induce a Comparable Adjuvant Effect. Vaccine (2013) 31:3363–9. doi: 10.1016/j.vaccine.2013.05.007

36. Dreyfus, C, Laursen, NS, Kwaks, T, Zuijdgeest, D, Khayat, R, Ekiert, DC, et al. Highly Conserved Protective Epitopes on Influenza B Viruses. Science (2012) 337:1343–8. doi: 10.1126/science.1222908

37. Nachbagauer, R, Choi, A, Izikson, R, Cox, MM, Palese, P, and Krammer, F. Age Dependence and Isotype Specificity of Influenza Virus Hemagglutinin Stalk-Reactive Antibodies in Humans. mBio (2017) 7:e01996–01915. doi: 10.1128/mBio.01996-15

38. Frank, GM, Angeletti, D, Ince, WL, Gibbs, JS, Khurana, S, Wheatley, AK, et al. A Simple Flow-Cytometric Method Measuring B Cell Surface Immunoglobulin Avidity Enables Characterization of Affinity Maturation to Influenza A Virus. mBio (2015) 6:e01156–01115. doi: 10.1128/mBio.01156-15

39. Angeletti, D, Kosik, I, Santos, JJS, Yewdell, WT, Boudreau, CM, Mallajosyula, VVA, et al. Outflanking Immunodominance to Target Subdominant Broadly Neutralizing Epitopes. Proc Natl Acad Sci USA (2019) 116:13474–9. doi: 10.1073/pnas.1816300116

40. Tan, HX, Jegaskanda, S, Juno, JA, Esterbauer, R, Wong, J, Kelly, HG, et al. Subdominance and Poor Intrinsic Immunogenicity Limit Humoral Immunity Targeting Influenza HA Stem. J Clin Invest (2019) 129:850–62. doi: 10.1172/JCI123366

41. Lofano, G, Mancini, F, Salvatore, G, Cantisani, R, Monaci, E, Carrisi, C, et al. Oil-In-Water Emulsion MF59 Increases Germinal Center B Cell Differentiation and Persistence in Response to Vaccination. J Immunol (2015) 195:1617–27. doi: 10.4049/jimmunol.1402604

42. Cox, RJ. Correlates of Protection to Influenza Virus, Where Do We Go From Here? Hum Vacc Immunother (2013) 9:405–8. doi: 10.4161/hv.22908

43. Jacobsen, H, Rajendran, M, Choi, A, Sjursen, H, Brokstad, KA, Cox, RJ, et al. Influenza Virus Hemagglutinin Stalk-Specific Antibodies in Human Serum are a Surrogate Marker for In Vivo Protection in a Serum Transfer Mouse Challenge Model. mBio (2017) 8:e01463–01417. doi: 10.1128/mBio.01463-17

44. Leon, PE, He, W, Mullarkey, CE, Bailey, MJ, Miller, MS, Krammer, F, et al. Optimal Activation of Fc-Mediated Effector Functions by Influenza Virus Hemagglutinin Antibodies Requires Two Points of Contact. Proc Natl Acad Sci USA (2016) 113:E5944–51. doi: 10.1073/pnas.1613225113

45. Chai, N, Swem, LR, Park, S, Nakamura, G, Chiang, N, Estevez, A, et al. A Broadly Protective Therapeutic Antibody Against Influenza B Virus With Two Mechanisms of Action. Nat Commun (2016) 8:14234. doi: 10.1038/ncomms14234

46. DiLillo, DJ, Tan, GS, Palese, P, and Ravetch, JV. Broadly Neutralizing Hemagglutinin Stalk–specific Antibodies Require Fcγr Interactions for Protection Against Influenza Virus In Vivo. Nat Med (2014) 20:3443. doi: 10.1038/nm.3443

47. Osterhaus, ADME, Rimmelzwaan, GF, Martina, BEE, Bestebroer, TM, and Fouchier, RAM. Influenza B Virus in Seals. Science (2000) 288:1051–3. doi: 10.1126/science.288.5468.1051

48. Nobusawa, E, and Sato, K. Comparison of the Mutation Rates of Human Influenza A and B Viruses. J Virol (2006) 80:3675–8. doi: 10.1128/JVI.80.7.3675-3678.2006

49. Tan, J, Arunkumar, GA, and Krammer, F. Universal Influenza Virus Vaccines and Therapeutics: Where Do We Stand With Influenza B Virus? Curr Opin Immunol (2018) 53:45–50. doi: 10.1016/j.coi.2018.04.002

50. Broecker, F, Liu, STH, Suntronwong, N, Sun, W, Bailey, MJ, Nachbagauer, R, et al. A Mosaic Hemagglutinin-Based Influenza Virus Vaccine Candidate Protects Mice From Challenge With Divergent H3N2 Strains. NPJ Vaccines (2019) 4:31. doi: 10.1038/s41541-019-0126-4

51. Gross, PA, and Ennis, FA. Influenza Vaccine: Split-Product Versus Whole-Virus Types — How Do They Differ? N Engl J Med (1977) 296:567–8. doi: 10.1056/NEJM197703102961012

52. Parkman, PD, Hopps, HE, Rastogi, SC, and Meyer.Jr, HM. Summary of Clinical Trials of Influenza Virus Vaccines in Adults. J Infect Dis (1977) 136:S722–30. doi: 10.1093/infdis/136.Supplement_3.S722

53. Beyera, WEP, Nautab, JJP, Palachec, AM, Giezemand, KM, and Osterhausa, ADME. Immunogenicity and Safety of Inactivated Influenza Vaccines in Primed Populations: A Systematic Literature Review and Meta-Analysis. Vaccine (2011) 29:5785–92. doi: 10.1016/j.vaccine.2011.05.040

54. Zost, SJ, Parkhouse, K, Gumina, ME, Kim, K, Perez, SD, Wilson, PC, et al. Contemporary H3N2 Influenza Viruses Have a Glycosylation Site That Alters Binding of Antibodies Elicited by Egg-Adapted Vaccine Strains. Proc Natl Acad Sci USA (2017) 114:12578–83. doi: 10.1073/pnas.1712377114




Conflict of Interest: The Icahn School of Medicine at Mount Sinai has filed patent applications entitled “INFLUENZA VIRUS HEMAGGLUTININ PROTEINS AND USES THEREOF” which names PP, FK, AG-S as inventors.

The remaining 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.

The handling Editor declared a past co-authorship with one of the authors FK.


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 © 2021 Liu, Strohmeier, González-Domínguez, Tan, Simon, Krammer, García-Sastre, Palese and Sun. 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.




ORIGINAL RESEARCH

published: 08 October 2021

doi: 10.3389/fimmu.2021.747032

[image: image2]


Pandemic Preparedness Against Influenza: DNA Vaccine for Rapid Relief


Tor Kristian Andersen 1, Johanna Bodin 2, Fredrik Oftung 2, Bjarne Bogen 1,3, Siri Mjaaland 2 and Gunnveig Grødeland 1,3*


1 Department of Immunology and Transfusion Medicine, Institute of Clinical Medicine, University of Oslo, Oslo, Norway, 2 Division for Infection Control and Environmental Health, Norwegian Institute of Public Health, Oslo, Norway, 3 Department of Immunology and Transfusion Medicine, Clinic for Laboratory Medicine, Oslo University Hospital, Oslo, Norway




Edited by: 

Corey Patrick Mallett, GlaxoSmithKline, United States

Reviewed by: 

Domenico Tortorella, Icahn School of Medicine at Mount Sinai, United States

Teodor Doru Brumeanu, Uniformed Services University of the Health Sciences, United States

*Correspondence: 
Gunnveig Grødeland
 gunnveig.grodeland@medisin.uio.no

Specialty section: 
 This article was submitted to Vaccines and Molecular Therapeutics, a section of the journal Frontiers in Immunology


Received: 25 July 2021

Accepted: 20 September 2021

Published: 08 October 2021

Citation:
Andersen TK, Bodin J, Oftung F, Bogen B, Mjaaland S and Grødeland G (2021) Pandemic Preparedness Against Influenza: DNA Vaccine for Rapid Relief. Front. Immunol. 12:747032. doi: 10.3389/fimmu.2021.747032



The 2009 “swine flu” pandemic outbreak demonstrated the limiting capacity for egg-based vaccines with respect to global vaccine supply within a timely fashion. New vaccine platforms that efficiently can quench pandemic influenza emergences are urgently needed. Since 2009, there has been a profound development of new vaccine platform technologies with respect to prophylactic use in the population, including DNA vaccines. These vaccines are particularly well suited for global pandemic responses as the DNA format is temperature stable and the production process is cheap and rapid. Here, we show that by targeting influenza antigens directly to antigen presenting cells (APC), DNA vaccine efficacy equals that of conventional technologies. A single dose of naked DNA encoding hemagglutinin (HA) from influenza/A/California/2009 (H1N1), linked to a targeting moiety directing the vaccine to major histocompatibility complex class II (MHCII) molecules, raised similar humoral immune responses as the adjuvanted split virion vaccine Pandemrix, widely administered in the 2009 pandemic. Both vaccine formats rapidly induced serum antibodies that could protect mice already 8 days after a single immunization, in contrast to the slower kinetics of a seasonal trivalent inactivated influenza vaccine (TIV). Importantly, the DNA vaccine also elicited cytotoxic T-cell responses that reduced morbidity after vaccination, in contrast to very limited T-cell responses seen after immunization with Pandemrix and TIV. These data demonstrate that DNA vaccines has the potential as a single dose platform vaccine, with rapid protective effects without the need for adjuvant, and confirms the relevance of naked DNA vaccines as candidates for pandemic preparedness.
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Introduction

Vaccines are highly efficient at prophylactic relief against infectious diseases, and vaccines against influenza, measles, and tuberculosis are examples of vaccines that annually save many lives (1, 2). The current SARS-CoV-2 pandemic has once again reminded us of the dependency on effective vaccines for control of a pandemic outbreak. In 2009, it became clear that the use of conventional influenza vaccines based on egg-production had several shortcomings. In particular, the production time was prolonged, hampering efficient use even in a situation where the correlate of protection was well established, and approved vaccines against influenza were easily available (3, 4). For pandemic control, rapid availability of well-matched vaccines is key (5–7).

In 2009, the conventional vaccines against pandemic influenza was produced within 6 months, which represents a record fast production for this vaccine format (8). Thus, it should be no surprise that the frontrunner vaccines developed against SARS-CoV-2 in 2020 were based on more versatile technologies (9–11). In this study, we have compared the immunogenicity and efficacy of conventional influenza vaccines to that of a novel DNA vaccine format. DNA vaccines are rapid to produce, easy to store and deploy independent of a cold chain, and highly versatile with respect to updating the vaccine to match new antigenic variants (12). Furthermore, the development of minimally invasive DNA vaccine delivery systems, such as microneedle patches (13, 14) or needle-free jet delivery (15, 16), makes naked DNA vaccines highly applicable in a mass vaccination scenario.

While DNA vaccines against influenza has been in development since the 1990’s with promising data in pre-clinical models, there are limited data from clinical trials due to low immunogenicity in larger animals (17). Some recent breakthrough has countered this, and most of the clinically approved DNA vaccines are based on delivery with viral vectors (11, 18, 19). While viral vector delivered DNA vaccines are attractive, the viral vector may in itself pose a risk for development of adverse events (20), and immune responses against the vector backbone may hamper repeated use, e.g. in prime boost vaccination schedules or updates for emerging viral variants.

Previously, we have developed a novel DNA vaccine format where the antigen was genetically linked to a targeting moiety specific for a selected receptor on antigen presenting cells (APC) (21–23). In brief, following delivery of naked DNA plasmids encoding the APC-targeted antigen under a single promotor, the cells at the injection site will secrete the corresponding proteins. The APC-specific targeting moiety will then direct the vaccine proteins specifically to the most relevant cells, and as such greatly enhance vaccine immunogenicity and efficacy (21–23). Of note, we have previously observed that steering of the APC-targeted vaccines to different APC receptors can polarize immune responses to either dominant antibody responses/Th2 or cellular responses/Th1 (24). As such, this vaccine platform could be tailored for enhanced induction of the most relevant correlate of protection for any disease (24–26). For influenza, the main correlate of protection against infection are neutralizing antibodies against the HA protein. We have previously found that targeting of HA to major histocompatibility complex class II (MHCII) molecules was superior at raising protective antibodies following vaccination, as compared to eight other APC specific targeting moieties (αCD11c, αCD40, Xcl-1, MIP-1α, FliC, GM-CSF, Flt-3L, αDEC205) (27). Hence, we have here used a plasmid encoding MHCII-targeted HA molecules for vaccination of mice (23, 28). Previously, such vaccination have demonstrated full protection against lethal influenza challenges in mice up to about a year after a single DNA vaccination (22, 24), as well as demonstrated promising efficacy in larger animals (23).

We have here compared the formation of immune responses in mice following vaccination with this MHCII-targeted DNA vaccine to that of conventional influenza vaccines. More specifically, we compared the MHCII-targeted DNA vaccine to Pandemrix, an adjuvanted inactivated split virion vaccine widely administered to counter the 2009 influenza pandemic, as well as the corresponding non-adjuvanted inactivated trivalent influenza vaccine (TIV) from the 2018/19 season.

We show that a single delivery of the MHCII-targeted DNA vaccine raised antibody responses similar to the adjuvanted Pandemrix, and both vaccines could offer long-lasting protection against a lethal influenza challenge. Interestingly, the MHCII-targeted DNA vaccine proved better than Pandemrix with respect to offering protection against a lethal influenza challenge one week after a single vaccination. This protection was likely attributed to the ability of the MHCII-targeted vaccine to also raise protective T cell responses.



Materials and Methods


Mice and Cell Lines

Female BALB/c mice aged 6-8 weeks (Janvier, le Genest-Saint-Isle, France) were used in all experiments. All experiments involving research animals were pre-approved for ethics by the Norwegian Food Safety Authority. Cell work was performed with human embryonic kidney 293E cells purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA).



Vaccines and Vaccination

Anesthetized mice [0.1mg/10g: cocktail of Zoletil Forte (250mg/ml; Virbac France), Rompun (20mg/ml; Bayer Animal Health GmbH), and fentanyl (50µg/ml; Actavis, Germany)] were vaccinated intra muscularly (i.m.) with 25µg DNA (αMHCII-HA) into each quadriceps femoris, immediately followed by electroporation over the injection site (Elgen; Inovio Biomedical Co., Blue Bell, PA). The αMHCII-HA plasmid encodes HA from influenza A/California/07/2009 (H1N1), aa 18-541, linked to the MHCII-specific scFv via a dimerization unit consisting of the CH3 domain of human IgG3 (22). All DNA vaccines were purified by using an EndoFree Plasmid Mega kit (catalog no. 12381; Qiagen, Hilden, Germany) and dissolved in sterile injection fluid (0.9% NaCl). Alternatively, anaesthetized mice were vaccinated i.m. with 1/10 human dose of Pandemrix with AS03 adjuvant (GlaxoSmithKline, Belgium), or a non-adjuvanted trivalent inactivated seasonal influenza vaccine [strains: A/Michigan/45/2015 (H1N1)pdm09-like virus, A/Singapore/INFIMH-16-0019/2016(H3N2)-like virus B/Colorado/06/2017-like virus (B/Victoria/2/87 lineage)].



Viral Challenge

Mice were anaesthetized as described above, and a 5xLD50 dose of A/California/07/2009(H1N1) delivered in 10µl into each nostril. Mice were monitored daily for weight loss and euthanized at 80% of the original body weight. In figures, euthanized mice are scored as 80% for the remaining experimental time.



Flow Cytometry and Imaging

Draining LNs (iliac) were harvested and single cell suspensions prepared by GentleMACS dissociator (Miltenyi Biotech, Germany). Cells were stained with anti-CD3 (75-0032, Tonbo biosciences, San Diego, CA, USA), anti-GL7 (144603, Tonbo), anti-CD38 (102718, Tonbo), and anti-B220 (552771, BD Biosciences, Franklin Lakes, NJ, USA). HA reactivity was evaluated by binding to a His-tagged recombinant HA (Cal07) protein with an Y98F substitution (29) (rec.HAY98F), detected by anti-6xHis mAb (ab133714, Abcam, Cambridge, England). All samples were analyzed using an Attune NxT flow cytometer (Thermo Fisher Scientific, Waltham, MA, USA) and FlowJo software (ver.10).

Draining LNs were embedded in OCT mounting medium (00411243, Q Path, VWR, Radnor, PA, USA), immediately frozen on dry ice and stored at −80°C. Six-micrometer sections were collected on glass slides, air dried, fixed in room temperature acetone for 5 min, air dried, and blocked in 30% normal rat serum with FcRγ blocking reagent (10 μg/ml, HB-197). Sections were then incubated with 2µg/ml rec.HAY98F, followed by rabbit anti-HA(Cal07) pAb (11085-T54, Sino Biological, Inc) and anti-GL7-PE (144608, BioLegend, San Diego, CA, USA). Finally, colors were amplified using anti-FITC-Alexa Fluor 488 (A-11090, Thermo Fisher Scientific) and anti-R Phycoerythrin-Texas Red (ab34734, Abcam), and counterstained with DAPI. Sections were mounted with ProLong Diamond Antifade Mountant (P36970, Thermo Fisher Scientific). Images were acquired in a Nikon Eclipse Ti microscope using a Nikon S Plan Fluor 20x objective with a 0.60 numerical aperture and a Nikon Digital Sight Camera. All micrographs were analyzed and processed using ImageJ Version: 2.0.0-rc-69/1.52p, Build: 269a0ad53f.



Serum ELISA and Avidity Index ELISA

Blood was harvested by puncture of the saphenous vein, and sera collected by centrifugation. ELISA plates (Costar 5390, Corning, Corning, NY) were coated with 0.5µg/ml rec. HA from A/California/07/2009 (11085-V08H, Sino Biological, Inc., Wayne, PA, USA), blocked with 2% BSA/PBS, and incubated with serially diluted serum samples assayed for individual mice. Captured serum antibodies were detected with anti-mouse IgG1-bio (553500, BD Pharmingen, San Diego, CA, USA), or anti-mouse IgG2a- bio (553502, BD Pharmingen), and streptavidin-alkaline phosphatase (RPN1234, GE Healthcare, Buckinghamshire, UK), or alkaline phosphatase conjugated goat anti-mouse IgG (A2429, Saint-Louis, MO, USA). Plates were developed with phosphatase substrate (P4744, Sigma-Aldrich).

Resistance to UREA wash was used to calculate avidity index. Captured serum antibodies were incubated for 10min with 2M UREA or PBS before detecting remaining serum antibodies with alkaline phosphatase conjugated goat anti-mouse IgG (A9316, Sigma Aldrich). AUC was calculated for the dilution curves and baseline for AUC was calculated based on NaCl serum levels. Avidity index is defined as AUC for samples treated with UREA divided by AUC for the corresponding PBS treated sample.



ELISpot Assay

Bone marrow was harvested from femur and tibia. Single cell suspensions were prepared and seeded on MultiScreen HTS filter plates (MSIPS45, Merck Millipore Ltd., Tullagreen, Ireland) pre-coated overnight at 4°C with 0.5 μg/well of rec.HA (Cal07) (11085-V08H, Sino Biological), and incubated for 20h. Spots were detected with anti-mouse IgG (A1418, Sigma-Aldrich), developed with phosphatase substrate (P4744, Sigma-Aldrich) and analyzed in CTL- ImmunoSpot® analyzer (CTL, Shaker Heights, OH, USA).



In Vivo Cellular Cytotoxicity Assay

In vivo cellular cytotoxicity assay were adapted from Durward et al. (30). In brief, splenocytes were harvested and single cell suspensions prepared. Splenocytes were incubated with the MHC class I restricted influenza HA (Cal07) peptide IYSTVASSL, the NP peptide (RLIQNSLTIERMVLS), or a negative control peptide, at a density of 5x107 cells/mL for 1 h at 4°C followed by 30 min incubation at 37°C. Peptide‐loaded cells were washed twice in PBS and subsequently stained with 5 μM CellTrace Violet (CTV) (C34557, Life Technologies) (HA peptide loaded cells), or 1 μM CellTrace Far Red (CTFR) (C34564, Life Technologies) (NP peptide loaded), or double stain (CTV and CTFR) (negative control) at a density of 5x107 cells/mL for 20 min at 37°C. Cells were mixed in equal ratios (1:1:1), and a total of 15x106 cells injected i.v. in a 100µl volume to vaccinated mice. Spleens were harvested 16h later, single cell suspensions prepared, and the presence of peptide loaded cells investigated by flow cytometry. The ratio of CTV to CTV/CTFR or CTFR to CTV/CTFR cells were calculated as % specific lysis = [1 − (average ratio in group with NaCl vaccinated mice/experimental ratio)].



In Vitro T Cell Stimulation and Cytokine Staining

Spleens from mice were collected 9 and 21 days after vaccination and homogenized through a wire mesh to get a single cell suspension by Lympholyte M (Cedarlane, Burlington, US) gradient centrifugation, and thereafter kept frozen in Fetal Bovine Serum (FBS, Sigma/Merck) with 10% DMSO (Sigma/Merck) at -150°C. Splenocytes were thawed, washed in RPMI 1640 (Gibco, Thermo Fischer Scientific) with 10% FBS (Sigma/Merck) and rested for 24 hours prior to stimulation with 5.6 µg HA/ml (400HAU) of A/California/07/2009 (H1N1) for 4 hours at 37°C in the presence of 2.5 µg/ml brefeldin A (BFA, Sigma/Merck). Positive control was stimulated with 50 ng/ml phorbol myristate acetate (PMA, Sigma/Merck) and 1 µg/ml ionomycin (Sigma/Merck). Cells were stained for viability (Live/dead aqua, Molecular Probes, Thermo Fischer Scientific) and extracellular markers in Brilliant staining buffer (BD Biosciences, San Antonia, CA, US) (each staining for 30 minutes at room temperature), then fixed and permeabilized (45 minutes at 4°C using Foxp3 fixation and permeabilization kit, eBioscience) prior to intracellular staining (1 hour 4°C). Percentage of positive CD3, CD4, CD8, CD44, CD62L, CD25, CD19, CD49b, Foxp3, CD107a, IFNγ, TNFα, IL-2 and IL-17A cells was analysed on a ZE5 flow cytometer (Bio-Rad, CA, US). Fractions of memory T cells; T effector memory (TEM) CD44+CD62L-, and T central memory (TCM) CD44+CD62L+, and naïve T cells CD44-CD62L+ as well as NK and NKT cells were also assessed using FlowJo_V10 (Tree Star, San Carlos, CA, US).

Splenocytes were harvested 21 days after vaccination, and single cell suspensions rested for 24 hours prior to stimulation with 5.6 µg HA/ml (400HAU) A/California/07/2009 (H1N1) for 4 hours at 37°C in the presence of 2.5 µg/ml brefeldin A (BFA, Sigma). Splenocytes were then stained for identification of IFNγ, IL-2, and TNFα positive CD4 and CD8 T-cells.



Statistical Analysis

The p-values represent exact values calculated by unpaired non-parametric two-tailed Mann-Whitney tests. Weight curves were analyzed with two-way ANOVA, and survival curves with the Gehan-Breslow-Wilcoxon test. Statistical analysis of flow cytometry was performed using one-way ANOVA with the Holm-Sidiak multiple-comparison test. All analysis was performed using GraphPad Prim 9 software.




Results


Induction of Strong and Long Lasting Protective Antibodies up to 6 Months After a Single Vaccination

In order to compare the antibody kinetics of different vaccine strategies, we vaccinated mice once i.m. with either TIV, Pandemrix, or the MHCII-targeted DNA vaccine (αMHCII-HA). Both Pandemrix and αMHCII-HA are monovalent vaccines, designed to protect against A/California/07/2009 (H1N1), whereas TIV in addition to a pdm09 like strain contains an H3N2 strain and an influenza B strain. The plasmids encoding αMHCII-HA were formulated in a physiological saline solution (NaCl), while Pandemrix was formulated with the adjuvant solution AS03. Thus, both saline and AS03 were used as experimental negative controls.

Following a single vaccination with the different vaccines, serum samples were collected and monitored for HA specific antibodies over 180 days. Both αMHCII-HA and Pandemrix rapidly generated high titers of Cal07 HA specific IgG that were maintained over time. A peak was observed between 42 and 92 days post vaccination, and where the mice vaccinated with Pandemrix had significantly higher total IgG levels as compared to αMHCII-HA (Figure 1A). However, αMHCII-HA raised significantly higher antibody responses as compared to TIV, which only induced modest antibody responses in this system. After the peak, the responses seemed to reach a plateau from about day 106, and that were maintained for at least 180 days.




Figure 1 | Long term antibody responses and protection after a single vaccination. Mice (n=8/group) were vaccinated i.m. with the indicated vaccines. (A–D) Serum antibodies were monitored up to 6 months after vaccination in ELISA for (A) total IgG against HA from Cal07, (B) total IgG against HA from PR8, (C) IgG1 against HA from Cal07, and (D) IgG2a against HA from Cal07. *P < 0.05 for αMHCII-HA versus Pandemrix. (E, F) At 180 days after vaccination, mice were challenged with 5xLD50 dose of Cal07. (E) Weight was monitored. (F) Survival curve after challenge, defined by 20% weight loss. (A–E) Data shown are mean ± SEM, *P < 0.05 (two-way ANOVA) (F) *P < 0.05 (Gehan-Breslow-Wilcoxon test). n.s., not significant.



The antibody responses were highly strain specific, and only mild reactivity against the serologically different strain A/Puerto Rico/8/1934 (H1N1) (PR8) was detected after vaccination with Pandemrix or αMHCII-HA (Figure 1B). Interestingly, the difference between Pandemrix and αMHCII-HA seemed to be mostly due to a significantly higher amount of IgG1 antibodies following vaccination with Pandemrix (Figure 1C), while there were no significant differences in IgG2a levels (Figure 1D).

At day 180, mice were challenged with a lethal dose of influenza virus Cal07. Weight was monitored and used as an objective indicator of morbidity. As expected from the measured antibody responses, both αMHCII-HA and Pandemrix vaccination induced significantly improved protection as compared to TIV, characterized by near sterile protection and minimal weight loss after challenge (Figure 1E). In accordance with ethical requirements, mice that reached a 20% weight loss during the infection were euthanized. Importantly, none of the mice vaccinated with αMHCII-HA or Pandemrix reached this threshold (Figure 1F). Based on the low antibody levels associated with TIV, it may, however, be surprising that only 2/8 mice in this group lost 20% or more of their weight, as opposed to the negative control groups where 8/8 had to be euthanized. The mice receiving TIV lost weight until day 6 after infection, but from then on stabilized and regained weight (Figure 1F).

In sum, we observed that a single vaccination with either αMHCII-HA or Pandemrix could raise strong and long-lasting strain specific protective antibody responses against HA.



Rapid Induction of Antibodies and Protection Against a Lethal Challenge With Influenza Virus

Time is essential during a pandemic outbreak, with respect to both production time and the generation of protective immunity. Thus, we investigated how fast the different vaccines were able to induce protective immunity. BALB/c mice were vaccinated once with αMHCII-HA, Pandemrix, TIV, or controls, and sera examined for antibody responses at day 7 after vaccination. Importantly, a majority of the mice vaccinated with either αMHCII-HA or Pandemrix had detectable levels of HA specific IgG, but there were also some that had not yet seroconverted (Figure 2A). TIV immunized mice did not display any serum antibodies at day 7. Interestingly, αMHCII-HA was the only vaccine that could induced any antibody responses against the heterologous strain PR8, albeit only in 2 out of 16 mice in the group (Figure 2B). For homologous antibody responses against HA from Cal07, IgG1 and IgG2a levels were similar for Pandemrix and αMHCII-HA, but as was observed for total IgG, not all mice had seroconverted at this early time point (Figures 2C, D).




Figure 2 | Rapid induction of antibodies and protection after vaccination. Mice were vaccinated i.m. with the indicated vaccines. (A–D) Serum antibodies were monitored at day 7 after vaccination in ELISA for (A) total IgG against HA from Cal07, (B) total IgG against HA from PR8, (C) IgG1 against HA from Cal07, and (D) IgG2a against HA from Cal07. Pandemrix, αMHCII-HA, and NaCl: n=16/group. AS03 and TIV: n=8/group. (E, F) At day 8 after vaccination, mice (n=8/group) were challenged with a 5xLD50 dose of influenza Cal07. (E) Weight was monitored. (F) Survival curve, as defined by a 20% weight loss. (G, H) At day 8 after vaccination, mice (n=8/group) were challenged with a 5xLD50 dose of influenza PR8. (G) Weight was monitored. (F) Survival curve, as defined by a 20% weight loss. (A, D, E, G) Data shown are mean ± SEM, *P < 0.05 (two-way ANOVA); (F, H) *P < 0.05 (Gehan-Breslow-Wilcoxon test). n.s., not significant.



At day 8 after a single vaccination, mice were given a lethal dose of influenza Cal07 virus and weight was monitored. Interestingly, mice receiving αMHCII-HA lost significantly less weight as compared to mice vaccinated with Pandemrix, but there was a smaller initial weight loss also in this group (Figure 2E). The trend also held when assessing survival as defined by a 20% weight loss, with αMHCII-HA displaying a 25% relative improved survival rate, albeit not statistically significant, when compared to Pandemrix (Figure 2F). Mice vaccinated with TIV were not protected 7 days after challenge. None of the vaccines induced protection against the heterologous PR8 virus at day 8 post vaccination (Figures 2G, H).

Taken together, we found that a single vaccination with either Pandemrix or αMHCII-HA could rapidly lead to seroconversion that translated into protection already one week after vaccination. In addition, vaccination with the MHCII-targeted DNA vaccine significantly improved morbidity as compared to Pandemrix.



Plasma Cells and High Avidity Antibodies After Vaccination

To characterize the antibody response induced after vaccination with the different vaccines in detail, we first investigated the presence of plasma cells in bone marrow following vaccination. Thus, bone marrow was harvested from mice that had been vaccinated once with αMHCII-HA or Pandemrix. Single cell suspensions were prepared, and the number of anti-HA (Cal07) secreting cells assayed by ELISpot. At day 9, we detected no anti-HA secreting cells in bone marrow, but by day 14 anti-HA secreting cells had formed for both these vaccines. Although low, at day 21 the levels had doubled, indicating a steady rise in anti-HA secreting cells in response to vaccination. The development was similar for both αMHCII-HA and Pandemrix, but there was a tendency that Pandemrix had slightly higher numbers of plasma cells at day 14 and 21 (Figure 3A).




Figure 3 | Plasma cells in bone marrow and antibody avidity after vaccination. Mice (n=6/group) were vaccinated i.m. with the indicated vaccines. (A, B) Bone marrow (tibia) was harvested, and anti-HA secreting cells examined by ELISpot at (A) days 9, 14, and 21 after vaccination, or (B) day 180 post vaccination. (C) Antibody titers and avidity index of serum antibodies against HA as measured in ELISA from the indicated time points post vaccination. Data shown are mean ± SEM, *P < 0.05, **P < 0.01 (Mann-Whitney).



To evaluate long-term responses, we also examined plasma cells at day 180 in bone marrow following vaccination with TIV, αMHCII-HA, and Pandemrix. Interestingly, mice vaccinated with αMHCII-HA had significantly higher levels of plasma cells in the bone marrow as compared to mice receiving Pandemrix. Mice vaccinated with TIV did not show any plasma cells in response to vaccination after 180 days (Figure 3B).

Next, we wanted to investigate the avidity of the vaccine induced antibodies and set up an assay measuring the resistance to UREA wash as an indication of antibody binding avidity. In this assay, relative signals between washing with UREA or PBS in ELISA were compared, and an avidity index of 0 or 1 indicated no resistance or absolute resistance to UREA wash, respectively. Sera collected from mice at day 7, 14, and 21 post vaccination were assayed. In accordance with the above results from ELISA (Figures 1, 2), we did not observe significant differences in antibody titers for Pandemrix and αMHCII-HA. However, mice vaccinated with Pandemrix demonstrated a steady increase in serum antibodies with higher avidity towards HA from Cal07 (Figure 3C), mimicking the tendency observed for plasma cells in bone marrow (Figure 3A). At day 21, mice vaccinated with Pandemrix had significantly more serum antibodies with increased avidity as compared to mice vaccinated with αMHCII-HA, even though serum antibody levels were similar between the two vaccines (Figure 3C).

In sum, we found that Pandemrix induced antibodies with higher avidity more rapidly than αMHCII-HA (day 21). However, with time (6 months) the level of plasma cells in response to αMHCII-HA vaccination was significantly higher than after vaccination with Pandemrix.



Germinal Center Induction After Vaccination and HA Reactive B Cells

The early presence of plasma cells in bone marrow could indicate a strong germinal center (GC) reaction to the vaccine antigen (Figure 3A). Thus, we wanted to investigate the formation of GCs, as well as the presence of HA reactive B cells with a GC phenotype.

Mice were vaccinated once and draining lymph nodes (LN) (iliac) harvested on days 9, 14, and 21. Cells from the prepared single cell suspensions were stained for GC B cells (B220+ CD38lo GL7+), identified by a recombinant HA probe (Figure 4A). A steady rise in HA reactivity among B cells was observed from day 9 through day 21 post vaccination (Figure 4B). Mice receiving αMHCII-HA had GC B cells with a significantly elevated HA reactivity. However, Pandemrix induced a stronger GC reaction, and although the percentage of GC HA reactivity was lower in these mice, the total number of HA reactive GC B cells was significantly higher than after vaccination with αMHCII-HA (Figure 4C).




Figure 4 | Germinal center response and early formation of plasma cells after vaccination. Mice (n=4/group) were vaccinated i.m. with the indicated vaccines. (A–E) Draining lymph nodes (iliac) were harvested and examined for B cells (CD3- B220+), GC markers (GL7+CD38lo), and binding to a recombinant HA probe by flow cytometry. (A) Gating strategy. Representative flow charts are shown. (B) Fraction of HA reactive B cells with a GC phenotype on the indicated time points. (C) Absolute numbers of HA reactive GC B cells from draining LNs at the indicated time points. (D, E) In a new experiment, the GC response was investigated at 21 days post vaccination. (D) Fraction of HA reactive B cells with a GC phenotype. (E) Absolute numbers of HA reactive GC B cells. (F) Cryosections of draining lymph nodes harvested 21 days after vaccinations, and stained with GL7 (red), rHAY98F (green), and DAPI (blue). Scale bar is 200µm. Data shown are mean ± SEM, *P < 0.05, **P < 0.01 (Mann-Whitney).



The increased levels of GC B cells observed after vaccination with Pandemrix was likely augmented by the adjuvant AS03. Pandemrix is a split vaccine and also contains other antigens than HA. Thus, a new experiment was performed for day 21 post vaccination to also include an adjuvant control group and the non-adjuvanted split vaccine TIV. As expected, vaccination with αMHCII-HA again induced the highest percentages of HA reactive B cells with a GC phenotype in the LNs. The control groups vaccinated with NaCl or AS03 defined the background, and we observed that TIV induced low, but significant, levels of HA reactive GC B cells (Figure 4D). When looking at the total number of HA reactive GC B cells, however, we again observed that Pandemrix induced the highest absolute numbers (Figure 4E).

The formation of GC was also evaluated by microscopic imaging of LNs harvested at day 21 after vaccination. The cryopreserved LN sections were stained with the GC activation marker GL7, the recombinant HA probe, and DAPI (Figure 4F). Multiple GC structures with HA reactivity were observed for the mice receiving αMHCII-HA or Pandemrix, in accordance with the flow cytometry data.

Taken together, the data demonstrate that vaccination with αMHCII-HA induced a response where the reactivity of GC B cells was focused on HA. Pandemrix induce a stronger immune response in total, and as such had a higher total number of GC B cells and HA reactive GC B cells.



Strong Cytotoxic T-Cell Responses Induced by αMHCII-HA

The fairly similar B cell activation and antibody levels observed after vaccination with Pandemrix or αMHCII-HA led to the question of whether differences in induction of cytotoxic T cells could explain the improved survival that was observed in mice at day 8 after vaccination with αMHCII-HA (Figure 2). Thus, single cell suspensions of splenocytes from naïve mice were loaded with MHC class I restricted peptides from HA, influenza nucleoprotein (NP), or an irrelevant peptide as negative control, and stained with cell trace dyes. Next, the peptide loaded splenocytes were injected i.p. into mice immunized 9 days or 8 weeks prior with TIV, Pandemrix, αMHCII-HA, or NaCl. Following a 16h incubation, spleens were harvested and the presence of transferred cells investigated by flow cytometry (Figure 5A). The ratios of HA or NP peptide loaded splenocytes to the irrelevant peptide negative control in NaCl treated mice was used as a reference to calculate the relative specific lysis of HA or NP peptide loaded cells in the vaccinated groups.




Figure 5 | Short and long-term antigen-specific cytotoxic responses after vaccination. Mice (n=6-8/group) were vaccinated once i.m. with the indicated vaccines. After 9 days or 8 weeks, splenocytes from naïve mice were loaded with MHC class I restricted peptides from HA (IYSTVASSL), NP (RLIQNSLTIERMVLS), or irrelevant peptide. Cells were stained with CellTrace Violet (CTV), CellTrace Far Red (CTFR), or double stained with CTV and CTFR, respectively. Cells were mixed in equal ratios and injected i.v. to vaccinated mice. 16h later, spleens were harvested and the presence of peptide loaded splenocytes were assessed by flow cytometry. (A) Gating strategy for identification of transferred cells. (B) HA-specific lysis of splenocytes 9 days after vaccination. (C) NP-specific lysis of splenocytes 9 days after vaccination. (D) HA-specific lysis of splenocytes 8 weeks after vaccination. Data shown are mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001 (Mann-Whitney).



Importantly, mice vaccinated 9 days earlier with αMHCII-HA displayed a strong cytotoxic response towards the HA peptide that was about 10-fold higher than that observed in mice vaccinated with Pandemrix (Figure 5B). Vaccination with Pandemrix raised a similar cytotoxic response against both NP and HA, while αMHCII-HA, as expected, did not induce any cytotoxic activity towards the NP peptide (Figure 5C). Interestingly, TIV induced similar responses as Pandemrix against both groups of peptides. In order to also examine the long-term cytotoxic potential, we set up a similar experiment 8 weeks post vaccination. The cytotoxic responses were markedly reduced in all the vaccine groups as compared to day 9, but the group vaccinated with αMHCII-HA maintained a significant and strong cytotoxic response (Figure 5D).

In sum, the data clearly demonstrated that αMHCII-HA induced a superior cytotoxic response both at early and later time points as compared to Pandemrix. The early induction of cytotoxic immunity could explain the improved protection observed after vaccination with αMHCII-HA and the viral challenge at 8 days post vaccination (Figure 2).



Cytokine Secretion Following Vaccination

T cells with an enhanced effector function have often been characterized by the dual secretion of two or more key cytokines (31), and the significant difference observed for cytotoxic responses between the vaccine groups (Figure 5) points towards different functional T cell profiles. Thus, we investigated the secretion of IFNγ, IL-2, and TNFα in T cells from splenocytes harvested 21 days after a single vaccination, and stimulated ex vivo with HA (Cal07). In accordance with the improved cytotoxic response following vaccination with αMHCII-HA (Figure 5), the highest numbers of IFNγ, IL-2, and TNFα secreting CD4 T-cells were observed for this group (Figure 6A). TIV induced somewhat higher numbers of cytokine secreting cells as compared to Pandemrix. The trend held also for double secreting CD4 T-cells. Triple secreting CD4 T-cells were not observed for any vaccine groups (Figure 6A). A similar trend was observed for the CD8 T-cells, but with somewhat higher levels (Figure 6B).




Figure 6 | Multifunctional T cell subsets after vaccination. Mice (n=4/group) were vaccinated once i.m. with the indicated vaccines. 21 days after vaccination, splenocytes were harvested, and following overnight resting stimulated for 4h with HA (Cal07) in the presence of a protein transport inhibitor. Single, double, or triple expression of cytokines IFNγ, IL-2, and TNFα were investigated for CD4 (A) and CD8 (B) T cell subsets. (C, D) Effector memory (TEM) and central memory (TCM) T cell subsets were defined as CD44+ CD64L-, and CD44+ CD64L+, respectively. (C) Presence of CD4 TEM. (D) Presence of CD8 TEM. (E) Presence of CD4 TCM. (F) Presence of CD8 TCM. Data shown are mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001 (Anova og Tukey’s multiple comparison).



While the cytokine profiles indicated an increased level of effector T-cells, analysis of cells with effector memory (TEM) and central memory (TCM) phenotype was performed for CD4 and CD8 T-cells after ex vivo antigen stimulation. TEM was identified as CD4/CD8+ CD44+ CD64L- cells and TCM was identified as CD4/CD8+ CD44+ CD64L+ cells. The TEM subsets were slightly elevated in mice receiving αMHCII-HA for both CD4 and CD8 T-cells, whereas the other vaccine groups were similar to background (Figures 6C, D). TCM were not clearly elevated above background levels (NaCl and AS03), although the percentage of CD8 TCM seemed to be higher in mice receiving TIV compared to αMHCII-HA (Figures 6E, F).

Taken together, the data confirms an increased potential for activation of multifunctional T cells following vaccination with αMHCII-HA, as compared to Pandemrix and TIV. Further, immunization with αMHCII-HA increased the TEM levels of both CD4 and CD8 T cells, indicating a strong protective effect. This is reflected in the highest survival rate after viral challenge compared across the vaccine platforms tested.




Discussion

The current SARS-CoV-2 pandemic has once again reminded us of our dependency on effective vaccines for control of a pandemic outbreak, and new vaccine platforms that efficiently can quench pandemic emergences are urgently needed. It is particularly important that the vaccines can be rapidly available for deployment in the population, and that protective immune responses are raised rapidly after vaccination.

In this study, we compared formation of immune responses in mice following vaccination with an MHCII-targeted DNA vaccine to that of conventional influenza vaccines. More specifically, we used an adjuvanted, inactivated split virion vaccine widely administered to counter the 2009 influenza pandemic (Pandemrix) and the corresponding conventional non-adjuvanted seasonal trivalent inactivated vaccine (TIV). A single delivery of the MHCII-targeted DNA vaccine raised HA-specific antibody responses with high avidity already after one week, similar to the responses induced by the adjuvanted Pandemrix, and both vaccines offered long-lasting protection against a lethal influenza challenge. Interestingly, the MHCII-targeted DNA vaccine proved even better than Pandemrix with respect to offering early protection against a lethal influenza challenge, probably due to the enhanced activation of cellular immunity after vaccination with αMHCII-HA.

DNA vaccines against influenza have been in development since the 1990’s with promising data in pre-clinical models, but the reduced efficacy often observed in larger animals and humans has hampered progression to clinical application (17). New formulations such as lipid nanoparticles (32, 33), viral vector formulations (34, 35), and gene delivery methods (36) have increased vaccine efficacy, and a naked DNA vaccine from Inovio against SARS-CoV-2 just entered Phase 3 clinical testing (37).

The DNA vaccine format has several advantages for use in a pandemic setting, including advantageous price points and a cold chain independent distribution. A vaccine suited for pandemic preparedness against influenza should also be easily adaptable to match antigens of emerging strains and perform consistent across known influenza subtypes. Importantly, we have previously developed MHCII targeted DNA vaccines against several influenza subtypes, and observed a consistent and high immunogenicity in mice and larger animals (22, 23, 38, 39).

Besides the advantages of the DNA vaccine format, large-scale use of prophylactic DNA vaccines have also raised some safety concerns. Most pronounced is perhaps the potential for integration into host genomes (40, 41), antibiotic resistance (42), and DNA directed auto immunity (43). Fortunately, these phenomena have not been detected during clinical trials (37, 44–47). DNA vaccines have thus far demonstrated a good safety profile during clinical evaluations, but, as we have recently been reminded (48), rare adverse events are difficult to detect prior to use in a larger population.

The main correlate of protection against influenza is neutralizing antibodies that can block viral entry, and influenza vaccines typically aim for induction of these. Here, the rapid rise observed in antibody levels after vaccination with αMHCII-HA or Pandemrix was supported by increases in GC B-cells and plasma cells in bone marrow. These parameters were also reflected by the avidity index scores of serum antibodies for the two vaccines. Pandemrix induced a slightly stronger response than the DNA vaccine for practically all antibody or B-cell related measurements at early time points, although not statistically significant. Further, Pandemrix induced a very high number of GC B-cells, but the total HA reactivity was increased with αMHCII-HA. The adjuvant AS03 likely contributed to the high number of GC B cells found in draining lymph nodes after Pandemrix vaccination. AS03 is optimized for increased influx of immune cells to lymph nodes and B cell recruitment (49), and presumably contributed to a significant increase in the number of HA reactive GC B cells and the tendency of higher plasma cell numbers in the bone marrow at similar time points. Fluorescent micrographs demonstrated that the GCs with HA reactivity were slightly enhanced following vaccination with Pandemrix as compared to αMHCII-HA, in general accordance with GC B cell profile seen in the flow cytometry data (Figure 4).

Importantly, both Pandemrix and αMHCII-HA induced full protection against a lethal influenza challenge at 180 days post a single vaccination, with virtually no weight loss observed. Thus, the elevated IgG1 responses observed after vaccination with Pandemrix (Figure 1), as well as the increased avidity observed during the first weeks after vaccination (Figure 3), did not make a difference for the protective capacity long- or short-term as compared to MHCII-HA (Figures 1, 2). At day 180 post a single vaccination, we also observed lower levels of anti-HA secreting plasma cells in bone marrow after Pandemrix vaccination as compared to αMHCII-HA. This also did not hamper protection, indicating that both vaccines were able to induce sufficient memory formation. TIV induced moderate long-term protection, in accordance with expectations for the single delivery of a non-adjuvanted vaccine administered to naïve mice.

In a pandemic setting, rapid formation of protective immunity is key. It is therefore important that both Pandemrix and αMHCII-HA were able to induce moderate protection against a lethal viral challenge already 8 days post a single vaccination. Interestingly, the DNA vaccine demonstrated a slight increase in survival as compared to Pandemrix, but significantly reduced morbidity. As expected, TIV did not induce any sign of immune resistance to challenge only 8 days after vaccination. At this time point, neither vaccine conferred sterilizing immunity against influenza. However, strong cytotoxic T-cell responses elicited by the MHCII targeted DNA vaccine are likely the underlying reason for the observed reduced morbidity in this vaccine group, as demonstrated by the significantly lower weight loss (Figure 2). This explanation was supported by observations of increased levels of CD4 and CD8 effector memory T cells after DNA vaccination. The clear differences in cytotoxicity observed ex vivo was also supported by the T cell cytokine profiles, with key cytokines such as IFN-γ, IL-2, and TNF-α elevated after DNA immunization both for the CD8 and CD4 T-cell compartment. The T cell responses raised at day 8 post vaccination were, however, not sufficient for protection against a different strain of influenza H1N1 (Figures 2G, H). However, we have previously found that the cellular immune responses induced by αMHCII-HA can protect against antigenically variable strains at 4 weeks after a single DNA vaccination (22, 50).

The hemagglutination inhibition (HI) assay is currently at the core for regulatory assessments of influenza vaccine immunogenicity (51). It evaluates the ability of antibodies to prevent virus from binding to red blood cells. Concerns about considering the HI titer a lone predictor of vaccine efficacy have been raised (52), especially for strains with a pandemic potential (53). During the past 20 years, several influenza subtypes (e.g. H5, H7, H9, and H10) have been demonstrated to breach the zoonotic barrier (54). The influenza virus is prone to antigenic drift, potentially hampering the efficacy of vaccine induced strain specific and neutralizing antibodies. Vaccines against influenza pandemics should therefore ideally be able to raise a combination of protective antibodies and T cell responses, offering at least some protection also against strain variants that may emerge. The ability of the MHCII-targeted DNA vaccine to raise a broader type of immune response, including both strong antibody responses and T cells, is encouraging in this respect.

For pandemic preparedness, one should consider the contribution from cytotoxic T cells induced solely by vaccines or in combination with pre-existing immunity. T cells often react to conserved epitopes that are shared among many different strains or even subtypes of influenza, offering immune resistance in the absence of effective antibodies (55). An ideal vaccine for pandemic preparedness should therefor activate both arms of the immune system and induce neutralizing antibodies as well as cytotoxic T cell responses. T cell mediated immunity cannot confer sterilizing immunity, but the broader responses to more conserved epitopes in the virion may prevent progression to severe morbidity or mortality. Thus, it may be important to establish T cell based correlates of protection against disease for improved evaluation and approval of influenza vaccines.

In summary, DNA vaccines targeting HA to MHCII molecules demonstrated comparable antibody responses and efficacy to Pandemrix in a mouse model. A noteworthy difference between these two vaccines was the cytotoxic T-cell response after vaccination with αMHCII-HA, that likely improved symptomatic disease at an early time-point after a single vaccination. Due to the many advantages of the DNA vaccine format over egg-based split virus vaccines, these data confirms the relevance of DNA vaccines as an attractive approach for pandemic preparedness.
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Developing influenza vaccines that protect against a broad range of viruses is a global health priority. Several conserved viral proteins or domains have been identified as promising targets for such vaccine development. However, none of the targets is sufficiently immunogenic to elicit complete protection, and vaccine platforms that can enhance immunogenicity and deliver multiple antigens are desperately needed. Here, we report proof-of-concept studies for the development of next-generation influenza vaccines using the bacteriophage T4 virus-like particle (VLP) platform. Using the extracellular domain of influenza matrix protein 2 (M2e) as a readout, we demonstrate that up to ~1,281 M2e molecules can be assembled on a 120 x 86 nanometer phage capsid to generate M2e-T4 VLPs. These M2e-decorated nanoparticles, without any adjuvant, are highly immunogenic, stimulate robust humoral as well as cellular immune responses, and conferred complete protection against lethal influenza virus challenge. Potentially, additional conserved antigens could be incorporated into the M2e-T4 VLPs and mass-produced in E. coli in a short amount of time to deal with an emerging influenza pandemic.
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Introduction

Influenza A (Flu) virus is a highly contagious infectious agent that can cause severe respiratory disease (1, 2). Although vaccines are available, they are strain-specific and mainly target the variable head domain of viral major envelope glycoprotein, hemagglutinin (HA) (3, 4). The stalk domain of HA exhibits a degree of conservation among influenza virus strains but cannot efficiently induce antibody responses in its native state due to the immunodominance of epitopes present in the head domain (5–8). The rapid evolution of influenza viruses through antigenic drift and shift in their surface glycoproteins, HA in particular, greatly limit the effectiveness of the current vaccines (9–12). Therefore, vaccines have to be reformulated annually using reference viruses recommended by World Health Organization, based on the information provided by the Global Influenza Surveillance Network (13).

Vaccines that provide broader protection against diverse influenza virus strains are highly desired, and remain as one of the major challenges in Flu vaccine design. Many efforts have been focused on developing such vaccines, often referred to as “universal” Flu vaccines, using the conserved viral proteins or domains (12, 14). The internal virion proteins, nucleoprotein (NP) and matrix protein 1 (M1), were mainly used as immunogens to induce cellular immune responses, particularly CD8+ T cells with cross-protection against heterologous influenza viruses (15–17). Engineered headless HA stalk, in which the immunodominant head domain was removed, was mainly used to induce antibodies that recognize or neutralize diverse influenza virus strains (18, 19). Another widely used target for universal Flu vaccines is the extracellular domain of matrix protein 2 (M2e) that is highly conserved among divergent influenza virus strains (14, 20, 21). However, none of these vaccine targets are highly immunogenic and many strategies were employed to enhance their immunogenicity (22–25).

By taking advantage of in vitro assembly of antigen proteins on bacteriophage T4 capsid, we recently developed a virus-like nanoparticle (VLP) platform that can elicit robust immune responses against a variety of displayed antigens, without any adjuvants (26, 27). In this study, we aimed to develop an M2e-based influenza vaccine using this T4 VLP platform. The immunogenicity of M2e, a NH2-terminal 23-residue peptide of viral matrix protein 2 (M2), is otherwise quite low during natural infection due to its small size and low abundance on the virion surface (28). However, when displayed on a VLP, the M2e induced significant immune responses and provided variable protection against influenza virus infection (29, 30). Although many different platforms such as hepatitis B virus core particle (31), human papillomavirus particle (32), and tobacco mosaic virus (33) were used as VLP carriers for M2e, phage-based VLP platforms are more attractive for their cost-effectiveness and large-scale manufacturing potential that is critical during an influenza pandemic.

Several phage platforms have been tested for M2e Flu vaccine design. The M2e antigens displayed on T7 phage capsids, though immunogenic, failed to provide complete protection against lethal influenza virus challenge (34). This was probably due to the low copy number of M2e molecules on the phage capsid. Indeed, it was found that vaccines with higher M2e epitope densities resulted in higher protection efficacy (35, 36), and most of the licensed viral vaccines contain high density of antigens on the virion surface (37). Although phage fd can display up to 2,700 copies of peptide per capsid through its major coat protein pVIII, the display is sensitive to the size of the peptide (38). Therefore, only part of M2e (residues 2-16) could be displayed on phage fd, which still provided protection from death but the challenged mice showed severe body weight loss indicating its limited value as a vaccine (39).

We have previously reported that phage T4 can be used for efficient display of full-length proteins as large as 120 kDa at high density because of its unique capsid architecture (40). The 120 x 86 nm phage capsid is comprised of four major capsid proteins: two essential proteins, the capsid shell protein gp23* (930 copies) and the vertex protein gp24* (55 copies), and two non-essential proteins, the small outer capsid protein (Soc, 870 copies) and the highly antigenic outer capsid protein (Hoc, 155 copies) (Figure 1A) (26, 41). Deletion of Hoc and Soc (Hoc-Soc- T4) has no effect on the propagation of T4 under laboratory conditions, and recombinant antigens fused to Hoc or Soc specifically bind to Hoc-Soc- T4 capsids in vitro with high affinity (26, 27, 42, 43).




Figure 1 | Construction of 3M2e-T4 VLPs. (A) schematic diagram of 3M2e-T4 VLPs preparation. Structural models of wild-type T4 and Hoc-Soc- T4 phages were shown. 3M2e decorated T4 nanoparticles were prepared by incubation of Soc-3M2e proteins with Hoc-Soc- T4 phages as described in Materials and Methods. (B) Purification of Soc-3M2e. Soc-3M2e fusion was constructed by fusing 3M2e, which contains three tandem copies of M2e from human, swine, and avian influenza viruses, to the COOH-terminus of Soc. Arrows indicated the flexible linkers (GGSSGGSS) between each component. Soc-3M2e protein was purified by HisTrap affinity chromatography followed by size exclusion chromatography. Only the monomeric peak was collected, and the purity of Soc-3M2e protein was analyzed by SDS-PAGE. (C) Assembly of 3M2e-T4 VLPs in vitro. About 5×1010 Hoc-Soc- T4 phages were incubated with at the indicated ratios of Soc-3M2e protein molecules to capsid binding sites (see Materials and Methods for the details). 3M2e-T4 VLPs were analyzed by SDS-PAGE. The same amount of Hoc-Soc- T4 phages was used as a control. Blue and red arrows indicated gp23* and Soc-3M2e, respectively. (D) Saturation binding curve of Soc-3M2e. The bound and unbound (not shown) Soc-3M2e proteins were calculated using BSA a standard. The copy numbers of Soc-3M2e per capsid were determined using gp23* as internal control. The data were plotted as one-site saturation ligand binding curve. (E) The diameter distributions of Hoc-Soc- T4 (red line) and 3M2e-T4 nanoparticles (blue line).



Here, we show that three variants of M2e peptide from human, swine, and avian influenza viruses tandemly fused to the COOH-terminus of Soc can be efficiently displayed on Hoc-Soc- T4 capsids at high density by in vitro assembly (Figure 1). The resultant M2e-decorated T4 nanoparticles are found to be highly immunogenic and induced complete protection against lethal influenza virus challenge, without any adjuvant. Importantly, the vaccinated mice showed no or minor symptoms after lethal influenza virus challenge, based on clinical observations including body weight and pathological analyses. These studies provide proof-of-concept for the development of next-generation influenza vaccines using the phage T4 VLP platform.



Results


Construction of M2e-Decorated Bacteriophage T4 Nanoparticles

To stimulate increased breadth of immunogenicity and protection against Flu viruses, a 3M2e gene containing three types of M2e sequences from human, swine, and avian influenza viruses were synthesized (Supplementary Table) and fused to the COOH-terminus of Soc to generate Soc-3M2e. A flexible GGSSGGSS linker was introduced between each M2e segment as depicted in Figure 1B, to minimize any interference in the folding of the M2e domains. Hexa-histidine tags were also added to both termini of the Soc-3M2e protein. The fusion protein was expressed in E. coli and purified by Ni2+ affinity chromatography followed by size-exclusion chromatography. The major peak corresponding to a molecular weight of ~21.8 kDa (monomeric Soc-3M2e) was collected (Figure 1B, blue profile). The purity of the recombinant Soc-3M2e proteins was confirmed by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE), which showed a single major band with a molecular mass of ~22 kDa, equivalent to the Soc-3M2e fusion protein (Figure 1B).

The 3M2e-decorated T4 nanoparticles (3M2e-T4 nanoparticles) were prepared by incubation of the purified Soc-3M2e protein with the CsCl-purified Hoc-Soc- T4 phages as previously described (44) (Figure 1C). To optimize the copy number of 3M2e, ~5×1010 T4 phages were incubated with different quantities of the Soc-3M2e protein (Figure 1C). The presence of bound Soc-3M2e was determined by SDS-PAGE analysis of 3M2e-T4 nanoparticles isolated by high-speed centrifugation. The data show that the Soc-3M2e protein bound efficiently to the Hoc-Soc- T4 phages, even at a 1:1 ratio of Soc-3M2e molecules to Soc binding sites, and reached saturation at ratio of 10:1 (Figure 1C). The copy number of bound Soc-3M2e per capsid (Bmax) calculated from the binding curve was 427, and the apparent binding constant (Kd) was 305 nM (Figure 1D). Since each Soc-3M2e protein contains three tandem copies of M2e peptide, there are ~1,281 M2e molecules assembled on each T4 nanoparticle, which is remarkably higher than any VLPs reported so far. The diameter distribution and zeta-potential of 3M2e-T4 nanoparticles was determined using Zetasizer Nano ZS. The average diameter of 3M2e-T4 nanoparticles is 150.9 nm, which is larger than the diameter of Hoc-Soc- T4 phages (mean = 120.8 nm) (Figure 1E), indicating the binding of Soc-3M2e. We didn’t observe significant difference in zeta-potentials between Hoc-Soc- T4 (-26.7 ± 0.4 mV) and M2e-T4 nanoparticles (-24.3 ± 0.12 mV) (Figure S1).



3M2e-T4 Phage Nanoparticles Induced Robust M2e-Specific Antibodies

To determine the immunogenicity of 3M2e-T4 nanoparticles, mice were intramuscularly immunized with 3M2e-T4 nanoparticles displaying a total of 15μg 3M2e antigen on day 0, 14, and 28 (Figure 2A). Mice immunized with PBS, 15μg of Soc-3M2e soluble proteins, or a simple mixture of 15μg Soc-3M2e antigen and the same number of T4 phage nanoparticles (Soc-3M2e+T4) were used as controls. To minimize binding prior to immunization, the Soc-3M2e antigen was mixed with phage T4 at the time of immunization (most of the Soc-3M2e did not bind to capsid, see Materials and Methods for the details). Sera were collected according to the scheme shown in Figure 2A, and the titers of M2e-specific antibodies were determined by enzyme-linked immunosorbent assay (ELISA). All mice immunized with PBS were negative for M2e-specific IgG even at a low sera dilution of 50. The Soc-3M2e soluble proteins induced very low levels of M2e-specific IgG antibodies. However, 3M2e-T4 nanoparticles), without any adjuvant, induced very high levels of 3M2e-specific IgG antibodies, with end point titers of ~4×105 (Figure 2B). Even a simple mixture of Soc-3M2e and T4 phage (Soc-3M2e+T4 mixture) generated high titers (~1×105) of M2e-specific antibodies when compared to the very low titers generated by the soluble Soc-3M2e antigen (Figure 2B, p<0.0001, ANOVA). These data point to the remarkable immune stimulatory effect of the T4 phage nanoparticles.




Figure 2 | M2e-specific humoral immune responses. (A) Scheme of mouse immunization. Sera were obtained before each immunization. The titers of M2e-specific IgG (B), IgG1(C), IgG2a (D), and IgA (F) were determined by ELISA using peptides pool of M2e from human, swine, and avian influenza viruses. (E) Ratio of M2e-specific IgG2a to IgG1 were calculated. Date were shown as means ± S.D. *, **, and **** indicated p < 0.05, p < 0.01, and p < 0.0001 respectively (ANOVA).



Since M2e-induced immune protection mainly depends on antibody-dependent cellular cytotoxicity (ADCC) and antibody-dependent cellular phagocytosis (ADCP), the efficiencies of which are different between IgG subtypes (45–47), we determined the titers of M2e-specific IgG1 (TH2-biased) and IgG2a (TH1-biased). The Soc-3M2e soluble antigen mainly induced IgG1 antibodies, whereas mice immunized with 3M2e-T4 nanoparticles or Soc-3M2e+T4 mixture produced similar levels of both IgG1 and IgG2a antibodies (Figures 2C–E). Elicitation of balanced TH1 and TH2 biased immune responses is a significant feature of the T4 vaccine delivery platform and generally important for protection against infectious disease. We have also determined the 3M2e-specific IgA antibodies in sera. Although 3M2e-T4 nanoparticles induced IgA antibodies in some of the mice, the data were not statistically significant (p>0.05, ANOVA. Figure 2F).



3M2e-T4 Nanoparticle-Induced Anti-M2e Antibodies Bind to Influenza Virions and Influenza Virus-Infected Cells

To determine whether 3M2e-T4 nanoparticles induced antibodies recognize M2e on influenza virions, A/Puerto Rico/8/34 (H1N1) virus was inactivated with β-propiolactone and used as the coating antigen in ELISA assays. The data revealed that these antibodies, regardless of the IgG subtype, specifically bound to the influenza virions (Figures 3A–C). Consistent with the end point titers (Figure 2), balanced levels of virion-binding titers were observed for both the IgG1 and IgG2a subtypes. As expected, sera from PBS immunized mice showed negative results even at a low sera dilution of 10 (Figures 3A–C). Since M2e-induced immune protection mainly depends on ADCC and ADCP, we then examined whether M2e presented in plasma membranes of influenza virus-infected cells can be recognized by 3M2e-T4 induced antibodies. Madin-Darby canine kidney (MDCK) cells infected with A/Puerto Rico/8/34 (H1N1) influenza virus at a multiplicity of infection (MOI) of 1 were tested for the binding of M2e-specific antibodies by indirect immunofluorescence assay (Figure 3D). The data indicated that the sera from 3M2e-T4 VLPs immunized mice showed significant binding to influenza virus-infected cells, but not to mock-treated cells (Figure 3D). Together, these data demonstrated that the 3M2e-T4 nanoparticle can efficiently induce M2e-specific antibodies that recognize M2e presented both on influenza virions and on virus-infected cells, indicating their potential protection against influenza virus infection.




Figure 3 | Anti-M2e antibodies specifically bind to influenza virions and influenza virus-infected cells. The binding of M2e-specific IgG (A), IgG1(B), and IgG2a (C) to influenza virions were determined by ELISA using β-propiolactone-inactivated A/Puerto Rico/8/34 virus as the coating antigen. (D) The binding of M2e-specific IgG to influenza virus infected cells. MDCK cells were infected with A/Puerto Rico/8/34 virus at a MOI of 1, and the binding was determined by indirect immunofluorescence assay as described in Materials and Methods. Data were shown as means ± S.D.





3M2e-T4 Nanoparticles Elicit Strong Cellular Immune Responses

To investigate whether the 3M2e-T4 nanoparticles elicited M2e-specific cellular immune responses, mice were sacrificed 7 days after the second boost, and spleens were collected to isolate peripheral blood mononuclear cells (PBMCs). The number of IFN-γ and IL-4 secreting cells were analyzed by ELISPOT using 10μg/ml M2e peptide as a stimulus. Neither the mice immunized with Soc-3M2e soluble antigen nor those immunized with the Soc-3M2e+T4 mixture generated IFN-γ and IL-4 secreting cells, while the mice immunized with 3M2e-T4 nanoparticles generated significant numbers of M2e-specific IFN-γ (Figure 4A) and IL-4 secreting cells (Figure 4B). These data demonstrate that assembly of 3M2e on T4 nanoparticles is essential to stimulate the cellular arm of the host immune system. This seems to be not that critical for the humoral arm because, as shown above, substantial induction of antibodies was evident with the Soc-3M2e+T4 mixture (Figures 2B–D).




Figure 4 | M2e-specific cellular immune responses. Mice (n = 4) were immunized according to the scheme shown in Figure 2A, and splenocytes were isolated on day 35. The IFN-γ (A) and IL-4 (B) secreting lymphocytes were assayed by ELISPOT as described in Materials and Methods. The right images of each panel show the representative results of ELISPOT wells from each group. Data were represented as mean ± S.D. of four mice in each group. **p < 0.01; ***p < 0.001 (ANOVA).





3M2e-T4 Nanoparticles Elicited M2e-Specific Mucosal Antibodies

The mucosal surfaces of the respiratory tract are major ports of entry for influenza viruses, and previous studies indicated that both mucosal IgG and serum IgG are conducive for efficient protection (48). To determine if the 3M2e-T4 nanoparticles stimulated mucosal antibodies, bronchoalveolar lavage fluid (BALF) was collected 7 days post last immunization, and the presence of IgG and IgA antibodies were detected using ELISA. As shown in Figure 5A, soluble Soc-3M2e was able to induce low levels of M2e-specific IgG antibodies, whereas the 3M2e-T4 nanoparticles induced the highest levels. As in the case of serum IgG, the Soc-3M2e+T4 mixture could also induce mucosal IgG, much higher than the soluble antigen. As expected, the PBS control mice had no detectable levels of anti-M2e IgG antibodies (Figure 5A). Subtype analysis of the IgG antibodies showed that Soc-3M2e soluble antigens only elicited M2e-specific mucosal IgG1, whereas mice immunized with 3M2e-T4 nanoparticles or Soc-3M2e+T4 mixture induced balanced levels of both mucosal IgG1 and IgG2a antibodies (Figures 5B, C). However, all the groups failed to develop M2e-specific IgA antibodies in BALF (Figure 5D).




Figure 5 | M2e-specific antibodies in BALF. Bronchoalveolar lavage fluids were collected 7 days after last immunization (n = 5). M2e-specific total IgG (A), IgG1(B), IgG2a (C), and IgA (D) were determined by ELISA using a mixture of human, swine, avian influenza virus M2e peptides as the capture antigen (2 µg/ml). Date were presented as means ± S.D. *p < 0.05; **p < 0.01; ****p < 0.0001 (ANOVA).





3M2e-T4 Nanoparticles Provided Complete Protection Against Influenza A Virus Challenge

To evaluate the protective efficacy of each formulation, immunized mice were challenged with 5LD50 of A/Puerto Rico/8/34 (H1N1) virus and monitored daily for body weight and survival for 14 days. As shown in Figure 6A, infection of influenza virus resulted in substantial weight loss of PBS control mice, or mice immunized with either the Soc-3M2e soluble antigen, or Soc-3M2e+T4 mixture, three days post infection. All the mice in the PBS control group died 10 days post challenge and five of the six mice immunized with the soluble Soc-3M2e died 9 days post challenge (Figure 6B), whereas 67% of the mice vaccinated with Soc-3M2e+T4 mixture recovered and survived (Figure 6B). In contrast, all the mice immunized with 3M2e-T4 nanoparticles not only survived the lethal challenges with the H1N1 virus infections (Figure 6B), but also, remarkably, showed no significant body weight loss (Figure 6A).




Figure 6 | 3M2e-T4 VLPs provided complete protection against influenza virus challenge. Mice (n = 6) were challenged with 5×LD50 of A/Puerto Rico/8/34 two weeks after last immunization. Weight loss (A) and survival rate (B) of mice were monitored daily for 14 days. (C) Pathological analysis of lungs from mice (n = 3) challenged with virus was carried out in a separate experiment, in which mice were immunized with the same immunization procedure described above. Five days post infection with 5×LD50 of A/Puerto Rico/8/34, mice were euthanized, and lung sections were prepared as described in Materials and Methods. The representative results from each group were shown (column I, scale bar, 200 µm; Columns II-IV, scale bar, 50 µm). Main pathological changes are thickening of alveolar septa of mice (column II, green arrows), inflammatory cells infiltrated around the bronchi (column III, black arrows), and pulmonary blood vessels (column IV, black arrows).



The protection efficacy was further evaluated by pathological analysis of the lungs of the immunized mice 5 days post-challenge. Figure 6C shows representative results of the lung lesions (column I) and pathological changes of alveoli (column II), bronchi (column III), and pulmonary vessels (column IV). Overall, mice immunized with Soc-3M2e+T4 mixture showed obvious, though less severe, lesions in the lungs when compared to the PBS control mice or mice immunized with soluble Soc-3M2e antigen, whereas no obvious lesions were found in 3M2e-T4 nanoparticle immunized mice (column I). The alveolar walls of PBS or soluble Soc-3M2e immunized mice were severely thickened (column II), and a large number of inflammatory cells infiltrated around the bronchi (column III) and pulmonary blood vessels (column IV). Mice immunized with Soc-3M2e+T4 mixture also exhibited similar but less severe pathological changes. However, in contrast, the mice vaccinated with 3M2e-T4 nanoparticles showed relatively normal alveolar wall thickness and negligible inflammatory infiltration (Figure 6C).




Discussion

The influenza virus M2e antigen is considered to be an attractive target for the development of universal influenza vaccines (49–51). However, VLP carriers and/or adjuvants are absolutely needed for designing the M2e-based vaccines because of the poor immunogenicity of the M2e peptides. By taking advantage of the phage T4 nanoparticle platform, in this study, we developed a novel 3M2e-T4 VLP vaccine that, without any adjuvant, induced robust humoral and cellular immune responses and provided complete protection against influenza virus challenge.

The 3M2e-T4 nanoparticles were prepared by simply incubating the Soc-3M2e fusion protein with Hoc-Soc- T4 phages, both of which can be produced in large-scale in E. coli. Therefore, our M2e-T4 nanoparticles provide an approach to manufacture influenza vaccines in a short amount of time, which is critical to deal with an emerging influenza pandemic. The 3M2e-T4 nanoparticles can be stored at 4°C for at least 6 days without significant degradation of the bound antigen (Figure S2), and it can also be lyophilized for long-term storage. Although phages T7 and fd have previously been used as carriers to present M2e, they conferred limited protection (34, 39). This is probably because these platforms cannot present full-length M2e peptides at high density, which is a key determinant for inducing strong and protective immune responses (52). Our data demonstrated that each T4 phage nanoparticle was decorated with ~427 copies of the 21.8 kDa Soc-3M2e, and each copy containing three tandem repeats of M2e peptide from human, swine, and avian influenza viruses. This means that ~1,281 copies of M2e molecules were presented on a 120 x 86 nm nanometer capsid particle, the highest density reported so far on any VLP. Such high density as well as the repetitive and symmetrical arrangement of M2e epitopes mimicking the surface structure of a viral pathogen, probably led to robust stimulation of the host immune system eliciting strong immune responses without the need for an adjuvant.

Apart from high epitope density, the high immunogenicity of 3M2e-T4 VLPs might also because the T4 phage was able to stimulate innate immune responses and may have natural adjuvant properties (26, 38). Indeed, a mixture of Soc-3M2e antigen and T4 phages (Soc-3M2e+T4) in which most of the antigen was not attached to capsid induced quite high levels of M2e-specific antibodies in sera (Figures 2B–D) and BALF (Figure 5). Importantly, however, the 3M2e-T4 nanoparticles elicited the strongest immune responses. This might be because display of 3M2e on T4 phage represents linkage of antigen to an adjuvant-loaded delivery system, which ensures simultaneous presentation of both to the same immune cell such as the antigen-presenting cells (APCs) that could significantly enhance the immune responses (53). T4 phages also induced vector-specific antibodies after immunization (Figure S3A), which could be a concern of T4 VLP platform. However, such antibodies did not interfere the immunogenicity of 3M2e displayed on T4 nanoparticles based on the observation that M2e-specific antibodies were boosted significantly after second and third immunizations (Figure S3B). This might because T4 phage is mainly used as a scaffold to efficiently deliver and present antigens to immune system, and it cannot replicate in mice as some other live viral vectors. The efficacy of such live viral vaccines depends on their replication in vivo to produce enough antigens, which might be inhibited by vector-specific immune responses. Our data indicated that the T4 vector immunogenicity is not a significant issue in the case of T4 VLP vaccines.

Unlike soluble Soc-3M2e protein that mainly elicited Th2-biased responses, the 3M2e-T4 VLPs induced balanced TH1 and TH2 immune responses (Figures 2E, 4), which is vital for vaccine efficacy. TH1-type cytokines such as IFN-γ tend to induce the proinflammatory responses, which could lead to tissue damage. TH2-type cytokines such as IL-4 are mostly involved in mediating anti-inflammatory response, which will counteract the excessive microbicidal effect mediated by TH1-based responses (54–56). Our results showed that mice immunized with 3M2e-T4 VLPs, but not soluble Soc-3M2e proteins, induced similar levels of M2e-specific IgG1 and IgG2a (Figure 2E). Similar results were also observed for the M2e-specific IFN-γ and IL-4 secreting cells (Figure 4) indicating that M2e-T4 VLPs facilitate both TH1-type and TH2-type immune responses. Additionally, M2e-specific antibodies generally are non-neutralizing and their protection is mainly dependent on antibody-dependent cellular cytotoxicity (ADCC) and antibody-dependent cellular phagocytosis (ADCP) (45–47, 57). Therefore, high levels of M2e-specific IgG2a antibodies, which are more potent than other IgG subclasses in directing ADCC, are desirable for M2e-based vaccines.

Previous studies have suggested that T-cell responses induced by M2e vaccines also contributed to the protection against influenza infections (49, 58). In our current study, we found that the 3M2e-T4 VLPs, but not the soluble Soc-3M2e or a mixture of T4 and Soc-3M2e, elicited high levels of M2e-specific IFN-γ and IL-4 secreting lymphocytes in the spleens of vaccinated mice. These might have contributed to the enhanced protections of 3M2e-T4 VLPs (Figure 6), and the expectation is that, since we have used three versions of M2e and that M2e as such is highly conserved among influenza viruses, these responses would afford cross-protection to diverse viruses belonging to different subtypes.

Although M2e-based universal influenza vaccines are promising, it is highly desirable to include other conserved antigens such as HA-stalk, NP, and M1 to cover a broad range of virus types. Other than displaying M2e on capsids, our T4 vaccine platform provides flexibility and capacity for next-generation multivalent vaccine design. For instance, we have demonstrated that the T4 platform can be used to simultaneously display and deliver different kinds of protein antigens or DNAs encoding antigen proteins, target antigens to dendritic cells, and co-deliver antigens and molecular adjuvants (27, 38, 40). Therefore, potent multivalent T4-Flu VLP vaccines can be designed and experiments are currently underway to develop such next-generation broadly effective Flu vaccines.

In conclusion, our studies demonstrated that the T4 phage nanoparticles displaying the Flu viral M2e peptides at high density, without the inclusion of an external adjuvant, stimulate strong humoral and cellular immune responses in mice against the virion-exposed M2e that is otherwise poorly immunogenic. These responses also afforded complete protection against lethal Flu virus challenge. These results, thus, provide a proof-of-concept for the development of potent next-generation influenza vaccines using the T4 VLP platform by incorporating additional conserved influenza antigens and other immunostimulatory molecules.



Materials and Methods


Ethics Statement

All animal experiments were approved by the Research Ethics Committee (HZAUMO-2021-0023), Huazhong Agricultural University, Hubei, China and performed in the Laboratory Animal Center of Huazhong Agricultural University strictly in accordance with the Guidelines for the Care and Use of Laboratory Animals, Huazhong Agricultural University.



Construction of Plasmids

The plasmid pET-RbSoc was constructed by inserting Soc gene of RB69 phage into pET28b expression vector using NheI and XhoI restriction sites. The 3M2e gene (Table S1) encoding three tandem copies of M2e from human, swine, and avian influenza viruses separated by two flexible linkers (GGSSGGSS) was synthesized and cloned into pUC19 vector using SalI and XhoI restriction sites. The 3M2e gene fragment was cut from pUC19 plasmid using SalI and XhoI and subcloned into pET-RbSoc plasmid at the XhoI site to generate the expression plasmid pRbSoc-3M2e, in which the 3M2e gene was fused to COOH-terminus of RB69 Soc.



Purification of Recombinant Soc-3M2e Protein

The pRbSoc-3M2e expression plasmid was transformed into E. coli BL21 (DE3) competent cells (Novagen), and a single colony was cultured overnight in LB medium supplemented with 50 µg/ml kanamycin. Ten ml of the overnight culture was inoculated into 1 L of fresh LB medium containing the antibiotic, and the expression of Soc-3M2e was induced with 1mM isopropyl-β-D-thiogalactoside (IPTG) at 30°C for 2 hours when the OD600 of culture reached 0.8. E. coli cells were collected by centrifugation at 4,300g for 15 min and resuspended with binding buffer (20 mM Tris-HCl pH 8.0, 100 mM NaCl, 10 mM imidazole, and 5 μg/ml DNase I). The cells were lysed by high-pressure cell disruptor at 4°C, and cell debris was removed by high-speed centrifugation (35,000g, 20 min, 4°C). The supernatant containing the recombinant Soc-3M2e proteins was passed through a 0.22 μm filter and loaded onto HisTrap column (Yeasen, Shanghai, China). After washing with 40 ml washing buffer (20 mM Tris-HCl pH 8.0, 100 mM NaCl, and 20 mM imidazole), the Soc-3M2e protein was eluted with elution buffer (20 mM Tris-HCl pH 8.0, 100 mM NaCl, and 400 mM imidazole). The peak fractions were collected and further purified by size-exclusion chromatography (Hi-load 16/60 Superdex 200 column, GE Healthcare Life Sciences) using gel filtration buffer (20 mM Tris-HCl pH 8.0, 100 mM NaCl). The purity of eluted Soc-3M2e protein was analyzed by SDS-PAGE, and protein concentration was determined with BSA as a standard. The endotoxin level present in purified Soc-3M2e protein was 0.05 EU/ml tested using Limulus Amebocyte Lysate (LAL) Endotoxin Quantitation Kit (Xiamen Bioendo Technology Co., Ltd, Xiamen China).



T4 Phage Purification

The propagation and purification of Hoc-Soc- phage T4 were carried out as previously described (44, 59, 60). Briefly, an overnight culture of E. coli P301 was inoculated into LB/M9CA medium and incubated at 37°C until the cell density reaches 1.5-2.0×108 cells/ml. E. coli cells were then infected with Hoc-Soc- phage T4 at a multiplicity of infection (MOI) of 0.2-0.4, and cultured at 37°C for another 2-3 h. The cultures were harvested by centrifugation at 30,000g for 30 min, and the pellet containing phages was suspended in Pi-Mg buffer (26 mM Na2HPO4, 22 mM KH2PO4, 79 mM NaCl, 1 mM MgSO4) containing chloroform and DNase I. After 20 min incubation at 37°C, the suspension was centrifuged at 4,300g for 20 min to remove cell debris, and phages in the supernatant were collected by high-speed centrifugation (30,000g, 30 min). The phage pellet was resuspended in 1 ml Pi-Mg buffer and purified by CsCl step density gradient centrifugation. Finally, the phages were dialyzed against dialysis solution I (10 mM Tris pH 8.0, 200 mM NaCl, and 5 mM MgCl2) for 5 h followed by dialysis solution II (10 mM Tris pH 8.0, 50 mM NaCl, and 5 mM MgCl2) for overnight at 4°C. The endotoxin level present in purified Hoc-Soc- phages was 1.53 EU/ml, which is well under the maximum recommended endotoxin levels, 20 EU/ml, in subunit vaccines (61).



Assembly of 3M2e Antigens on Hoc-Soc- T4 Capsids In Vitro

In vitro assembly of proteins on Hoc-Soc- T4 phages was performed as described previously (26, 44). To optimize the binding of Soc-3M2e, about 5 × 1010 phage particles were incubated at 4°C for 45 min with Soc-3M2e proteins at different ratios of antigen molecules to Soc binding sites (1:1 to 30:1, Figure 1C). The unbound Soc-3M2e proteins were removed by centrifugation at 21,130 g for 30 min, and the pellet of phage particles containing bound proteins were washed twice with PBS. The Soc-3M2e decorated phage particles were finally resuspended in PBS, transferred to a new tube, and analyzed by SDS-PAGE. The gp23* and Soc-3M2e proteins in each lane were quantified by Image-Pro Plus software using BSA as a standard. The copy number of bound Soc-3M2e proteins was determined using gp23* (49 kDa, 930 copies per capsid) as internal control. The saturation binding curve was generated using Prism GraphPad software as previously described (26, 27, 43). The y-axis showed the copy number at the different ratios, while x-axis represented the concentration of unbound Soc-3M2e. The apparent binding affinity (Kd) and the maximal number of bound molecules (Bmax) were determined by nonlinear regression analysis with the methods of one site specific binding with a Hill slope. The diameter distribution and zeta-potential of the nanoparticles were determined using Zetasizer Nano ZS (Malvern Panalytical, UK).



Immunizations and Influenza A Virus Challenge

Six- to eight-week-old female BALB/c mice were purchased from Laboratory Animal Center of Huazhong Agricultural University, Hubei, China. The 3M2e-T4 nanoparticles were prepared as described above and injected intramuscularly into mice (15μg 3M2e per dose) at week 0, 2, and 4. Each batch of sample was analyzed by SDS-PAGE for consistency in the copy number of displayed antigens before injection (Figure S4). Mice immunized with the mixture of Soc-3M2e proteins (15μg 3M2e per dose) and T4 phages (9×1011 particles) were used as controls (Soc-3M2e+ T4). To minimize the binding of Soc-3M2e, the protein was mixed with T4 phages right before each immunization. Other control groups included PBS, Soc-3M2e soluble proteins (15μg 3M2e per dose), and T4 phages (9×1011 particles). Two weeks post the third immunization, mice (n=6) were anaesthetized with ether and intranasally infected with 5 LD50 of influenza A/Puerto Rico/8/1934 virus. All mice were monitored daily for morbidity and mortality for 14 days. Animals with 30% or greater body weight loss were euthanized immediately and considered as death.



Quantification of Antibodies in Sera and BALF

The levels of antigen-specific antibodies in sera and bronchoalveolar lavage fluid (BALF) were quantified by enzyme-linked immunosorbent assay (ELISA). Blood samples (n=6) were collected on days 0, 14, 28, and 35. BALF samples (n=5) were collected 7 days after the third immunization. Briefly, the lungs from sacrificed mice were flushed three times with 1ml PBS, which was then centrifugated at 3,500 g for 10 min. The supernatant was harvested for analysis of M2e-specific antibody titers. The ELISA plates were coated overnight at 4°C with 200 ng/well of M2e peptide pool consisting of equal amounts of peptides from human, swine, and avian influenza viruses or β-propiolactone-inactivated influenza A virus (1×106 PFU/well) or Hoc-Soc- T4 phages (1×109 PFU/well). The plates were blocked with 3% BSA in PBS-T (PBS containing 0.05% Tween-20) for 1 hour at 37°C. Serially diluted sera and BALF (1% BSA in PBS-T) were then added to each well of plates, which were incubated at 37°C for 1 hour. After washing 5 times with PBS-T, the plates were incubated with secondary antibodies (horseradish peroxidase-conjugated goat anti-mouse IgG, IgG1, IgG2a, and IgA) at 37°C for 1 hour. Following five washes, 100 μl of TMB (3,3′,5,5′-tetramethylbenzidine) substrate was added to each well, and the reaction was stopped with 2 M H2SO4. The absorbance atOD450 was determined by a microplate reader.



Indirect Immunofluorescence Assay

About 2×105 MDCK cells in 500 μl of growth medium (DMEM supplemented with 10% fetal bovine serum) were seeded into an each well of 24-well plate and allowed to adhere overnight. The growth medium was removed, and cells were washed twice with PBS and mock infected or infected with A/Puerto Rico/8/1934 virus in serum-free DMEM at a MOI of 1 for 1 h. The cells were then washed three times with PBS and cultured in serum-free DMEM containing 1 μg/ml TPCK-trypsin for 20h. After washing with PBS, cells were fixed with 10% formalin for 10 min, permeabilized with 0.1% Triton X-100 for 20 min, and blocked with 5% BSA in PBS-T (PBS containing 0.05% Tween-20) for 1 hour at 37 °C. The cells were then incubated with the sera from immunized mice at a dilution of 1:100 for 1h. After 5 times wash with PBS-T, Alexa Fluor 488 goat anti-mouse IgG (Thermo Fisher Scientific) were used as secondary antibodies at a dilution of 1:1000. Following five washes, nuclei were counterstained with 1 μg/ml DAPI (BD Biosciences) for 5 min in the dark. Photography was performed on an inverted fluorescence microscope (Thermo Fisher Scientific).



Enzyme-Linked Immunosorbent Spot Assay

ELISPOT assay was performed to determine the number of M2e-specific IFN-γ and IL-4 secreting cells in spleen according to the manufacturer’s protocol (DAKAWE, China). Briefly, 7 days post the last immunization, mice were sacrificed and the spleens were harvested to prepare single-cell suspensions. Around 3×105 splenocytes were seeded to each well of plates and stimulated with M2e peptides (equal amounts of M2e peptide from human, swine, and avian influenza viruses) at a final concentration of 10 μg/ml. After 32-34 hours of culture at 37°C, 5% CO2, the splenocytes were removed by cell-cracking buffer of ice-cold deionized water. The plates were then incubated with biotinylated antibodies followed the addition of HRP-conjugated streptavidin. After washing 5 times, the reaction was developed with AEC (3-amino-9-ethylcarbazole) substrate and stopped with flowing water. Plates were dried at room temperature and spot-counted (DAKAWE, Wuhan, China).



Histopathologic Analyses

Mice (n=3) were immunized and challenged as described above. Five days after challenge with 5 LD50 of influenza A/PR/8/1934 virus, mice were sacrificed, and lungs were isolated. Lung tissues were fixed in 10% formalin, dehydrated through a graded series of ethanol, embedded in paraffin wax, and cut into 4 µm-thick sections. After deparaffinization, sections were stained with hematoxylin-eosin and observed under an optical microscope (Nikon, Japan).



Statistical Analysis

All the statistical analyses were performed using GraphPad Prism software. Comparisons among different groups were evaluated by one-way ANOVA. In all cases, p< 0.05 was considered as statistically significant difference.
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Antibodies to influenza surface protein neuraminidase (NA) have been found to reduce disease severity and may be an independent correlate of protection. Despite this, current influenza vaccines have no regulatory requirements for the quality or quantity of the NA antigen and are not optimized for induction of NA-specific antibodies. Here we investigate the induction and durability of NA-specific antibody titers after pandemic AS03-adjuvanted monovalent H1N1 vaccination and subsequent annual vaccination in health care workers in a five-year longitudinal study. NA-specific antibodies were measured by endpoint ELISA and functional antibodies measured by enzyme-linked lectin assay (ELLA) and plaque reduction naturalisation assay. We found robust induction of NA inhibition (NAI) titers with a 53% seroconversion rate (>4-fold) after pandemic vaccination in 2009. Furthermore, the endpoint and NAI geometric mean titers persisted above pre-vaccination levels up to five years after vaccination in HCWs that only received the pandemic vaccine, which demonstrates considerable durability. Vaccination with non-adjuvanted trivalent influenza vaccines (TIV) in subsequent influenza seasons 2010/2011 – 2013/2014 further boosted NA-specific antibody responses. We found that each subsequent vaccination increased durable endpoint titers and contributed to maintaining the durability of functional antibody titers. Although the trivalent influenza vaccines boosted NA-specific antibodies, the magnitude of fold-increase at day 21 declined with repeated vaccination, particularly for functional antibody titers. High levels of pre-existing antibodies were associated with lower fold-induction in repeatedly vaccinated HCWs. In summary, our results show that durable NA-specific antibody responses can be induced by an adjuvanted influenza vaccine, which can be maintained and further boosted by TIVs. Although NA-specific antibody responses are boosted by annual influenza vaccines, high pre-existing titers may negatively affect the magnitude of fold-increase in repeatedly vaccinated individuals. Our results support continued development and standardization of the NA antigen to supplement current influenza vaccines and reduce the burden of morbidity and mortality.




Keywords: influenza, neuraminidase, neuraminidase inhibition, neuraminidase inhibition (NAI) titer, repeated vaccination, pre-existing immunity, pandemic vaccination



Introduction

Influenza is an acute respiratory disease that is annually estimated to cause 3 – 5 million cases of severe illness and 290 000 – 650 000 deaths worldwide (1, 2). Influenza vaccines are currently the most effective method of prevention of influenza infection. Hemagglutinin (HA) is the major surface glycoprotein on the virus that mediates viral entry by binding to sialic acid receptors on the surface of host cells. Antibodies that target the HA globular head and block binding to sialic acids are considered the classical mediators of protection against influenza infection. These antibodies are measured by hemagglutination inhibition (HI) assay and the HI titer has been the gold standard for measuring vaccine immunogenicity for many years. Thus, current seasonal influenza vaccines are optimized for induction of HA-specific antibodies. Each vaccine dose is standardized by the HA content, however, there are no concentration requirements for the other vaccine components, such as neuraminidase. Neuraminidase (NA) is the second major surface glycoprotein. It is a sialidase that cleaves terminal sialic acids and facilitates the release and spread of newly formed viruses from host cells (3). HI antibodies tend to be strain-specific and have reduced cross-reactivity with new and drifted influenza strains due to the high mutation rate of the HA head region. Antigenic drift and shift may occur independently for HA and NA proteins and NA is a potential target for more broadly protective vaccines. Early studies established that NA is immunogenic and that NA-specific antibodies reduce disease in humans (4, 5). More recent studies have found that antibodies with NA inhibition (NAI) activity correlate with reduced viral shedding and clinical disease, and may be a possible correlate of protection (6, 7). Despite NA being an antigenic target for induction of protective antibody responses, the quantity and quality of NA is not regulated in current influenza vaccines. Consequently, the amount and stability of the NA antigen has been found to vary between influenza vaccines and key epitopes targeted by human monoclonal antibodies are poorly displayed (8, 9). Studies have reported variable seroconversion rates for NA-specific antibody responses after vaccination with inactivated influenza vaccines, ranging between 23 – 64% (7, 10, 11).

Annual vaccination is recommended due to antigenic drift of influenza viruses and waning of antibody titers. However, there is growing evidence showing that repeated influenza vaccination can lead to a diminished B cell response (12) and that high pre-existing antibody titers can reduce boosting of antibody titers after vaccination (13). The impact of repeated vaccination has mainly been studied in the context of HA-specific antibody responses (12, 13). Thus, there is limited data on whether repeated vaccination and pre-existing titers impact the induction of NA-specific antibody responses after vaccination.

This study aimed to investigate the induction and durability of NA-specific antibodies with AS03-adjuvanted pandemic H1N1pdm09 vaccination and determine the impact of subsequent annual vaccination with trivalent inactivated vaccines (TIV) in health care workers (HCWs). We found that AS03-adjuvanted monovalent H1N1pdm09 vaccination induced robust and durable NA-specific antibody responses. The antibody titers were further boosted after immunization with TIVs, however, we found that the magnitude of the functional NA antibody fold-increase declined with repeated vaccination.



Materials and Methods


Study Design and Blood Sampling

Healthy HCWs (n=50) were vaccinated between October 2009 and March 2010 at Haukeland University Hospital, Norway with the AS03-adjuvanted pandemic H1N1pdm09 split virus vaccine (3.75 μg hemagglutinin A/California/7/2009 (H1N1) (Pandemrix, GlaxoSmithKline-GSK, Belgium). Written informed consent was obtained before inclusion in the study. Further informed consent was obtained for the 4-year extension between 2010/2011–2013/2014 where vaccination was with the trivalent seasonal inactivated influenza vaccine [TIV; either subunit (Influvac, Abbott Laboratories) or split-virion (Vaxigrip, Sanofi Pasteur)] containing 15 μg hemagglutinin per strain. Throughout the study, the A/H1N1 strain remained the same [A/California/07/2009 (H1N1)], however the A/H3N2 and B viruses changed between seasons. Demographic and clinical information including working department were collected. The study was approved by the regional ethics committee (REKVest-2012/1772) and the Norwegian Medicines Agency (Clinical trials.gov NCT01003288) (14).

Blood samples were collected pre-vaccination (D0), 21 days (D21), 3, 6, and 12 months (3M, 6M, 12M, respectively) after vaccination. Annual influenza vaccination is recommended, but not mandatory for HCWs in Norway. The HCWs were divided into two groups, repeated and single group, based on their vaccination status in influenza seasons 2010/2011 – 2013/2014. The single group did not receive any TIVs during the study. The repeated group was vaccinated with two or three TIVs in the four seasons following the 2009 pandemic. An overview of the number of vaccinations and the intervals that these were given for the repeated group can be found in Supplemental Table 2. The same sampling schedule was followed after all vaccinations. The 12M timepoint was collected from all HCW irrespective of vaccination and used as D0 for HCWs in the repeated group for each season. Blood samples collected before vaccination were considered as day 0 whenever HCWs had not been vaccinated during the previous season, which more accurately reflected the true baseline titers. HCWs in the single group (n=24) were only vaccinated in 2009 but provided yearly blood samples at the start of each influenza season, i.e. 24, 36, 48 and 60 months after H1N1pdm09 vaccination. The samples collected from the single group after the 2009 season were labelled as 12M for each subsequent season as seen in Figure 2. All serum samples were heat inactivated at 56°C for one hour before use in serological assays.



ELISA

Flat bottom 96-well plates (Invitrogen) were coated with recombinant N1 NA A/California/07/2009 (H1N1) (Cal09) produced in a baculovirus expression system as previously described (15). N1 NA Cal09 (100 µl/well) diluted in PBS (1 µg/ml) was added and incubated overnight at 4°C. The plates were washed six times with PBS-T (PBS with 0.05% Tween 20) and blocked with 200 µl of blocking solution [PBS with 0.1% Tween-20 (Sigma), 1% BSA (Sigma), 5% milk (Marvel)] and incubated for 1 hour at 37°C. Sera were 4-fold serially diluted from 1:100 in blocking solution and 100 µl of diluted serum was added per well in duplicates and incubated at 37°C for 1 hour. Following incubation, the plates were washed six times with PBS-T and 100 µl horseradish peroxidase (HRP)-conjugated mouse anti-human IgG (BD Biosciences) diluted in blocking buffer (1:4000) was added per well and incubated at 37°C for 1 hour. The plates were washed six times with PBS-T and the secondary antibody signal was developed by adding 100 µl per well of 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate (BD Biosciences). The reaction was stopped after 10 min by adding 100 µl of 1M HCl (Sigma). Absorbance was measured at 450 and 620 nm with a microplate reader (Bio-Tek). Background measured at 620 nm was subtracted from the absorbance measured at 450 nm. The endpoint titer was determined using a sigmoidal dose response curve in GraphPad Prism 9.



ELLA

Inhibition of NA enzyme activity was determined using enzyme-linked lectin assay (ELLA) using an influenza reassortant H7N1 virus (NIBSC, UK) with an irrelevant HA from A/Equine/ Prague/56 (H7N7) and NA from A/California/07/09 (H1N1), matching the vaccine strain. ELLA was performed according to Couzens et al. (16). Briefly, 96-well plates were coated with 100 µl/well of fetuin (25 µg/ml) (Sigma) diluted in PBS and incubated at 4°C for a minimum of 18 hours. The plates were washed three times with PBS-T. Sera were 5-fold serially diluted from 1:50 in sample diluent (PBS with 0.9 mM CaCl2 and 0.5 mM MgCl2 (Life Technologies), 1% BSA (Sigma), 0.5% Tween-20) and 50 µl was added per well in duplicates. The virus was diluted in sample buffer at a concentration equivalent to 90% of the maximum signal and 50 µl was added per well. The plates were incubated at 37°C for 18 hours. After incubation, the plates were washed six times with PBS-T and 100 µl of HRP-conjugated peanut agglutinin (1 mg/ml) (Sigma) diluted in conjugate diluent (PBS with 0.9 mM CaCl2 and 0.5 mM MgCl2, 1% BSA) was added to per well and incubated in the dark at room temperature for 2 hours. The plates were washed three times with PBS-T. 100 µl of o-Phenylenediamine dihydrochloride (OPD) substrate (Sigma) in phosphate-citrate buffer (50 mM) (Sigma) was added to each well and incubated in the dark for 10 min. The reaction was stopped by adding 100 µl 1N sulfuric acid (Sigma). The absorbance was measured at 490 nm. 50% inhibitory concentration was calculated for each serum sample using a sigmoidal dose response curve in GraphPad Prism 9 and considered as the neuraminidase inhibition (NAI) titer.



Plaque Reduction Neutralization Assay

A 96-well microplate plaque reduction neutralization assay was used to measure the capacity of sera to inhibit viral replication in vitro. The reassortant H7N1 virus used in ELLA was used for this assay. The plaque reduction neutralization assay was performed according to Matrosovich et al. (17, 18). MDCK SIAT1 cells were seeded (2x104 per well) and incubated overnight at 37°C. The virus was diluted to a concentration that would generate 100 plaques per well. Sera were diluted 1:20 and 1:100 and mixed with the virus, and incubated at 37°C for one hour. This inoculum was added in quadruplets and incubated at 37°C for 40 min. A low-viscosity Avicel overlay (FMC BioPolymer) was added to each well and the plates were incubated with the inoculum-overlay mixture for 24 hours. The plaques were visualized by immunostaining of nucleoprotein and the plaques were counted using ELISpot counter (AID). The number of plaques in the control wells was used to determine 50% inhibition and the highest reciprocal dilution giving 50% reduction in plaque formation was defined as plaque reduction neutralizing titer (PRNT50 titer). The NA inhibitor oseltamivir (Roche) was used as a positive control to confirm that the assay could detect reduction in plaque forming units (PFU) as a result of NA inhibition in a dose-dependent manner (Supplementary Figure 1). Human serum depleted for IgA, IgM, and IgG (Sigma) was used as negative control.



Statistical Analysis

Endpoint, NAI and PRNT50 titers were log-transformed and analyzed by linear mixed effects model with adjustments for demographic factors and multiple comparisons by Sidak correction. Demographic factors used for adjustments included age, sex, influenza vaccination prior to 2009 and working department (Table 1). The linear-mixed effects model analyses were performed in IBM SPSS Statistics version 26 and was the statistical test used unless otherwise stated. Analyzes of statistical difference between the single and repeated group was done by non-parametric Kruskal-Wallis test in GraphPad Prism 9. Correlation coefficients were calculated by non-parametric Spearman correlation in GraphPad Prism 9. Statistical significance was defined as P<0.05 for all tests.


Table 1 | Demographics of the study participants.






Results

In this study we investigated NA-specific antibody responses after pandemic vaccination and subsequent annual influenza vaccination. Fifty HCWs were included in the study, which consisted of 9 men and 41 women. These numbers reflect the gender distribution in the Norwegian healthcare system. The median age at the start of the study was 38 years old (range 22 – 63). The majority of the HCWs (65%) had been vaccinated with TIVs before 2009 (Table 1).


Robust and Durable NA-Specific Antibody Responses After 2009 Pandemic Vaccination

One objective of this study was to investigate the induction of NA-specific antibody responses after AS03-adjuvanted monovalent pandemic vaccine (H1N1pdm09) in healthy adults. All HCWs in the study were vaccinated with the H1N1pdm09 vaccine in 2009 and blood samples were collected before and 21 days, 3, 6 and 12 months after vaccination. Endpoint titers were determined by ELISA against recombinant N1 NA Cal09 (Figure 1A). NA-specific endpoint titers were detected in all HCWs pre-vaccination with a geometric mean titer (GMT) of 322. The endpoint titers were significantly boosted to a GMT of 773, a geometric fold rise (GMFR) of 2.4, at 21 days post-vaccination (P<0.0001). The endpoint titers gradually waned during the following 12 months, although titers were significantly higher than pre-vaccination levels up to the 3-month time point (P=0.004).




Figure 1 | NA-specific antibody responses after H1N1pdm09 vaccination. Health care workers (n = 50) were vaccinated with AS03-adjuvanted H1N1pdm09 vaccine. The NA-specific antibody response was measured before and 21 days, 3, 6 and 12 months after vaccination (D0, D21, 3M, 6M, 12M, respectively). Endpoint titers were measured by ELISA (A) and NA inhibition (NAI) titers were measured by ELLA (B). Each subject is shown as one symbol with geometric mean and 95% confidence intervals. A linear mixed effects model was used for statistical analyses between pre- and post-vaccination titers with adjustments for demographic factors. *P ≤ 0.05, **P ≤ 0.01, ****P ≤ 0.0001.



The capacity of the antibody response to inhibit NA enzyme activity was measured by ELLA. A reassortant H7N1 virus, with an irrelevant H7 HA from A/Equine/Prague/02/56 and N1 NA from Cal09, was used to avoid interference from HA-specific antibodies. The H1N1pdm09 vaccine met the European Committee for Medicinal Products for Human Use (CHMP) criteria for immunogenicity set for HI titers (Supplementary Table 1). These criteria were used to assess induction of NAI titers. Pre-vaccination NAI titers were detected in all HCWs, albeit with a modest NAI GMT of 19. H1N1pdm09 vaccination significantly increased NAI GMT at 21 days post-vaccination to 84 (P<0.0001), a 4.4-fold increase from pre-vaccination levels (Figure 1B). The seroconversion rate for NAI titers was 53% (32/49). Similarly to endpoint titers, the NAI titers gradually waned but remained significantly higher than the pre-vaccination level up to 12 months after vaccination (P=0.014).

Approximately half of the HCWs (26/50) chose to receive two or three TIVs during the four-year follow-up study after the 2009 pandemic (repeated group). The remaining 24 HCWs chose not to be further vaccinated (single group) (Figure 2A). The repeated group had higher endpoint and NAI titers than the single group, especially during the influenza season (defined as November – April) (Figures 2B, C). Annual blood samples were collected prior to the start of each season from the single group, which allowed us to investigate the durability of antibody responses induced by the H1N1pdm09 vaccine. We found that three HCWs in the single group seroconverted during the study (HI titer >4-fold increase), probably due to infection. Samples collected after seroconversion were excluded to ensure that the durability was only measured from pandemic vaccination. Endpoint and NAI titers were maintained at low stable levels above baseline in the single group throughout the study (Figures 2B, C). The GMFR was 1.38- and 1.33-fold above pre-vaccination levels for endpoint and NAI titers, respectively, five years after H1N1pdm09 vaccination. This demonstrated that a single dose of AS03-adjuvanted H1N1pdm09 vaccine induced durable antibody responses that persisted for several years after vaccination, suggesting that long-lived plasma cells were generated.




Figure 2 | H1N1pdm09 vaccination induced durable NA-specific antibody responses boosted by trivalent influenza vaccines. Study design (A). Health care workers were divided into two groups based on their vaccination status after H1N1pdm09 vaccination in 2009. The repeated group (blue, filled circles) received two or three trivalent influenza vaccines (TIV) during seasons 2010/2011-2013/2014. Blood samples were collected 21 days (D21), and 3, 6, 12 months (3M, 6M, 12M, respectively) after vaccination. The single group (green, open circles) chose not to be further vaccinated but provided yearly blood samples prior to the start of each season (12M). NA-specific antibody responses were measured by ELISA (B) and ELLA (C) during each influenza season from 2009/2010 to 2013/2014. Data are shown as geometric mean with 95% confidence intervals. Analyzes of statistical difference between the single and repeated group was done by non-parametric Kruskal-Wallis test in GraphPad Prism 9. *P ≤ 0.05, ***P ≤ 0.001.





Trivalent Influenza Vaccines Boost NA-Specific Antibody Responses

HCWs in the repeated group received two or three TIVs during the study, resulting in variation in vaccination intervals. The majority of the HCWs received three TIVs (81%), whereas the remaining HCWs received two TIVs (19%) (Supplementary Table 2). We observed that HCWs that had delayed their first TIV until the 2011/2012 season (6/26) had higher NAI titer than the HCWs that received their second TIV that season. Therefore, HCWs in the repeated group were grouped based on number of vaccines, rather than season, in order to study the effect of each vaccine and the impact of repeated vaccination. The quantity of NA-specific antibodies were measured by ELISA and functional antibodies were measured by ELLA and a plaque reduction neutralisation assay in all HCWs in the repeated group. The three assays demonstrated that NA-specific antibody responses were boosted after TIV vaccination (Figure 3). These antibody titers gradually decreased but persisted above baseline levels throughout the influenza season. We found that endpoint titers were significantly boosted after the first (P=0.001) and second TIV (P=0.04) (Figure 3A), whereas the NAI titers were only significantly boosted on day 21 after the first TIV (P=0.018) (Figure 3B). Although the third TIV boosted endpoint and NAI titers, neither were significant. Plaque reduction neutralisation assay was used to further assess the functionality of the NA-specific antibody response in vitro using the same reassortant H7N1 virus with N1 NA Cal09. This assay measures inhibition of the viral replication cycle and NA-specific inhibition of plaque formation was confirmed using oseltamivir (Supplementary Figure 1). We found a significant increase in antibody titer that resulted in 50% reduction in plaque formation (PRNT50 titer) 21 days after H1N1pdm09 (P<0.0001) (Figure 3C). Vaccination with TIVs boosted PRNT50 titers, although not significant for any of the three TIVs. The PRNT50 titers confirmed our findings in the ELLA and demonstrated that the vaccine-induced NA-specific antibodies were capable of inhibiting enzyme activity and viral replication in vitro. Collectively, our results show that seasonal TIV vaccination readily boosts NA-specific antibody responses following priming with AS03-adjuvanted H1N1pdm09 vaccination.




Figure 3 | Antibody responses to NA induced by H1N1pdm09 and TIV vaccination. Health care workers in the repeated group received two or three trivalent influenza vaccines (TIV) in the four subsequent seasons after the 2009 pandemic during the five-year study. Blood samples were collected pre-season (D0) and 21 days, 3, 6 and 12 months (D21, 3M, 6M, 12M, respectively) after each vaccination. Antibody responses were measured by ELISA (A), ELLA (B) and plaque reduction neutralization assay (C) after vaccination with H1N1pdm09 and the first, second or third TIV. All vaccinated HCWs in the repeated group is included in this figure regardless of their vaccination intervals. Data are shown as geometric mean with 95% confidence intervals. A linear mixed effects model with adjustments for demographic factors was used to determine statistical difference between antibody titers measured on day 0 and day 21 for each vaccination. *P ≤ 0.05, ***P ≤ 0.001, ****P ≤ 0.0001.





Repeated Vaccination Increases Durable Endpoint Titers and Maintains Durability of Functional Antibody Titers

Durable antibody titers were measured 12 months after vaccination. The H1N1 component remained the same in all vaccines used during this study, which allowed us to investigate the impact of repeated vaccination with the same antigen. We compared endpoint and NAI titres in the repeated and single group at the end of the 5-year study to assess the impact of TIVs on the durability of antibody titers. Only HCWs in the repeated group that had been vaccinated with TIV in the final season of the study were used for comparison using samples collected 12 months post-vaccination. 14/18 HCWs in the repeated group had received three TIVs and 4/18 had received two TIVs in that season (Supplementary Table 2). We found that the repeated group had 3.2-fold higher endpoint titers (P=0.0002) (Figure 2A) and 2.7-fold higher NAI titers (P=0.01) (Figure 2B) compared to the single group 5 years after H1N1pdm09 vaccination. This demonstrated that repeated vaccination with TIVs after AS03-adjuvanted H1N1pdm09 vaccination contributed to maintenance and further increase of the durable NA-specific antibody responses.

Immunization with three TIVs gradually increased the magnitude of durable endpoint titers and collectively increased the GMT by 3-fold from titers measured 12 months after the H1N1pdm09 vaccination (Figure 4B). Durable antibody levels measured 12 months after the first (P=0.008), second (P=0.001) and third TIV (P<0.0001) were all significantly higher than the level measured after H1N1pdm09 vaccination (Figure 4B). This demonstrates that all TIVs contributed to further increase and maintenance of durable endpoint titers. The first TIV increased NAI titers 12 months after vaccination, which reached an antibody ceiling for the two subsequent TIVs (Figure 4E). No change was observed in PRNT50 titers after vaccination with TIVs (Figure 4H). Overall, our results indicate that the TIVs increased durable endpoint titers and maintained the durability of functional antibody titers.




Figure 4 | Repeated influenza vaccination boosted durable NA-specific antibody titers but with diminished fold-induction. NA-specific antibody responses were measured 21 days and 12 months after vaccination with AS03-adjuvanted monovalent H1N1pdm09 vaccine and three trivalent influenza vaccines (TIVs) in the four subsequent years after the 2009 pandemic. Antibody titers were measured by ELISA (A, B), ELLA (D, E) and plaque reduction neutralization assay (G, H) in the repeated group. Geometric mean titers (GMT) are indicated for each vaccine on top of all graphs (A, B, D, E, G, H). Fold-increase (FI) for each subject on day 21 (day 21/day 0) was calculated for the individual vaccines and the geometric mean fold rise (GMFR) for the whole group is indicated on top of each graph (C, F, I). The dotted line represents the threshold set for seroconversion (>4-fold increase). Results are grouped by H1N1pdm09 vaccination and number of trivalent influenza vaccines (TIV) received. The data are presented as geometric mean with 95% confidence intervals. A linear mixed effects model with adjustments for demographic factors was used to determine statistical difference between antibody titers measured after vaccination with H1N1pdm09 and TIVs. *P ≤ 0.05, **P ≤ 0.01, ****P ≤ 0.0001.





Repeated Vaccination Boosts Antibody Titers but With Reduced Fold-Increase

We analyzed the impact of repeated vaccination on endpoint titers, and functional NAI and PRNT50 titers measured at 21 days and 12 months after vaccination in the repeated group. The TIVs boosted endpoint titers measured on day 21 and the endpoint GMT increased gradually with each TIV (Figure 4A). The endpoint GMT was measured at 740 after H1N1pdm09 vaccination and was significantly higher after the second TIV when GMT increased to 1579 (P=0.039). Among the HCWs receiving the second TIV, 7/26 had not been vaccinated the year before and one HCW had not been vaccinated for two years (Supplementary Table 2). The endpoint GMT further increased to 1827 after the third TIV, which was the highest level measured during the study, although this was not significantly different from the endpoint GMTs measured after H1N1pdm09 or the other TIVs. The number of HCWs that received a third TIV was 19/26, however, two HCWs did not provide day 21 samples. Of these 19 HCWs, only 4 had not been vaccinated the season prior to the third TIV (Supplementary Table 2). We observed a different trend for the functional NAI titers on day 21. Although NAI titers were boosted by the TIVs, there were minimal differences in GMT on day 21 after the first, second and third TIV (Figure 4D). In fact, NAI GMT measured on day 21 was lowest after the third TIV. PRNT50 titers were also boosted after vaccination with TIVs and the highest GMT was observed 21 days after H1N1pdm09 vaccination, whereas TIVs induced lower but similar titers (Figure 4G). The level of PRNT50 titers measured 21 days after vaccination was not significantly different among the TIVs.

Although TIV vaccination boosted NA-specific antibody responses, the magnitude of the fold- increase on day 21 was not augmented by the number of vaccinations reflecting an antibody ceiling (Figures 4C, F, I). The GMFR for functional NAI and PRNT50 titers in the repeated group was highest after H1N1pdm09 vaccination and declined with each subsequent TIV (Figures 4F, I). The GMFR for NAI titers was significantly lower after the second (P=0.038) and third TIV (P=0.014) compared to H1N1pdm09 vaccination. A trend of decreasing GMFR for the PRNT50 titers was observed after the second (P=0.054) and third TIVs (P=0.077) although not significant compared to H1N1pdm09 vaccination. The seroconversion rate for NAI titers also declined with each TIV, where none of the HCWs had >4-fold increase after the third TIV. Seroconversion rates for the first and second TIV were 27 and 11%, respectively. Reduction in GMFR for endpoint titers was also observed with repeated vaccination but the effect was less pronounced than for functional antibody titers (Figure 4C).

Pre-existing antibody titers to HA may have a negative effect on boosting of antibody titers after vaccination, however, it is unknown if this applies to NA-specific responses. Spearman correlation analysis was performed to investigate the relationship between baseline titers and fold-increase 21 days after vaccination (Figure 5). We found trends of inverse correlation, which was strongest for functional NAI (Figures 5E–H) and PRNT50 titers (Figures 5I–L). Significant inverse correlations were found for NAI titers after H1N1pdm09 and second TIV, and after H1N1pdm09 and the two first TIVs for PRNT50 titers. In contrast, a significant correlation was only found for endpoint titers after the first TIV (Figures 5A–D). Although the sample size was low, HCWs did not have a higher fold-increase when they had not been vaccinated during the previous year compared to those who had been vaccinated in the previous year (Figure 5). Overall, our results indicate that vaccination boosts and maintains NA-specific antibody titers but the magnitude of fold-increase at day 21 is reduced by repeated vaccination with the same vaccine strain over five years. The level of pre-existing antibody titers influenced the magnitude of fold-increase, particularly for functional antibody titers.




Figure 5 | Relationship between pre-existing titers and fold-increase 21 days post-vaccination. Correlation between baseline titers and fold-increase (FI) of titers on day 21 post-vaccination (day 21/day 0) for endpoint (A–D), NAI (E–H) and PRNT50 titers (I–L) in the repeated group. Health care workers (HCWs) were vaccinated with H1N1pdm09 and two or three trivalent influenza vaccines (TIVs) during influenza seasons 2009/2010 – 2013/2014. The antibody responses have been grouped by the vaccine number that were administered. All vaccinated HCWs in the repeated group is included in this figure regardless of their vaccination intervals. Open circles represent HCWs that were vaccinated the previous season and crossed circles represent HCWs that had chosen to not be vaccinated the previous season. The correlation coefficient (rs) was calculated by non-parametric Spearman correlation.






Discussion

NA is required to be present in current influenza vaccines, however, there are no regulatory requirements for the amount or the quality of the antigen. Historically, NA content has not been regulated for vaccines due to a lack of standardized assays for measuring the NA concentration and also NA immunogenicity. Recent studies have emphasized the importance of NA-specific antibodies in protection against influenza disease and found that it may be an independent correlate of protection (6, 7). Here, we studied NA-specific antibody responses in HCWs after AS03-adjuvanted monovalent H1N1pdm09 vaccination in 2009 and annual vaccination with TIVs in the four subsequent influenza seasons. Our main finding is repeated influenza vaccination contributes to durable functional H1N1pdm09 NA-specific antibodies, although there is a reduced magnitude of fold-induction with increasing number of TIVs.

Early studies have shown that individuals with high pre-existing HAI titers have reduced boosting after re-vaccination (19, 20). Others have since reported that repeated vaccination and high pre-existing titers may reduce boosting of B cell responses and antibody titers after vaccination (12, 13, 21, 22). These studies have mostly focused on HA-specific antibody responses, however, lower antibody responses to NA after a second vaccination have been reported in individuals vaccinated in two consecutive years (23). Here we show that repeated vaccination has a similar effect on the NA-specific antibody response also after a third and fourth vaccination. We found that, although antibody titers were boosted after repeated vaccination, the magnitude of fold-induction declined, which was most prominent for functional NAI and PRNT50 titers. Additionally, the NAI and PRNT50 titer fold-increase on day 21 was inversely correlated with pre-existing titers. Others have hypothesized that boosting after repeated vaccination could be limited by pre-existing immunity and several mechanisms has been suggested based on mathematical modeling, which includes epitope masking model (24). This model proposes that pre-existing antibodies will bind and mask epitopes, blocking B cells that bind to the same or nearby epitopes, which results in limited B cell stimulation and expansion. Epitope masking may be a possible explanation for why the functional NA antibodies (measured by fold-increase for NAI and PRNT50 titers) peak after H1N1pdm09 vaccination but declines after subsequent TIVs, whereas this effect is less prominent for total NA-specific IgG binding antibodies measured by ELISA. Functional antibodies that are capable of conferring NAI activity bind directly or close to the enzyme active site, however, antigenic sites for human mAbs that do not have functional NAI activity have been described (25). Masking of NAI epitopes would still allow for stimulation of B cells reactive to other parts of the NA, which are readily measured by ELISA. Our observational study showed that repeated vaccination with the same strain induced durable NA-specific antibodies although it may reduce the magnitude of fold-increase, particularly functional antibodies capable of NAI. The persistence of durable antibody titers suggests that long-lived plasma cells are generated after adjuvanted H1N1pdm09 and subsequent non-adjuvanted TIVs. Further studies are warranted to understand the immunological mechanisms influencing this. This study was unique because the H1N1 vaccine component was the same for five consecutive influenza seasons. Antibody responses after vaccination with TIV during seasons 2006 – 2013 was found to be highest whenever one or more of the vaccine strains varied from year to year (21). More diversification of the H1N1 vaccine strain or addition of adjuvant could possibly have reduced the negative impact of repeated vaccination on antibody responses to NA and should be taken into consideration when choosing the vaccine strains for seasonal vaccines in the future.

A second objective of our study was to investigate the induction of NA-specific antibodies after AS03-adjuvanted monovalent H1N1pdm09 vaccination in healthy adults. This vaccine only contained 3.75 µg HA per dose due to dose-sparing during the 2009 pandemic, whereas TIVs are required to contain 15 µg HA. Quantification of the H1N1pdm09 vaccine composition by mass spectrometry revealed that one dose contained 21% HA and 6.9% NA, demonstrating that the amount of NA was even lower than that of HA per dose. Based on this estimation, the amount of NA would have been 1.23 µg per dose (26). Despite this, we found robust induction of NA-specific antibodies and a 53% seroconversion rate for NAI titers defined seroconversion as >4-fold increase. Other studies have found seroconversion rates ranging from 23 – 64%, however, the definition of seroconversion in these studies varied from 2 – 4-fold increase on day 21 from baseline (7, 10, 11). The seroconversion rate in our study is among the highest reported after influenza vaccination. This shows that robust and durable NA-specific antibody responses can be induced, even with low amounts of antigen when given with an appropriate adjuvant. Our results further support that standardization of the amount and stability of the NA antigen should be implemented for optimization of current influenza vaccines.

NA may undergo antigenic drift and shift independently of HA and NA immunity could provide protection in the event of mismatching of vaccine and circulating strains, and possibly against newly emerging strains. Broadly reactive NA antibodies have been described, demonstrating the breadth of immunity that could potentially be achieved through vaccination (8, 27). Standardizing the amount and supplementing current vaccines with NA have been proposed as a strategy for improving NA immunogenicity (28). A high dosage influenza vaccine containing eight times more NA activity than standard TIVs was found to induce higher levels of NAI antibodies compared to the standard TIV dosage in humans (29). Furthermore, computationally designed NA antigens tested in mice have shown that NA antigens can be designed for optimal cross reactivity (30). These strategies could possibly overcome the influence of pre-existing immunity and aid in the design of diverse antigens for optimal NA immunogenicity.

The current study has several limitations. HCWs may have been infected with influenza virus during the five-year study. This was more easily identified in the single group by increases of HI titers during a season, three HCWs were excluded from further analysis after seroconversion had occurred. However, this was more complicated for HCWs in the repeated group because it is not possible to distinguish increase in HI titer induced by vaccination versus infection. Furthermore, HCWs in the repeated group had different intervals of TIV vaccination and the sample size for the various regimens was low. However, we did not find that HCWs that had not been vaccinated for one or two years had higher antibody titer fold-increase compared to those who received TIVs in consecutive years. Only serological responses were measured in this study and therefore it is not known if and how the B cells are affected by repeated vaccination. Others have found inverse correlations between HA-specific pre-existing titers and the number of vaccine-induced antibody secreting cells (12, 21). Investigating this relationship for NA-specific humoral responses is important in future work as it could provide a better understanding of the interplay between pre-existing immunity and boosting, and its role in repeated influenza vaccination.

In conclusion, we found that AS03-adjvuanted pandemic vaccination boosted the NA-specific antibodies that persisted above pre-vaccination levels for 5 years. Repeated vaccination boosted NA-specific antibody titers, although with reduced the magnitude of fold-increase, particularly for functional antibodies. It is important to emphasize that vaccination is the best method of preventing influenza infection and annual vaccination remains beneficial. Our results support continued development and standardization of the NA antigen to supplement current influenza vaccines and reduce the burden of morbidity and mortality.
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Background

In 2009, a new influenza A H1N1 virus emerged causing a global pandemic. A range of monovalent influenza A H1N1pdm09 vaccines with or without adjuvants were developed. After the mass vaccination campaigns safety concerns related to H1N1pdm09 vaccines were reported. More than a decade later, reported AEFIs are still under scrutiny. We performed a systematic review aiming to synthesize the evidence on the safety of the H1N1pdm09 vaccines on reported outcomes from existing systematic reviews.



Methods

Four electronic databases, PubMed, EMBASE, Epistimonikos and the Cochrane Database of Systematic Reviews were searched for articles on H1N1pdm09 vaccination published from 2009 to January 2021. Systematic reviews assessing short- or long-term adverse events after H1N1pdm09 vaccination were considered for inclusion. Data was extracted from all selected reviews. Outcomes were grouped and results from each included review were presented narratively and in tables.



Results

16 systematic reviews met the inclusion criteria. Reported outcomes were short-term events (3 reviews), fetal/pregnancy outcomes (8 reviews), Guillain-Barré syndrome (GBS) (4 reviews), narcolepsy (2 reviews) demyelinating diseases (1 review based on one study only) and inflammatory bowel disease (IBD) (1 review). Short-term serious adverse events were rare, 3 cases amongst 16725 subjects in 18 randomized controlled trials (0.018%). No deaths were reported. The risks of local events were generally higher for adjuvanted vaccines as compared to unadjuvanted vaccines. Maternal H1N1pdm09 vaccination in any trimester was not associated with an increase in preterm birth, small for gestational age, congenital malformations or fetal death. For GBS, results were conflicting. The main systematic review on narcolepsy found a 5-14-fold increased risk in children, and a 2-7- fold increased risk in adults after vaccination with Pandemrix. The attributable risk of narcolepsy one year after vaccination was 1 case per 18 400 vaccine doses in children/adolescents, and 1 case per 181 000 vaccine doses in adults.



Conclusion

Adjuvanted vaccines had more local but not serious adverse events compared to unadjuvanted vaccines. Vaccination with Pandemrix was strongly associated with narcolepsy, particularly in children. No increased risks of pregnancy outcomes were seen after pandemic vaccination. The findings on GBS were inconclusive.
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Introduction

In 2009, a novel H1N1 influenza A virus (H1N1pdm09) emerged causing a global pandemic. According to Centers for Disease Control and Prevention (CDC) an estimated 151,700 - 575,400 people worldwide died from H1N1pdm09 virus infection during the first year the virus circulated (1). Globally, 80 percent of H1N1pdm09 virus-related deaths were estimated to have occurred in people younger than 65 years of age. This differs greatly from typical seasonal influenza epidemics, during which about 70 to 90 percent of deaths are estimated to occur in people 65 years and older (2). Pregnant women were early considered to be at increased risk of severe disease and adverse fetal outcomes (3).

To combat the pandemic virus, a range of monovalent H1N1pdm09 vaccines were developed, mainly drawing on existing egg-based technology from seasonal influenza vaccines. The vaccines were produced with the adjuvants AS03, MF59, aluminium, or without adjuvants. By June 2010, more than 350 million people had received H1N1pdm09 vaccines worldwide (4). In Europe, more than 37 million people were vaccinated with three centrally authorized Influenza A H1N1 vaccines marketed in the European Economic Area: Celvapan (no adjuvants), Focetria (MF59 adjuvanted) and Pandemrix (AS03 adjuvanted). More than 30 million persons received Pandemrix in Europe (4, 5). The overall effectiveness of the pandemic vaccines has been estimated to 80% (95% CI 59-90%) against laboratory confirmed influenza, with adjuvanted vaccines being significantly more effective in children than adults (6). Pandemic vaccination may also have contributed to less severe outcomes related to H1N1pdm09 infection in the following flu season (2010/11) when the same virus strain continued to circulate (7).

The safety of vaccines is a prime concern, also in pandemic situations. Safety monitoring systems require coordinated actions and collaboration between regulatory and immunization program authorities on a national level and concerted international efforts to maintain proper management and public trust. In response to the pandemic influenza A H1N1pdm09 strain, mass vaccination campaigns administrating vaccines to large populations over a short period of time were launched. In such situations, surveillance and evaluation of adverse events following immunization (AEFIs) may be particularly challenging due to large numbers of vaccine adverse events reports. An AEFI is defined as any untoward medical occurrence which follows immunization and which does not necessarily have a causal relationship with the vaccine (8). The fact that a vaccine was administered within a reasonable time period of the occurrence of an event does not automatically suggest that the vaccine caused or contributed to the event. Nevertheless, a temporal association is necessary to imply causation. In many countries, the vaccination campaigns coincided with the pandemic peak. This may have complicated the evaluation of suspected AEFIs, which in some cases may be difficult to separate from symptoms or consequences of the pandemic influenza infection itself, for instance Guillain-Barré Syndrome (GBS) or Chronic fatigue syndrome/Myalgic encephalopathy (CFS/ME) (9, 10). The evidence of a link between a vaccine as a potential cause and a specific event is derived from well- designed population based epidemiological studies (8). Since clinical trials are not powered to detect rare adverse events, large, prospective studies including appropriate comparison groups are crucial. Knowledge on the expected background rates of possible adverse events is important for the assessment of possible vaccine adverse reactions. Other health conditions may occur in close proximity to vaccination in a substantial number of people when large populations are vaccinated. Thus, careful evaluation of vaccine safety signals is critical to detect the true vaccine reactions and to establish whether coincidental events were caused by vaccination or not.

A number of reports on suspected AEFIs have been published, among which the unexpected increased incidence of narcolepsy in children and young adults following vaccination with Pandemrix received massive attention among the general public and medical communities, in particular in Europe. A number of observational studies have confirmed the association between Pandemrix vaccination and narcolepsy (11–14), whereas studies on associations between H1N1pdm09 vaccination and other outcomes have shown no or conflicting results (9, 10, 15). More than a decade later, reported AEFIs after H1N1pdm09 vaccination are still under scrutiny and assessment for causality in Norway, and a synthesis of the available evidence warranted. The objective of this systematic review was to synthesize the current evidence on the safety of the H1N1pdm09 vaccines from existing systematic reviews, based on both randomized controlled trials and observational studies.



Methods


Search Strategy and Selection of Systematic Reviews

The search strategy followed the Preferred Reporting Items for Systematic Review and Meta-analysis (PRISMA) guidelines (16, 17). Four electronic databases, namely, PubMed, EMBASE, Epistimonikos and the Cochrane Database of Systematic Reviews, were searched. Keywords employed were (“H1N1 pdm09” OR “influenza pandemic 2009”) AND (“vaccin*” OR “pandemic vaccine*”) (Supplementary Table 1). The search was designed to identify primary studies and systematic reviews, and covered literature published between 2009 and November 2019. All retrieved studies were imported into the Rayyan QCRI (18) and duplicated articles were removed.

Criteria for inclusion were short- or long-term adverse events after H1N1pdm09 vaccination compared to a control group (Table 1). Two independent researchers initially screened all articles based on title and abstract, categorizing them as “included”, “excluded” or “maybe”. Any disagreements or “maybes” were resolved by consensus with a third reviewer. For this study, only systematic reviews were included. Systematic reviews limited to vaccine efficacy were excluded. Only publications in English were included. An updated search for systematic reviews in Pubmed (systematic review filter) was performed on 22nd January 2021.The reference lists were checked for further systematic reviews not previously identified. Subsequently, full text assessment of the included systematic reviews was performed by two reviewers to determine study eligibility based on the inclusion and exclusion criteria. Disagreements were resolved by discussion including a third reviewer.


Table 1 | Review inclusion criteria (PICO).





Assessment of Methodological Quality of Included Reviews

Two reviewers independently assessed the quality of each review using the revised “A Measurement Tool to Assess systematic Reviews, version 2” (AMSTAR 2) (19). Disagreements were resolved by discussion and, if necessary, arbitration among the whole review team. The level of confidence in the findings of the reviews was assessed according to the number of critical and minor flaws in the methodology. Only two systematic reviews included a list of excluded studies (Q7) (20, 21). If the systematic review included a flow chart explaining the reason for exclusion, it was scored as partial yes (PY). The source of funding (Q10) for the incorporated observational studies was not reported in the systematic reviews and was categorized as not applicable (NA). For most reviews, too few studies were included to enable assessment of publication bias. If the authors justified why the assessment could not be performed, the item was scored ‘yes’ (Q15).



Data Extraction and Management

One reviewer extracted data from all selected reviews into a spreadsheet (Microsoft Excel) including number and settings of the included trials, total number and characteristics of participants, intervention(s) assessed, outcomes measured and major limitations. A second reviewer cross-checked the extracted data for accuracy. Extracted variables from each systematic review are presented in detail in the characteristics of included systematic reviews (Table 2). Only data on H1N1pdm09 vaccines were extracted.


Table 2 | AMSTAR2 rating of 16 included systematic reviews.






Results

After exclusion of duplicates, the initial literature search identified 6815 articles for abstract review (Figure 1). After excluding articles based on abstract review, 453 remained. In the current study only systematic reviews were included (Table 1), and 22 systematic reviews were selected for full-text review according to the inclusion criteria. One additional article was found through hand searching of other literature. Of the 23 systematic reviews, 7 were excluded (Supplementary Table 2), and 16 reviews were included in the overview.




Figure 1 | Study selection, PRISMA flow chart.



Table 2 summarizes the quality assessments of the included reviews. Most of the reviews were of moderate or high quality, but for two reviews there was low confidence in the findings of the review (Table 2). Common critical domain deficiencies included failure to preregister the review protocol (Q2), and failure to list excluded studies (Q7). Failure to consider risk of bias when interpreting results (Q13) were also quite frequent.

Table 3 shows an overview of the outcomes covered by the included systematic reviews. The main outcomes were short-term adverse events, narcolepsy, Guillain-Barré syndrome (GBS) and pregnancy- or fetal outcomes. One systematic review also included a single study on inflammatory bowel disease (IBD) (29), and one systematic review included a single study on demyelinating disease (20). Most studies reporting short-term adverse events were randomized controlled trials (RCTs), whereas reviews on rare or long-term outcomes were based on observational studies.


Table 3 | Overview of included systematic reviews on H1N1pdm09 vaccines according to outcome.




Short-Term Adverse Events

Three systematic reviews on short-term adverse events were included (25, 26, 33). These reviews included only RCTs. Manzoli addressed all types of adverse events and all types of vaccines (26). Hauser (25) assessed the effects of adjuvants on mild adverse events, whereas Stassijsn (33) was limited to the effect of adjuvants on mild to serious adverse events in pediatric populations only. In general, direct meta-analysis comparing rates of adverse events for different vaccines, dosing regimens and adjuvants was challenging due to varying definitions of adverse events and types of events reported, and events frequently being reported as percentages only. According to Manzoli (26), the proportion of serious adverse events was low (0.018%, 3 cases amongst 16725 subjects, 18 RCTs), and no deaths were reported. They found a minor dose effect on local and systemic events for non-adjuvanted vaccines (based on 6 studies where one dose was used, and 6-7 studies where two doses were used), whereas this was not found for adjuvanted vaccines (one study), but data was scarce.

Aluminium containing vaccines were associated with an increased risk of local events compared to unadjuvanted vaccines (26) (Supplementary Table 3). In adults, the risk of local adverse events after vaccination with oil-in water adjuvant containing vaccines (AS03 or MF59) was higher compared to vaccination with unadjuvanted vaccines (25, 26). The increased risk was significantly higher for AS03 adjuvanted vaccines compared to MF59 adjuvanted vaccines, RR = 2.90 (95% CI 2.37-3.54) for AS03 and RR = 1.70 (95% CI 1.25-2.31) for MF59, subgroup difference p< 0.004 (25). No difference in risk associated with adjuvants was observed for systemic events (fever). The data was more limited in children. In Stassijns (33), 29 trials encompassing more than 25 000 children were included, but only four trials included information on AS03, and four trials included information on MF59. No overall increase in serious adverse events was seen in the AS03 trials nor in MF59 trials for children, and no overall increase in solicited or unsolicited AEFIs was found (33). Local pain was reported with rates between 31.7-84.6% for AS03 adjuvanted vaccines, and 1.0-59% for MF59 adjuvanted vaccines (33). Hauser reported a possible increase in local adverse events with MF59 adjuvanted vaccines in children but had no information on AS03 adjuvanted pandemic vaccine. The Hauser review (25) was assessed to high quality, the Manzoli review (26) to moderate and the Stassijns review (33) to low quality (Table 2).



Narcolepsy

Two systematic reviews on narcolepsy was included. The systematic review by Sarkanen included 29 studies (32). Only 11 studies, all on Pandemrix, were included in the meta-analysis. The analyses were performed separately for children/adolescents summarized from nine studies: Finland, France, Ireland, the Netherlands, Norway, Sweden and the UK. For adults, the meta-analysisadults included 5 studies: Finland, France, Ireland, Sweden and the UK. The analysis was specified for three different proxy dates for onset of disease (index dates). The studies included 376 narcolepsy cases and 5.1 million subjects/person years in vaccinated children/adolescents; 95 narcolepsy cases and 11.3 million subjects/person years in unvaccinated children/adolescents; 133 narcolepsy cases and 9.0 million subjects/person years in vaccinated adults; and 59 narcolepsy cases and 12.1 million subjects/person years in unvaccinated adults. Increased risk of narcolepsy type 1 after vaccination with Pandemrix was found in children/adolescents for all index dates. In the meta-analysis the overall RRs were 14.3 (95% CI 8.9-23.0), 9.7 (95% CI 4.9- 19.2), and 5.0 (95% CI 3.4-7.5) for onset of symptoms, first healthcare contact, and diagnosis, respectively (Table 4). Based on studies included in the meta-analysis, the attributable risk one year after vaccination was 1 case per 18 400 vaccine doses (95% CI 1 per 16 700 to 1 per 20 400) in children/adolescents (based on 5 studies) and 1 case per 181 000 vaccine doses (95% CI 1 per 141 000 to 1 per 254 000) in adults (based on 3 studies). Increased risk of narcolepsy type 1 was also observed in adults, although the association was not as strong as in children/adolescents, overall RRs were 7.0 (95% CI 3.4-14.5), 8.1 (95% CI 3.9-16.9), and 3.0 (95% CI 1.9-4.62) for onset of symptoms, first healthcare contact, and diagnosis, respectively. The heterogeneity between studies was generally very low.


Table 4 | Systematic review of vaccination with Pandemrix and risk of narcolepsy.



Narcolepsy incidence was not increased in countries where other H1N1pdm09 vaccines than Pandemrix were used: South Korea, US and Canada (Ontario). In Quebec, Canada, where AS03-adjuvanted Arepanrix vaccine was used, RR 16 weeks after vaccination was 1.48 -4.32 based on different study designs. The vaccine attributable risk was only 1 per 1,000,000, which is significantly lower than in European studies. In a qualitative synthesis of 12 studies, the authors did not find evidence of increased risk of narcolepsy after vaccination with non-Pandemrix H1N1pdm09 vaccines, including Arepanrix (AS03-adjuvanted) and MF59 adjuvanted vaccines. The authors also reported some evidence of rising incidence of narcolepsy in relation to H1N1pdm09 infection, referring to studies from the Beijing and Shanghai area with a 3-fold increase in narcolepsy incidence 3-6 months after the pandemic peak in a largely unvaccinated population. The Sarkanen review (32) was assessed to moderate quality (Table 2).

The Cochrane systematic review by Demicheli (20) only provided a brief description of 4 studies (2 of which had overlapping datasets) on narcolepsy following pandemic vaccination, together with other neurological and autoimmune diseases, confirming the increased risk in children. These studies were from Finland, France and Ireland and were also covered by Sarkanan (32). The Cochrane review was assessed to high quality (Table 2).



Guillain-Barré Syndrome (GBS)

GBS is an acute autoimmune disorder which attacks the nervous system. A meta-analysis from 2015 (27), an updated review from 2019 (31), a meta-analysis from 2018 (20) and a narrative systematic review from 2019 (34) were included. 16 studies were incorporated in the meta-analysis by Martin, Arias (27) and an overall RR = 1.84 (95% CI 1.36-2.50) of GBS after pandemic vaccination was estimated. However, heterogeneity was high (I2 = 64%) and only 7 of the 16 studies found a significantly increased risk. A funnel plot did not identify publication bias. Risk estimates were higher in meta-analysis based on self-controlled analyses compared to other study designs. The risk estimates of GBS after vaccination varied according to geographic region, although not significantly, estimates being higher in Australia and Taiwan (RR = 3.54, 95% CI 1.05-11.97), and lower in Europe (RR = 1.62, 95%CI 0.83-3.13). Estimates for adjuvanted vaccines and unadjuvanted vaccines compared to unvaccinated were similar RR = 1.97 (95%CI 1.22–3.17) and RR = 1.75 (95%CI 1.20–2.56). The estimates were based on 7 and 9 studies respectively. The updated review (31) only identified two new studies, one from South Korea which found a significant association (RR = 1.46, 95% CI 1.26-1.68), and a registry study from Norway which found no association after adjustment for influenza infection (HR = 1.1, 95% CI 0.51-2.43) (Supplementary Table 4). No updated meta-analysis was performed.

A newer systematic review by Wachira (34) identified 15 articles of which only two found a statistically significant association between H1N1pdm09 vaccines and GBS. Crude estimates from 10 primary studies were presented in a Forrest plot without a pooled estimate. There was a significant association (RR = 2.8 95% CI 1.3-6.0) in one of the studies, but according to the authors, this association disappeared when adjusted for influenza like illness, infections of the respiratory tract and other seasonal influenza vaccines (RR = 1.0. CI 95% 0.3-2.7). Wachira (34) only covered five of the studies included in the analysis of Martin Arias, thus 11 studies were not covered despite similar inclusion criteria with regards to study design (Supplementary Table 4).

The Cochrane review by Demicheli (20) from 2018 included two case control studies on H1N1pdm09 vaccination and GBS in general populations in a meta-analysis (Supplementary Table 4). In the crude analyses, the odds of GBS after vaccination was two-fold increased. However, the odds ratio was reduced after adjustment for pandemic influenza infection, other diseases and medication, indicating no increased risk (OR 0.92 (0.35-2.4). The studies of Martin Arias and Wachira were both assessed to moderate quality according to the AMSTAR-2 tool, while the Cochrane review by Demicheli (20) was assessed to high quality (Table 2).



Inflammatory Bowel Disease (IBD)

One systematic review that assessed risk of IBD after vaccination was included (29). Only one study on H1N1pdm09 vaccine (Pandemrix) was included in the review. Overall, people vaccinated with H1N1pdm09 vaccine did not have significantly higher risk of IBD compared to the unvaccinated, HR = 1.13 (95% CI 0.97-1.32). The Pineton review (29) was assessed to moderate quality (Table 2).



Demyelinating Diseases

One review (20) (high quality, Table 2) assessed the association between H1N1pdm09 vaccination and risk of demyelinating diseases. The review included only one study, and the presented OR was unadjusted, OR = 2.06 (95% CI 0.51-8.22). The study was conducted in individuals vaccinated with the MF59-adjuvanted H1N1pdm09 vaccine Focetria.



Fetal Outcomes

Seven systematic reviews on fetal outcomes, all based on observational studies were included (Table 4) (20–22, 24, 28, 30, 35). Three of the systematic reviews were assessed to high quality (20–22), while the others were assessed to moderate quality (24, 28, 30, 35) (Table 2). The reviews provided evidence on the outcomes congenital malformations, spontaneous abortion, stillbirth/fetal death, preterm birth, small for gestational age birth (SGA), and low birth weight (LBW). Not all systematic reviews included all outcomes. A list of included primary studies for each outcome is provided in Supplementary Table 5. All the systematic reviews compared vaccinated/exposed individuals to unvaccinated/unexposed individuals. Some of the systematic reviews included studies with both H1N1pdm09 monovalent vaccine and seasonal vaccines, but only the results from studies with H1N1pdm09 vaccines (both adjuvanted and non-adjuvanted) were included here.

Estimates from five systematic reviews on congenital malformations were all close to one (Table 5) (20, 21, 24, 30, 35). Only one review found a significant association (OR = 1.14 (95% CI 1.01-1.29) (35), while three other reviews found no significant association with vaccination (OR = 1.02 (95% CI 0.91-1.17) (30), (OR = 1.11 (95% CI 0.99- 1.29) (20) and OR = 1.03 (95% CI 0.99, 1.07) (24). The last review also suggested no association (no pooled estimate) (21). Only two primary studies were included in all five systematic reviews (Supplementary Table 5).


Table 5 | Adjusted estimates for fetal outcomes after maternal H1N1pdm09 vaccination.



Two reviews explored the relationship between maternal H1N1pdm09 vaccination and spontaneous abortion (21, 35) (Table 5). Neither review found any association between maternal H1N1pdm09 vaccination (any trimester) and spontaneous abortion. Only Zhang et al. presented a pooled estimate [OR 1.04 (95% CI 0.72-1.52)] for spontaneous abortion prior to gestational week 22 (35).

Five systematic reviews on stillbirth/fetal death/abortion were included (20–22, 24, 35) (Table 5). Two concluded there was no evidence of increased risk of preterm birth after H1N1pdm09 vaccination, but the studies were too heterogeneous to be pooled (21, 22). Three other systematic reviews performed meta-analyses (20, 24, 35). All found effect estimates below one, consistent with no increased risk of fetal death following maternal H1N1pdm09 vaccination.

The six systematic reviews on preterm birth found no evidence that maternal H1N1pdm09 vaccination was associated with an increase in preterm birth in any trimester (20–22, 24, 28, 35) (Table 5). In five of the reviews, estimates for vaccination in any trimester were below one. In three of these, confidence intervals included one (21, 24, 35). One review did not perform a meta-analysis (22). One review included an estimate for very preterm birth (21) (Table 5).

There was consistent evidence of no increased risk of SGA after maternal H1N1pdm09 vaccination in any trimester, reported in four systematic reviews (21, 24, 28, 35) (Table 5). Three reviews with meta-analyses found no association (24, 28, 35). The last review suggested a very small protective effect for the vaccine on SGA birth when pooling two studies (21).

Three reviews evaluated the relationship between H1N1pdm09 vaccination and LBW (21, 24, 28) (Table 5). There was no association in meta-analyses that included studies of vaccination in any trimester (21), in the second and third trimester combined (24), or in the first trimester (24). One review observed a lower rate of LBW after maternal H1N1pdm09 vaccination, although the confidence interval was wide (28).

One review (24) did a separate analysis for adjuvanted H1N1pdm09 vaccines. The estimates for SGA, LBW, preterm birth and congenital abnormalities were all around 1 with confidence intervals that included 1. These estimates were similar to the estimates combining both adjuvanted and unadjuvanted vaccines.

Only the Cochrane review addressed neonatal death (20). The review was based on two studies and suggested that pandemic vaccine during pregnancy was not associated with an increased risk of neonatal death OR = 1.09 (95% CI 0.4-2.95).

In a narrative systematic review based on five cohort studies, no significant association was found between pandemic vaccination and preeclampsia (21).



Long Term Effects in Children Following Maternal H1N1pdm09 Vaccination

A narrative systematic review by Foo et al. (23) was the only review concerning long-term effects of H1N1pdm09 vaccination during pregnancy on early childhood health outcomes. The review identified six primary studies which assessed the effect on influenza infections, primary infections only, childhood mortality up to the age of 5, and two registry studies assessing the effect on infections, hospitalisations, and general diseases and syndromes. No association between maternal vaccination and adverse health outcomes in early childhood were identified. The review was assessed to high quality (Table 2).




Discussion

Overall, 16 systematic reviews on adverse events following vaccination with monovalent H1N1pdm09 vaccines were included. According to the AMSTAR 2 assessment tool, five of the systematic reviews were considered high quality (20–23, 25), two were considered low quality (31, 33). The rest were considered moderate quality.

Overall, the risk of short term serious adverse events was low following H1N1pdm09 vaccination. In clinical trials, adjuvanted vaccines had more local, but not more serious adverse events compared to unadjuvanted vaccines. Vaccination with Pandemrix was strongly associated with narcolepsy, particularly in children. For GBS, the findings from the systematic reviews were inconsistent. Two other outcomes identified in the systematic reviews were IBD (29) and demyelinating diseases (20). For these outcomes, the estimates were based on only one primary study, thus no conclusions could be drawn.

Almost half of the systematic reviews covered fetal outcomes after maternal vaccination (20–22, 24, 28, 30, 35), and in general indicated no increased risk of adverse pregnancy outcomes. Furthermore, studies did not reveal any adverse effect of maternal H1N1pdm09 vaccination on childhood health outcome during the first 5 years of life (23).


Adverse Events by Vaccine and Adjuvants

All included reviews based on RCTs performed meta-analyses according to vaccine type/adjuvants. Among reviews based on observational studies, only three performed meta-analyses according to vaccine type/adjuvants (24, 27, 32). However, several of the reviews included tables of included primary studies with information on vaccine type (24, 30, 35). For rare events like GBS or adverse pregnancy outcomes (fetal death, SGA, LBW, premature birth or spontaneous abortion), no differences were reported according to adjuvanted or non-adjuvanted pandemic vaccines, or type of adjuvant (MF59, AS03) in any of the included reviews. Increased risk of narcolepsy was only seen following vaccination with the AS03-adjuvanted vaccine Pandemrix, however not for the AS03-adjuvanted vaccine Arepanrix, as discussed below.



Narcolepsy

Although the absolute numbers of children and young adults developing narcolepsy type 1 were limited to around 400 reported cases across the included studies. In Europe, H1N1pdm09 vaccination with Pandemrix was consistently associated with an increased risk of narcolepsy (32). During the first year after vaccination, the relative risk of narcolepsy was increased 5 to 14-fold in children and adolescents and 2 to 7-fold in adults. The vaccine attributable risk in children and adolescents was around 1 per 18,400 vaccine doses and 1 per 181, 000 in adults. The risk was limited to vaccination with the Pandemrix vaccine only and was only found for narcolepsy type 1. Follow-up time in the included studies was up to approximately two years, and onset of symptoms occurred most often during the first three to six months following vaccination. The Cochrane systematic review by Demicheli (20) only provided information from studies also covered by Sarkanan (32). Narcolepsy incidence was not increased in countries where other H1N1pdm09 vaccines than Pandemrix were used: South Korea, US and Canada (Ontario). In Quebec, Canada, where AS03-adjuvanted Arepanrix vaccine was used, the vaccine attributable risk was only 1 per 1,000,000, which is significantly lower and not comparable to the large excess risks demonstrated in European studies. According to the authors, it cannot completely be ruled out that this finding may be due to a confounding effect of H1N1pdm09 influenza infection (36).

Increased incidence of narcolepsy in absence of pandemic vaccination was reported from Beijing and Shanghai following the pandemic peak (37, 38). The incidence decreased back to baseline two years after the H1N1 pandemic, suggesting that infection with the 2009 H1N1 strain was associated with narcolepsy onset. In many countries, the vaccination campaigns coincided with the pandemic peak, thus dual exposure to pandemic influenza infection and vaccine was likely. Also, in Germany the incidence of narcolepsy increased threefold starting in spring 2009, although the overall pandemic vaccine coverage was only 4-8%. Thus, a role also for natural H1N1pdm09 infection in the development of narcolepsy is possible. Moreover, a combined effect of simultaneous exposure to H1N1pdm09 infection and vaccination on the risk of narcolepsy cannot be ruled out, since mass vaccination campaigns coincided with the pandemic peak in some countries (13). Confounding by natural H1N1pdm09 infection was briefly discussed by the authors of the systematic review. Increased risk of narcolepsy was only seen following vaccination with the AS03-adjuvanted vaccine Pandemrix. However, no clear increased risk was reported after vaccination with the AS03 adjuvanted vaccine, Arepanrix, which was made by the same vaccine producer, but at another production facility (32, 39). This observation lends support to the recent hypothesis of molecular mimicry of a specific configuration of the vaccine antigen (40) as a potential causal factor in the development of narcolepsy, rather than the AS03 adjuvant (41).



Guillain-Barré Syndrome (GBS)

One of the systematic reviews found a significant association between H1N1pdm09 vaccination and GBS (27) based on a pooled estimate of 16 studies, whereas another systematic review (34) found few primary studies supporting this finding. There was little overlap between the primary studies included, despite similar inclusion and exclusion criteria in terms of study design (cohort, case control, self-controlled case series and self- controlled risk interval design). However, the objective of Wachira’s review was broader, and aimed at discovering any aetiological agents of GBS, and the searches were carried out in different databases (34). In contrast, Demicheli (20) only included two case control studies on GBS. The inclusion criteria were narrow and did not include self-controlled case series, which are commonly used for very rare outcomes, such as GBS. Demicheli (20) assessed the two studies as unclear risk of bias, whereas Wachira (34) gave the same studies a high rating, both according to the Newcastle Ottowa quality assessment Scale. The cohort studies included in Wachira (34) also gained high ratings, though the case series received somewhat lower ratings. These discrepancies illustrate how authors may emphasize certain factors over others when performing systematic reviews.

Wachira (34) explored all known infectious aetiological agents of GBS, reconfirming Campylobacter jejuni as one of the main triggers of GBS, in addition to other infections including influenza like illness (6/7 studies). Importantly, one study showed a strong association with H1N1pdm09 infection (HR = 4.22 95%CI 1.01-17.59) in contrast to pandemic vaccination in the same population, where no association was found (9). The review by Demicheli (20) found a two-fold increased risk of GBS in crude analyses. However, similar to the findings of Wachira (34), the odds ratio was reduced after adjustment for pandemic influenza infection, indicating no increased risk. As the pandemic peak and vaccination campaign coincided in many countries, exposure to both influenza infection and vaccine was likely (13). Also, the epidemiology of gastrointestinal infections like Campylobacter jejuni may depend on population and setting, explaining the geographical differences in estimates (27). However, obtaining good data on infection is generally challenging for most study populations/settings and a difficult confounder to control for. Thus, lack of control for coincident infections might to some extent explain the lack of consistency in studies on influenza vaccines and risk of GBS, although other factors cannot be ruled out. Given that the systematic reviews on GBS had different approaches and inconsistent results, novel analysis would be beneficial for this outcome.



Pregnancy Outcomes

In general, no associations with H1N1pdm09 vaccination were found for any of the fetal outcomes assessed. Three of the seven reviews were considered high quality (20–22). Only one review performed sub-analysis according to adjuvated vaccine versus no vaccine (24) and did not find any difference in the risk of adverse pregnancy outcome. Early in the pandemic, pregnant women were identified as at high risk of serious complications (3). The WHO therefore recommended that pregnant women regardless of pregnancy length received the vaccine, and policies were widely adopted after 2009 pandemic (42). Consequently, there was an immediate need for knowledge on the safety of pandemic vaccines, especially on fetal outcomes, and these initial studies also formed part of evidence base for the safety of seasonal influenza vaccination. Nearly all the primary studies were conducted in high-income countries, and less is known on safety of maternal H1N1pdm09 vaccination in low- and middle-income countries. Small inconsistencies between the reviews were observed and may be attributable to the difference in inclusion of primary studies (Supplementary Table 5). The primary studies included in the reviews may also differ in terms of study design, baseline immunity to influenza, coincidence between vaccine and pandemic influenza season, or not considering immortal time bias. The systematic review on long-term effects of maternal H1N1pdm09 vaccination found no association between maternal vaccination and adverse health outcomes in early childhood (23). The authors of the systematic review concluded that this field is under-investigated.



Strengths and Limitations

Overviews of systematic reviews relating to the adverse effects of an intervention may allow commonalities to be drawn across a broader range of evidence than in a more focused systematic review, with the potential to highlight equivalence or patterns not previously identified (43). The suitability of reanalysis of existing data within an overview is debated. It has been argued that, where novel analyses are the aim, conducting a review of primary studies may be more appropriate than an overview of reviews (43). Using existing results of literature searches may nevertheless save time (44).

Even though systematic reviews increasingly try to consider all outcomes (both beneficial and harmful), data on adverse events may be more fragmented and incomplete, and given more cursory treatment than efficacy/effectiveness data. The decision to perform meta-analysis on included studies can differ between systematic reviews (45), due to different approaches often described as ‘lumping’ or ‘splitting’ of information. Lumping refers to finding commonalities across different approaches, whereas splitting creates a more narrowly refined focus within a broader research field (43). Such decisions require both sufficient knowledge of the subject area, both for exposures and outcomes, which often represent different specialities, as well as competence in the methodology of systematic reviews and meta-analysis. This was apparent both for GBS and for the pregnancy outcomes, whereby the systematic reviews seemed to provide different justifications for or against meta-analysis (for e.g. degree of heterogeneity).

A limitation of our systematic review is that we may not have identified all the systematic reviews covering safety outcomes in our search result. This may especially be true for reviews including studies that are primarily designed to address vaccine efficacy/effectiveness, with additional short- term safety data.



Future Challenges

Mass vaccination against the H1N1pdm09 pandemic illustrated that rare, unexpected adverse events can occur, which are almost impossible to predict. Clinical trials are not powered to assess rare or long-term events due to the urgent need for prevention. In practice, rare and/or long-term events will therefore not be detected until mass vaccination is carried out through post-marketing surveillance and well-designed observational studies with comparison groups are conducted. Furthermore, as was the case during the 2009 pandemic, H1N1pdm09 virus circulation and vaccination coincided, and hence it is difficult to disentangle the effects of infection from vaccination, or indeed the effect of dual exposure (9, 13, 38, 44). In hindsight, the H1N1 2009 pandemic was less severe than anticipated, and subsequently led to an adaptation of the WHO pandemic phases to ensure disease severity was incorporated in the pandemic criteria – in addition to incidence of disease (46). In contrast, the current SARS-CoV-2 pandemic has been associated with a significantly higher disease burden and the risk willingness for vaccination may be higher. This will likely affect vaccine uptake.



Relevance in Current and Future Pandemics/Epidemics

In the event of new pandemics, caused by influenza or other agents, novel vaccines will be developed. In a pandemic situation with new vaccines it will be impossible to foresee new serious adverse events. Careful evaluation of the short- and long-term effects of both the infection itself, as well as the vaccine used for prevention, should be performed. This is highly actualized in the COVID-19 pandemic where long-term consequences of COVID-19 infection is becoming evident (47) and mass vaccination campaigns with vaccines based on new technologies have been rolled out (48, 49) where case reports on serious hematological adverse events have been published for difference vaccines (50–52).

In terms of surveillance and epidemiological studies on safety of pandemic vaccination there are lessons to be learnt from the 2009 H1N1 pandemic. Causality assessment of AEFIs should firstly be performed at the population level, to establish if there is a causal association between the use of a vaccine and a particular AEFI in the population. In the evaluation of individual AEFI case reports, population-based evidence should be reviewed, and a logical deduction performed to determine whether an AEFI in a specific individual is causally related to the use of the vaccine (8). Furthermore, ensuring sufficient data-collection on all relevant outcomes and exposures including both pandemic infection and vaccination, with appropriate control groups is crucial.




Conclusion

Twelve years after the 2009 H1N1 pandemic, adverse events following administration of the H1N1pdm09 vaccines have been rigorously studied. Adjuvanted vaccines had more local, but not serious, adverse events compared to unadjuvanted vaccines. Vaccination with Pandemrix was consistently associated with narcolepsy, particularly in children. Although Pandemrix was an adjuvanted vaccine, molecular mimicry of a specific configuration of the vaccine antigen has been suggested as a potential causal factor in the development of narcolepsy, rather than the AS03 adjuvant. Pregnant women were at increased risk of severe influenza illness and adverse pregnancy outcomes, however there is no evidence of adverse effects in mothers nor children following H1N1pdm09 vaccination in pregnancy. The findings on GBS were inconclusive. In conclusion, the risk benefit of the H1N1pdm09 vaccines appear favorable.
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Neuraminidase of influenza A and B viruses plays a critical role in the virus life cycle and is an important target of the host immune system. Here, we highlight the current understanding of influenza neuraminidase structure, function, antigenicity, immunogenicity, and immune protective potential. Neuraminidase inhibiting antibodies have been recognized as correlates of protection against disease caused by natural or experimental influenza A virus infection in humans. In the past years, we have witnessed an increasing interest in the use of influenza neuraminidase to improve the protective potential of currently used influenza vaccines. A number of well-characterized influenza neuraminidase-specific monoclonal antibodies have been described recently, most of which can protect in experimental challenge models by inhibiting the neuraminidase activity or by Fc receptor-dependent mechanisms. The relative instability of the neuraminidase poses a challenge for protein-based antigen design. We critically review the different solutions that have been proposed to solve this problem, ranging from the inclusion of stabilizing heterologous tetramerizing zippers to the introduction of inter-protomer stabilizing mutations. Computationally engineered neuraminidase antigens have been generated that offer broad, within subtype protection in animal challenge models. We also provide an overview of modern vaccine technology platforms that are compatible with the induction of robust neuraminidase-specific immune responses. In the near future, we will likely see the implementation of influenza vaccines that confront the influenza virus with a double punch: targeting both the hemagglutinin and the neuraminidase.
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1 Introduction

Influenza A and B viruses (IAV and IBV) cause acute respiratory illness and are widespread in the human population, with seasonal appearance in moderate climate zones and year-round manifestation in the tropics (1, 2). The use of licensed influenza vaccines is considered one of the best measures to prevent human influenza. These vaccines are vital in the efforts to alleviate the burden of influenza illness and deaths and are especially recommended for individuals who have an increased risk of developing complications due to age or underlying disease (3, 4). The effectiveness of currently licensed influenza vaccines however leaves considerable room for improvement. Depending on the IAV subtype and the antigenic match between the influenza strains that are represented in the vaccine and the strains that circulate in the population, the vaccines prevent 10 to 60% of laboratory-confirmed medically attended influenza (5). The composition of seasonal influenza vaccines is reconsidered every year for each hemisphere in an attempt to keep pace with the antigenic drift of the viral hemagglutinin (HA), the major envelope protein on the influenza virions and the principal protective antigen in currently used influenza vaccines. These annual updates come with a risk of suboptimal predictions leading to a mismatch between the vaccine- and circulating influenza virus strains. There is a pressing need for more effective influenza vaccines that can elicit stronger and potentially broader protection against influenza. In the past decade, there has been a renewed interest in the exploration of influenza neuraminidase (NA) as a protective antigen component in influenza vaccines. Here, we review some of the seminal findings on NA structure and function, its immune-protective potential, as well as the current efforts to implement NA in next-generation influenza vaccines that aim for eliciting an immune response with increased magnitude and breadth.



2 Neuraminidase: Structure and Function


2.1 NA Structure

NA is one of the three membrane proteins expressed on IAV and IBV particles, next to HA and matrix protein 2 (M2). Label-free protein quantification of purified influenza A and B virions revealed that the NA : HA ratio ranges from 0.1 to 0.2 (6). NA is a homotetrameric type II membrane protein with a mushroom-like shape. Each protomer comprises approximately 470 amino acid residues and consists of a cytoplasmic tail, a transmembrane domain (TMD), a stalk and a head domain (Figure 1).




Figure 1 | Structure of neuraminidase and its catalytic site. (A) Side view and (B) top view of N1 NA (PDB 6Q23). NA is a homotetrameric type II membrane protein consisting of a head domain, stalk domain, and a transmembrane domain (TMD) and cytoplasmic tail that together form the signal anchor sequence. In general, NA stalk domains contain a cysteine residue (Cys) involved in intermolecular disulphide bond formation. The inset in panel (B) shows the catalytic site with the residues that interact with the sialic acid-containing substrate depicted in red, and the residues that stabilize the catalytic site labelled in orange. Ca2+ ions are shown as green spheres.



The cytoplasmic tail of NA consists of 7 highly conserved amino acid residues. Alanine-scanning mutagenesis of the cytoplasmic tail of NA of A/WSN/33 virus indicated a role in virus budding. Notably bud release rather than bud formation was affected in the tested NA cytoplasmic tail mutants (7). The cytoplasmic tail is also important for the association of NA with lipid rafts. Lipid rafts on the apical site of polarized cells are sites where newly formed influenza virions initiate assembly and budding (8). Together with the cytoplasmic tail, the TMD plays a role in the transport of newly expressed NA to the apical plasma membrane (9). The sequence of the TMD is moderately conserved across IAV subtypes and predicted to form an alpha helix. The TMD ensures the membrane anchoring of NA and serves as a translocation signal. In addition, this domain is reported to be an important stabilizing factor for the tetrameric NA formation (10, 11). Substitution of hydrophilic residues in the TMD by alanine reduced or even abolished the interaction between the four TMDs of the NA tetramer (10).

The stalk domain connects the TMD with the catalytic head domain. There is no crystal structure available of the stalk domain. The NA stalk varies in length within and across NA subtypes, carries multiple predicted N-glycosylation sites and, with few exceptions, contains at least one cysteine residue that can form an intermolecular disulphide bond with a neighbouring NA molecule (12). Glycosylation of the stalk region may contribute to NA stability, whereas inter-stalk disulphide bond formation is important for the tetramer formation. Whereas the length of the NA stalk of human influenza viruses seems to be relatively constant, the NA stalk of avian NA subtypes, in particular N1, N2, N3, N5, N6, and N7, tolerate deletions (13). The stalk length affects NA enzymatic activity, presumably by modulating the accessibility to the sialic acid-containing substrates (14).

Crystal structures of the catalytic head domain of at least one representative NA from N1 to N9 and from influenza B NA have been resolved (15–22). The NA head domain is characterized by a six-bladed propeller that is folded around the catalytic site and which is typical for all known sialidases (23). Each blade is made up of four antiparallel β-sheets that are stabilized by disulphide bonds and connected by loops of variable length (12). Each monomer harbours a catalytic site, oriented towards the lateral side of the NA head, that is highly conserved over the different IAV subtypes (Figure 1). Remarkably, unlike the tetramer, influenza NA monomers and dimers show very little if any enzymatic activity (24). It is not known why tetramer formation is essential for NA to be active. Possibly, this is linked to calcium binding by tetrameric NA, which contributes to NA activity and stability. NA can bind up to nine Ca2+ ions in the case of the 2009 H1N1 pandemic (H1N1pdm09) virus derived NA (16, 25–28).

Despite the significant primary sequence variation between IAV subtype NAs, the catalytic site residues in N1–N9 NAs are highly conserved. Among these, residues R118, D151, R152, R224, E276, R292, R371, and Y406 (N2 numbering) directly contact the substrate, while residues E119, R156, W178, S179, D198, I222, E227, H274, E277, N294, and E425 play a key role in stabilizing the catalytic site residues (19) (Figure 1). Phylogenetic analysis indicates that IAV NAs fall into two distinct groups. In group 1 NAs, a cavity adjacent to the catalytic site is observed which is absent in group 2 NAs (29). This cavity is created by the so-called 150-loop that consists of residue 147-152 and is flexible in group 1 NAs such that it can adopt an open and a closed conformation. Group 2 NAs on the other hand lack this second cavity as the formation of a salt bridge between D147 and H150 stabilizes the 150-loop, which is absent in group 1 NAs due to the presence of a G147 there (29, 30). The catalytic site and its adjacent 150-cavity are further explored as targets for NA inhibitors (31). Additionally, most avian influenza NAs, but not NAs of human viruses, have a functional second sialic acid binding site (2SBS) or hemadsorption site next to the catalytic site (32). The 2SBS consists of three loops with residues that facilitate binding to sialic acid in its so-called chair conformation. The catalytic site, in contrast, binds sialic acid in its twisted boat conformation (16). Studies comparing human and avian NA catalytic properties show that the presence of a functional 2SBS in avian NA increases NA activity against multivalent substrates (33, 34).



2.2 NA Function

HA and NA exert different functions in the influenza virus life cycle. HA is vital in the entry process, by mediating binding to sialic acids on host cell glycoproteins or -lipids, which results in virion uptake into endocytic vesicles, and the subsequent fusion of the host cell and virus membrane through a pH-induced conformational change (35). NA, on the other hand, catalyses the removal of the terminal sialic acids and thus functions as a receptor-destroying enzyme. NA activity is involved in multiple steps of the virus life cycle (Figure 2). During viral entry NA cleaves decoy receptors present in the mucus that lines the epithelial cells of the respiratory tract, allowing the infection of underlying epithelial cells (36–38). In line herewith, inhibition of NA activity was shown to result in severely decreased infection of differentiated primary human airway epithelium cells (39). NA activity was also reported to stimulate HA-mediated membrane fusion (40). The best-known function of NA in the influenza virus replication cycle is its critical role in the release of newly formed virions from the infected cell and in prevention of HA-mediated virion aggregation by removing sialic acid from the viral and host cell membrane (41).




Figure 2 | Important role for NA in the virus life cycle. NA contributes to virus motility, allowing the virus to move through the mucus layer and to reach functional receptors at the cell surface. NA also plays an essential role at the end of the virus life cycle by removing sialic acids from the cell surface thereby allowing efficient release of virions and preventing virion aggregation.



Given these partly opposing functions, a functional balance between HA and NA is critical for viral replication. If HA binding is much stronger than NA activity, for example, virions may be trapped by decoy receptors present in mucus and eventually be removed by mucociliary clearance before reaching the underlying epithelial cells. On the contrary, if NA activity dominates, the virion will quickly move through the mucus, but will more likely fail to stably bind to an epithelial cell and enter it. HA and NA can be found on the virion surface in a patch-wise distribution, which contributes together with the HA-NA balance to virus motility and entry. In filamentous influenza virions, NA is mainly localized at one pole of the filamentous virus, and the few NA molecules present along the side of the virus tend to cluster in patches as well (42). Such polarized viruses seem to move by Brownian ratchet-like diffusion in a mucus-rich extracellular environment, in which filamentous particles exhibit directed mobility away from their NA-rich pole and toward the HA crowded part of the virus (42). HA binding to sialic acid is reversible due to the low affinity. This reversible binding likely allows NA patches to catalyse the removal of the sialic acid when the HA is no longer bound thereby initiating movement of the virion through mucus and over the cell surface. This NA-driven virion motility presumably allows the virus to find and to dock to specific spots on the cell surface that trigger entry into the host cell (38, 43, 44). Although detailed mechanistic insights into the importance of the HA-NA balance are still lacking, it is clear that besides HA also NA contributes to IAV pathogenicity. For example, truncation of the NA stalk, which has been associated with adaptation of IAV from aquatic birds to poultry, resulted in increased virulence in poultry and mice (13, 45–49).




3 Antibodies Directed Against NA as a Correlate of Protection

Protection against disease caused by influenza virus infection has traditionally been correlated with the presence of hemagglutination-inhibiting (HAI) antibodies in the blood. Such antibodies can neutralize influenza viruses in vitro, by preventing the binding of the virus to its sialic acid-containing receptor on the target cell. Therefore, in order to induce such antibodies, current influenza vaccines are standardized for their HA content. Natural infection, however, elicits an immune response against both HA and NA (50). In mice it has been shown that NA inhibiting (NAI) antibodies are associated with a reduction in pulmonary virus titer. More recently, by using a guinea pig model, monoclonal NAI antibodies were demonstrated to reduce airborne transmission of human IAVs, both when the antibodies were administered post infection to the infected animals or to the exposed recipients (51). This observation is in line with the contribution of NA to the release and spread of newly formed viruses after infection (50, 52, 53). Further, a combination of HA and NA provides even enhanced protection against influenza compared to HA alone (54–57). Studies comparing protection in mice induced by conventional inactivated influenza vaccines with or without supplementation with recombinant NA showed that for protection against homosubtypic influenza virus infection anti-HA antibodies sufficed. However, when challenged with an influenza virus with a mismatched HA supplementation of the vaccine with NA was required to reach a clear reduction in pulmonary virus titer (58, 59). In a ferret study it was found that whereas vaccination with HA reduced viral titers, vaccination with NA particularly decreased the clinical effects of infection, with optimal protection being achieved by a combination of the two antigens (54).

Evidence of NA-based protection in human has also been observed during the 1968 Hong-Kong pandemic. This pandemic was caused by a H3N2 virus with the same N2 as the previously H2N2 circulating virus. Individuals with pre-existing antibodies against the NA of H2N2 were less likely to be infected with the newly emerged virus (60–63). In humans, NA-inhibiting antibodies in serum correlate with a reduced virus load in nasal wash (62). Couch et al. first showed that serum N2-specific antibodies, elicited by vaccination with H1N2 (H1 HA from A/equine/Prague, N2 NA from A/Aichi/2/68 (H3N2)) in humans who initially lacked anti-HA antibodies, correlate with a reduction of viral shedding after challenge of the subjects with A/Aichi/2/68 (H3N2) virus (62). Three decades later, during the 2009 H1N1 pandemic season, it was demonstrated that HAI and NAI antibodies in serum independently correlated with immunity against infection and infection-associated illness. Moreover, in H1N1pdm09-infected individuals, NAI antibodies in serum independently predicted reduced illness (64). This correlation of NAI antibodies with protection is also supported by more recent studies in humans. The presence of NAI antibodies in serum was associated with a reduction of PCR-confirmed influenza infection for both H3N2 and H1N1pdm09 virus (65, 66). Memoli et al. divided the participants in their controlled human challenge study with H1N1pdm09 virus in a group based on HAI or NAI titer and showed that subjects with a high (> 1:40) NAI titer at baseline not only presented with reduced symptoms and virus shedding duration, but also with a reduction in the number of symptoms and the symptom severity. In contrast, HAI titers correlated only with a reduction in the number of symptoms and virus shedding duration but not with symptom severity (66). These results highlight that anti-NA immunity can enhance protection against influenza virus infection.



4 Evolution and Antigenic Drift of NA

HA and NA are prime targets of the host’s immune response to influenza virus infection (67). Combined with the relatively high mutation rate of the replicating influenza virus RNA genome, human influenza viruses with antigenically altered HA and NA emerge that have a selective advantage over previously circulating strains because they are less likely to be recognized by antibodies that prevail in the population. This phenomenon of antigenic changes is called antigenic drift, and is at the basis for the frequent updating of human influenza vaccines. The selection of seasonal vaccine strains is based on three types of data: epidemiological information, HA and NA gene sequence phylogeny and serological analysis using an HA inhibition assay. Today, the main focus of genetic and antigenic surveillance is thus on HA since licensed influenza vaccine formulations are standardized for the amount of HA (68). The antigenic drift of HA has been extensively studied (69). In a seminal paper, Smith et al., discerned a pattern of eleven antigenic HA clusters in human H3N2 viruses that circulated between 1968 and 2003 (70). Later, two clusters were added to the antigenic map when HAI data was added up to 2011 showing that the human H3N2 virus continued to evolve antigenically (71). Interestingly, the antigenic change between the HA clusters is the result of a limited set of amino acid changes confined to positions near the receptor binding site of HA (72, 73). In contrast to HA, antigenic drift of NA is not routinely examined. In the next paragraphs, we discuss the genetic evolution of NA and the limited studies on NA antigenic drift.


4.1 Genetic Evolution

Several studies addressed the genetic evolution of HA and NA using IAV and IBV strains, which revealed that their evolution differs and is often asynchronous (74–78). Although the general topology of the NA and HA phylogenetic trees is similar with the typical ‘ladder-like’ gradual evolution and rapid replacement of old strains by newer ones, NA evolved slower and more gradually at the nucleotide level than HA. Looking at 40 years of evolution of human H3N2 viruses, Westgeest et al. showed that NA had fewer nucleotide substitutions over this time span compared with the HA head HA1, the most variable part of the HA gene (78). Nevertheless, it was concluded by Bhatt et al. (74) that with almost all adaptive evolution in NA being concentrated in residues on the surface of NA, the adaptation rate is higher for surface NA residues than for HA1. The observation that adaptive evolution in NA occurs almost exclusively in solvent-accessible surface residues indicates an important role for antibody-mediated immune responses in NA evolution. In Figure 3, the IAV N1, IAV N2 and IBV NA structural conservation for the viruses that were used in seasonal influenza vaccines from 1970 to 2021 are depicted. Overall, a relatively high conservation of the head domain residues is observed for each NA (sub)type. As expected, the catalytic site is for all NA subtypes highly conserved. However, the surface residues do show variation, especially for IAV N2, which is in agreement with a higher rate of adaptation for NA in H3N2 than H1N1 viruses (74).




Figure 3 | NA structural conservation. Structural alignments of all seasonal influenza vaccine included influenza strains in the period 1970-2021.The sequence conservation of Influenza A N1, Influenza A N2 and Influenza B NA amino acid residues was visualized using MUSCLE and shown on a crystal structure of the respective NA subtype using the render by conservation function in CHIMERA. Residues conserved in all sequences of a specific subtype NA are shown in red. Further distinction of conservation is indicated from dark blue (99% conservation) till yellow (1% conservation). Structure representations based on N1: PDB 4B7Q, N2: PDB 4GZX, and IBV NA: PDB 4CPL. Arrows point towards the catalytic site.





4.2 Antigenic Drift

The analysis of NA antigenic drift usually relies on the determination of NAI titers of polyclonal ferret antisera raised against a particular influenza virus strain (e.g. a vaccine strain) in an enzyme-linked lectin assay (ELLA) (79, 80). The antigenic relatedness of the NAs from two viruses can be assessed by comparing NAI titers, calculating percent relatedness (81) or by performing antigenic cartography (76) to generate an antigenic map (80). On such a map, based on the quantification of the raw data of NAI assays, the antigenic distances between influenza viruses or sera are visualized. Importantly, the reactivity of antisera of ferrets that have experienced a single experimental virus infection is quite different from human sera which have an antibody repertoire that has typically been shaped by multiple prior infections and vaccinations (80, 82). The antigenic changes identified this way based on sera from ferret that were infected once with a particular influenza virus strain may therefore not always accurately reflect the response of an (adult) human individual (83) although such discrepancies have so far only been demonstrated for HA-specific responses (84–86).

Only a few studies have investigated the antigenic drift of NA using large NAI data sets and by constructing antigenic maps. In 2011, Sandbulte et al. reported on the characterization of the antigenic drift of NA in human H1N1 and H3N2 viruses that were recommended for influenza vaccine implementation over a period of 15 years in the USA (76). Similarly, Gao et al. examined the antigenic drift of NA sequences of H1N1pdm09 viruses (80). Overall, the antigenic differences between NAs of human H1N1 viruses occurred in one direction, meaning that antisera raised against older strains reacted weakly with more recent NAs whereas reactivity between antisera against more recent strains and older NAs was high (76, 80, 87). Both raw NAI data and the antigenic map obtained by Sandbulte et al. show that the NA of pre-2009 seasonal human H1N1 was in antigenic stasis for over a decade despite its genetic evolution during that time. For human H3N2 viruses the antigenic drift of NA was also not proportional to the number of amino acid changes induced. Collectively, these data show that there is discordance between the antigenic and genetic evolution of NA. Indeed, For N2 it was found that a single point mutation (E329K) was responsible for the abrupt NA antigenic drift between 2006 and 2007 (76). Similarly, for H1N1pdm09 few substitutions appeared to be largely responsible for the observed antigenic changes (80). The presumed important role in antigenic drift of K432E (80) was later confirmed using recombinant NA proteins that only differed at this position (87). Epistatic interactions as well as by biophysical constraints may also play a role in NA antigenic drift as was shown for the evolution of an antigenic site in H3N2 NA (88, 89). Furthermore, changes in HA receptor binding, e.g. as a result of antigenic drift, may in turn select for substitutions in NA that affect enzymatic activity to restore a functional balance in HA and NA, while additionally affecting NA antigenicity (90).

Bidirectional IAV transmission between humans and swine represents a serious public health challenge. In the last decade, an increasing number of zoonotic infections with IAV from swine has been reported. For example, after two distinct human-to-swine H3N2 spill overs in 1998 and 2002, N2-98 and N2-02 lineage viruses have circulated in swine in the USA and antigenically evolved over the next 20 years. After IAV infection, pigs typically produce broadly cross-reactive NAI antibodies to the N2 protein, but no NAI cross-reactivity between the N2-98 and N2-02 lineages was observed (91). The antigenic distance between swine and human N2 antigens increased over time to the extent that there is by now very little antigenic similarity with the human seasonal H3N2 NA that these viruses were derived from, nor with the NA of currently circulating human H3N2 viruses. This suggest that there will be little to no cross-reactive NA mediated immunity in both the swine and human population which may impact the occurrence of future spill overs (91).




5 Neuraminidase-Specific Monoclonal Antibodies: Mechanisms of Action and Epitopes

Using large panels of monoclonal antibodies (mAbs) or recombinant NA proteins, several studies have set out to identify antigenic sites on NA (12, 52, 92–96). NA activity and inhibition thereof can be evaluated with two types of assays. The so-called 4-methylumbelli-feryl N-acetyl-α-D-neuraminic acid (MUNANA, a fluorogenic NA substrate) or NA-STAR (a chemiluminescent NA substrate) assays allow to quantify the hydrolysis of a small soluble substrate by NA. The small molecule NA inhibitor oseltamivir, which binds precisely inside the catalytic site, inhibits NA activity in these types of assays (97). Only a mAb that binds inside or in very close proximity to the catalytic site will be able to prevent cleavage of the small substrate whereas mAbs that bind distal to the catalytic site are less likely to have an effect in such assays.

ELLA assays use larger substrates compared to MUNANA and NA-STAR assays, such as the glycoprotein fetuin that contains sialylated N- and O-linked glycans. A mAb binding to the NA head domain, even outside of the catalytic site, may still sterically block access of fetuin to the catalytic site and prevent cleavage of the substrate, while cleavage of small soluble substrates may not be affected. Comparing the inhibition profile of NAI mAbs based on the outcome of both types of assays will thus give an indication on their possible binding site. Table 1 provides an overview of different NA-specific mAbs and their impact on NA activity as determined with a small molecule substrate or in the ELLA. Overall, two different antigenic regions have been described that characterize NAI antibodies: (i) the catalytic site and its rim and (ii) outside of the catalytic site, including the interface between two adjacent monomers. Additionally, several NA-specific mAbs have been described that lack detectable NAI activity in either assay, yet can protect in vivo against influenza A virus challenge. These mAbs rely on Fc effector functions and will be discussed separately (Figure 4).


Table 1 | Overview of NAI mAbs and their epitopes.






Figure 4 | Antigenic regions of N1 NA-specific mAbs. The A/California/04/2009 (H1N1) tetramer is depicted with one protomer in ribbon representation. The catalytic residues are depicted in red. For each region, a representative antibody footprint is shown: 1G01 (105) in pink (PDB 6Q23) with antibody contact residues in NA that overlap with the catalytic site in dark red; CD6 (103) in gold (PDB 4QNP) and N1-7D3 (113) in light blue.




5.1 NAI mAbs That Target the Catalytic Site and Its Rim

Early antibody characterization and vaccination studies have shown that immunity to NA can be very broad within, but usually not across, subtypes (105). Nevertheless, mAbs that directly bind into the highly conserved catalytic site of NA (115) and inhibit enzymatic activity in small molecule assays are expected to exert a degree of heterosubtypic NAI. Recently, Stadlbauer et al. reported on a human mAb, 1G01, which binds to and inhibits the activity of several group 1 and group 2 NAs as well as NAs from both influenza B virus antigenic lineages in vitro. MAb 1G01 was shown to inhibit NA activity in a NA-Star assay and to occupy the catalytic site via a long CDR H3 loop by co-crystal structure analysis (Figure 4) (105). A similar mechanism of action was described for mAb NA-45 where the CDR H3 loop adopts a protruding conformation with a tip that inserts into the NA catalytic site (98). This type of substrate mimicry is unique among all structurally characterized NA antibodies so far but has also been reported for anti-HA antibodies that target the receptor-binding site (116, 117). Interestingly, the number of residues in the antibody footprint might be important for the cross-reactivity of mAbs. For example, the binding footprint of 1G01 (105) and Z2B3 (106, 107) significantly overlaps. However, the 1G01 footprint includes more catalytic and framework residues which explains the broader cross-reactivity of 1G01 compared to Z2B3 (107). It is important to note that the footprint of mAbs that bind into the highly conserved catalytic site of NA often overlaps with the rim of the catalytic site. The rim is less conserved and can tolerate amino acid substitution without NA losing enzymatic activity.

Next to conventional mAbs, other antibody moieties that target the NA catalytic site have been described. The first NA-specific single domain antibodies or VHHs were described by Harmsen et al. with several candidate cross-NA binders and some VHHs that could affect NA activity (118). The isolation and characterization of a set of alpaca-derived H5N1 NA-specific VHHs (N1-VHH) with NA-inhibitory activity was also described. Two monovalent candidates N1-3-VHHm and N1-5-VHHm could inhibit NA activity with N1-3-VHHm also inhibiting oseltamivir resistant H5N1 virus NA. Bivalency of these constructs enhanced their NA inhibitory capacities and resulted in VHH constructs that could protect mice against H5N1 challenge (119).



5.2 mAbs that Bind to Epitopes Outside the Catalytic Site

A large proportion of the reported NAI mAbs only display NAI activity in the ELLA, but not in assays with small molecule substrates, indicating they do not contact the catalytic site directly (99). Binding of these mAbs likely results in steric hindrance and restricts access of large glycoconjugate substrates to the catalytic site (52). The NAI activity in ELLA assays has been associated with the capacity to block virus egress from infected cells (98, 99). An example of such a mAb is CD6, which effectively inhibited H1N1pdm09 viruses both in vivo and in vitro (103). Interestingly, CD6 more efficiently inhibited NA as an intact IgG compared to Fab and Fab2 molecules of CD6, demonstrating that CD6 inhibits NA activity through steric hindrance and not structural distortion. Crystallization studies revealed a quaternary epitope that spans the lateral faces of two neighbouring N1 monomers (Figure 4). Such a quaternary epitope present in intact NA dimers had been proposed earlier by Saito et al. for the N8-4 mAb but until then had never been structurally defined (114). For HA, quaternary epitope-specific mAbs that span two HA monomers that are efficient in neutralizing virus in vitro have also been described (120, 121). Some studies showed a correlation between the relative distance of epitopes to the NA catalytic site and the in vitro properties of mAbs. For example, mAb HF5 which has contact residues that surround the catalytic site pocket, showed more efficient NAI activity compared to other mAbs with an epitope that is located more laterally on the NA head (92, 107). Additionally, murine anti-N9 mAbs that inhibit NA enzymatic activity with a small molecule substrate in vitro, provided superior in vivo protection compared with mAbs that inhibited NA activity only in the ELLA assay (93).



5.3 mAbs That Depend on Fc Effector Functions for Protection

It is becoming increasingly clear that Fc-mediated effector functions have an important role in providing in vivo protection against influenza virus challenge (122). The fragment crystallisable (Fc) region of an antibody can interact with Fc receptors and thereby mediate indirect effector functions such as antibody-dependent cellular cytotoxicity (ADCC), antibody-dependent cellular phagocytosis (ADCP) and complement-dependent cytotoxicity (CDC) (123). Using Fc receptor knockout mice and DA265 mutant mAbs that are unable to bind Fc receptors, it was demonstrated that broadly reactive HA-stalk antibodies depend on Fc-Fcγ receptor interactions in vivo (122, 124, 125). The contribution of Fcγ receptor engagement for in vivo protection by some NA-specific mAbs was demonstrated by Job et al. (126). The mouse monoclonal antibody N1-7D3 binds to a conserved linear epitope near the carboxy-terminus of N1 NA and shows no NAI activity (Figure 4) (113). However, a recombinant mouse-human chimeric version comprised of the variable domains of mouse N1-7D3 and the constant regions of human IgG1 could engage activating Fcγ receptors and protected FcγR-humanized mice against challenge with H1N1pdm09 virus (126). In addition, mAbs with no detectable NAI activity reported by Yasuhara et al., could protect mice against a lethal influenza virus infection. Interestingly, a N297Q mutant version of these mAbs that lacks Fcγ receptor-binding activity failed to protect, thereby supporting the crucial role for Fcγ effector functions in protection by non-NAI mAbs (127). In line with this, grafting of the non-NAI N1-7-VHH on a mouse IgG2a Fc could protect mice against an otherwise lethal H5N1 challenge (119).

Several studies have demonstrated that the Fc-mediated effector functions might also be crucial for in vivo protection by some anti-NA mAbs that possess weak NAI activity (99, 127). Thus, while for potent N9 NAI mAbs Fc effector functions were not needed, the ability to interact with Fc receptors was required for weakly NAI mAbs to protect against challenge (99). Likewise, a broadly cross-reactive mAb with low NAI activity required FcγR interactions to mediate protection, while a strain-specific mAbs with high NAI did not (124). Likely, the sum of the NAI activity and the FcγR-mediated effector functions determines the potency of an anti-NA antibody in vivo. An anti-NA mAb with high NAI activity can reduce virus spread in vivo mainly through its NAI activity, whereas an anti-NA mAb without NAI activity can suppress virus replication mainly through FcγR-mediated effector cell activation (127).




6 NA-Based Influenza Vaccines


6.1 NA Immunogenicity in Seasonal Influenza Vaccines

Despite the recognized importance of NA-reactive antibodies in protection against influenza, the current commercially available influenza vaccines do not consistently elicit these antibodies (50, 128). NA immunogenicity of these vaccines varies widely between manufacturers (65, 128–130) and is poor compared to natural infection. Whereas following natural infection the number of NA-reactive B cells were equal to or exceeded HA-reactive B cells, current vaccines rarely induced NA-reactive B cells (50). Furthermore, broadly cross-reactive NAI antibodies elicited by natural infection were unable to bind multiple commercially available inactivated vaccines, indicating that the vaccines lack the NA epitopes targeted by these antibodies (50).

The poor NA immunogenicity of the licensed influenza vaccines can be attributed to a few factors. As mentioned, current vaccines are optimized and standardized specifically for inducing high HAI antibody titers. As a result, the immunogenicity of the NA is not guaranteed. Quantity and quality of the NA antigen varies between manufacturers and vaccine batches (131, 132). Virus inactivation procedures may also affect NA immunogenicity. While treatment with EDTA or formalin did not compromise the immunogenicity of recombinant NA proteins (133), native NA in a viral particle may respond differently to these conditions. The stability and immunogenicity of NA also varies between strains (132). Nevertheless, in case vaccination does elicit NA antibodies, these can be long lived in healthy human subjects (134, 135). Better consideration of the NA component of current vaccines could therefore mean an important step forward in effectivity of the current vaccines. This could be achieved by also considering NA in selection of the vaccine strains, optimizing the manufacturing process to keep NA antigenically intact, and also standardizing the amounts of immunogenic NA in vaccine preparations.



6.2 Next-Generation NA-Based Vaccines

Next-generation seasonal and universal influenza vaccines call for an improved NA-directed immune response. Various options for rational design of the NA antigen and mode of presentation to the immune system are in development aiming to boost the breadth and magnitude of the NA-specific response (Figure 5). The following section summarizes promising ideas and the rationale behind them.




Figure 5 | Design of next-generation NA-based vaccines. (A) The NA antigen can be presented in the native membrane-bound form, as a soluble protein that lacks the transmembrane domain with or without modifications to retain or stabilize the tetrameric structure, or as peptides containing an epitope of interest. (B) Depending on the antigen design, various methods for vaccine delivery are possible. Soluble NA can be administered as a subunit vaccine or coupled to a nanoparticle carrier. Membrane-bound NA can be presented on a virus-like particle or on the cell surface when encoded as RNA or DNA delivered directly or by a viral vector. (C) Strategies to increase the breadth of the immune response include mixing of NAs from different strains, computational design of consensus NAs, or hetero-multivalent mosaic presentation of NAs from different strains on a single particle.




6.2.1 Enhancing NA Immunogenicity Within Existing Influenza Virus Vaccines

In addition to optimizing the manufacturing conditions of the current seasonal vaccines, extra steps can be taken to improve the immunogenicity of NA while using the same influenza virion-based vaccine technology as a basis. For example, by re-structuring parts of the viral genome, a higher amount of NA can be incorporated into the viral particles (136, 137). Swapping the packaging signals of HA and NA that contain the viral RNA promoters resulted in virions with more NA, although at the expense of HA. Immunization with this virus resulted in increased levels of NAI and Fc-dependent antibodies directed against NA and induced protection against lethal challenge with an NA-matched IAV strain. HA-directed IgG titers were however significantly lower for the recombinant virus compared to the wild-type (136). Since glycosylation of the NA head domain was also found to affect NA incorporation in the virion (138), altering glycosylation sites could be explored as an alternative strategy to incorporate higher levels of NA in an IAV vaccine strain. Such modifications may, however, also affect NA antigenicity and immunogenicity. Extending the NA stalk so that NA surpassed HA in length was also shown to enhance NA immunogenicity of an inactivated virion-based vaccine in mice. Specifically, increased levels of antibodies with ADCC activity were induced. The authors hypothesized that their extended NA stalk domain method exposes NA epitopes to the immune system that were otherwise hidden (139).



6.2.2 Recombinant Protein Design

An alternative solution to increase the immune response to NA is to add extra NA to vaccine formulations. Johansson et al. supplemented inactivated vaccines with soluble NA purified from viral particles. This approach induced higher titers of NAI antibodies without compromising on HAI antibodies (58, 59). Recombinant soluble NA proteins (Figure 5A) are also attractive vaccine antigens to supplement inactivated virus vaccines or as a component of a multi-antigen subunit vaccine. Important in the design of such antigens is that a correctly folded tetrameric structure is essential for optimal immunogenicity (133, 140). Often enzymatic activity is measured as a proxy for a correct conformation of the NA antigen. While this is a reliable proxy for the presence of intact antigenic structure, NA activity in itself is not required to induce protective NA-specific antibodies in mice (133, 141, 142). Early on, recombinant NA was produced by replacing the membrane anchor sequence with a signal sequence derived from a type I membrane protein. This method typically results in a mix of tetrameric, dimeric, and some monomeric protein (24). To produce pure and stable tetrameric NA, ectodomains are better fused to heterologous tetramerization domains. Multiple tetramerization domains have successfully been used to produce immune-protective recombinant NA: VASP, GCN4, and Tetrabrachion (54, 143, 144). Tetrabrachion-stabilized NA proteins appear most stable and enzymatically active, presumably due to the parallel orientation of these domains (145, 146). In addition, a crystal structure of a tetrabrachion-stabilized N9 showed that the head domain maintained its native structure as found on virions (147). Whether immunization with these constructs also results in better quality antibody responses is yet to be determined. Interestingly, a recent study showed that the combined choice of tetramerization domain and inclusion of the stalk domain into recombinant NA profoundly impacts activity and immunogenicity. Thorough evaluation of individual recombinant NAs may therefore be required to determine the optimal antigen design strategy (142).

Mutations in the NA stalk (148) or the interface between protomers (149) can also enhance the stability and immunogenicity of recombinant NA. Cysteine mutations in the stalk led to more efficient dimer formation of recombinant N1, resulting in enhanced enzymatic activity and immune protection. The cysteine-stabilized dimers were however still outperformed by a VASP-stabilized tetrameric NA (148). It was only recently recognized that recombinant NA proteins can adopt an open conformation in addition to the closed conformation that is found on the surface of influenza virions. Structure-guided stabilization of the closed conformation was performed that improved thermal stability. More importantly, it also enhanced the affinity to protective antibodies elicited by viral infection, indicating that these antigens may elicit antibody responses to vulnerable quaternary epitopes more efficiently (149).

To broaden the protection elicited by a recombinant protein antigen, computational methods can be used to design constructs based on a consensus sequence of varying strains (Figure 5C). After similar techniques have shown promise for the induction of more broadly reactive HA responses (150), recent studies engineered NA constructs that combined sequences of various human, swine, and avian H1N1 and H5N1 strains (151, 152). The resulting antigens were immunogenic and induced antibodies against a broader range of viruses than wild-type NA antigens, including NAI antibodies against strains not included in the antigen design (151). Immunization or passive transfer of the sera of immunized mice offered protection against homologous and heterologous viral challenge (151, 152). While the broadened immune response may come at the cost of a lower magnitude compared to immunizations with a matched NA antigen (152), consensus NA antigens are promising candidates for inclusion in multi-antigen universal vaccine formulations.



6.2.3 Multivalent Presentation

The immunogenicity of soluble protein antigens can be substantially improved with multivalent presentation. Multivalent nanoparticles better mimic viruses in terms of size, shape, antigen valency, and repetitive organization, resulting in enhanced uptake by antigen presenting cells and stronger activation of B cell receptors (153). Such nanoparticle designs may constitute virus-like particles (VLPs) containing membrane-anchored NAs or protein nanoparticles to which soluble NAs are coupled (Figure 5B).

NA can self-assemble into VLPs, either when expressed alone or in combination with other IAV structural proteins (154–157). VLPs that display N1 alone or in combination with H5 and M2e induced high titers of NAI antibodies (154, 157–159). Vaccination with N1 VLPs derived from H1N1pdm09 provided cross-protection against lethal challenge with heterologous (H5N1) and even heterosubtypic (H3N2) IAV (159). However, in a more recent study N1 VLPs were not able to cross-protect against a historical H3N2 strain (160). N2 VLPs derived from a more recent H3N2 virus did protect against challenge with the distant H3N2. In addition, bivalent vaccination combining the N1 and N2 VLPs induced strong anti-N1 and -N2 antibody responses that exceeded the antibody levels induced by either one of the VLPs individually (160). Protective efficacy of NA-based VLP vaccination has also been demonstrated in ferrets. In these animals, VLPs containing H5N1-derived NA and matrix protein M1 induced high serum NAI antibody titers and protection against lethal homologous challenge. Incorporation of additional H5 or H3 into the VLPs further reduced clinical symptoms of the ferrets after H5N1 challenge. VLPs composed of H3/N2/M1 were however unable to cross-protect against the heterosubtypic H5N1 challenge (154). Efforts to further boost both humoral and cellular immunity of VLP vaccines currently focuses on attachment of adjuvants directly onto the VLPs (161–163).

In a different strategy based on multivalent presentation, nanoparticles consisting of little more than IAV structural proteins were generated (164). A dense core was constructed out of M2e protein and decorated with M2e-NA fusion proteins by chemical cross-linking. These double-layered nanoparticles greatly improved immunogenicity and (cross-)protection over soluble M2e-NA fusion proteins. M2e-NA nanoparticles were generated using NA from H5N1 and H3N2. Mice immunized with the M2e-N1 nanoparticles were fully protected against mortality following challenge with the homologous strain, as well as H1N1 and H3N2. Immunization with the M2e-N2 nanoparticles fully protected against mortality following challenge with the homologous strain and an H9N2 virus and conferred 60% protection against H1N1 (164).

Self-assembling protein nanoparticles are highly ordered, monodisperse carrier platforms that are increasingly used in experimental vaccines. The geometry of these nanoparticles is versatile and can be readily adapted for optimization to a specific antigen (165). While these carriers have not yet been used to generate NA-based nanoparticle vaccines, examples of their application for other viral glycoproteins illustrate their promise. HA nanoparticles, for example, elicited more than 10-fold higher antibody titers compared to the commercial inactivated vaccine, including antibodies directed against conserved vulnerable epitopes (166). The respiratory syncytial virus fusion protein similarly induced 10-fold higher neutralizing antibody titers when presented on a two-component protein scaffold (167). Self-assembling protein scaffolds are also well suited for presenting viral glycoproteins from multiple strains together on mosaic nanoparticles (Figure 5C). It was hypothesized that presentation of these diverse antigens alongside each other gives an avidity benefit for cross-reactive B cell receptors, resulting in a broader antibody response. This strategy was applied using the HA receptor binding domains (RBDs) of two H1N1 strains. Mosaic nanoparticles displaying two distinct H1 RBDs were found to induce broader antibody responses than a mixture of homotypic nanoparticles displaying the same set of RBDs (168). These results indicate that mosaic nanoparticles may enhance activation of B cells specific for the otherwise subdominant cross-reactive epitopes, which could be an interesting strategy to evaluate for NA.



6.2.4 Epitope-Based Vaccines

Epitope-based vaccine design aims to precisely direct the immune response towards conserved vulnerable B or T cell epitopes by presenting peptide epitopes (Figure 5A) on an immunogenic carrier or in a multi-epitope construct. In doing so, these techniques have potential for eliciting broadly protective immunity. The potential of an universally conserved linear B cell epitope near the NA catalytic site consisting of residues 222 through 228 or 230 (NA222) as an vaccine antigen was recently studied (169, 170). Kim et al. incorporated the epitope into the HA head domain of a H1N1 virus, creating a chimeric virus that was inactivated prior to immunizations. The NA222 chimeric virus, but not the inactivated wild-type virus, induced a strong Th1-type antibody response directed to this epitope. The chimeric virus protected against heterosubtypic challenge with H3N2 and H9N2 viruses and at 6 days post-challenge the mice expressed high levels of mucosal IgG and IgA specific for the epitope (169). Zeigler et al. developed a self-assembling protein nanoparticle containing the NA222 epitope in addition to two universal CD4 T cell epitopes that mediate high-affinity, long-lived antibody responses. The NA222 nanoparticle induced high IgG titers and conferred approximately 50% survival in otherwise lethal H1N1 and IBV challenge, whereas nanoparticles with HA or M2e epitopes were 70-75% protective with similar IgG titers. It was suggested that the NA222 epitope was less protective due to limited antibody accessibility (170). Alternative novel B and T cell epitopes may be identified using in silico predictions and be combined into a multi-epitope construct. Further in vivo studies are needed, however, to evaluate the protective potential of such vaccine candidates (171).



6.2.5 Viral Vector-Based Vaccines

Antigens delivered in the form of genetic information will be expressed in the natural environment of the cell, which helps to ensure the correct antigen generation and processing that is vital for a potent immune response. Vectored vaccines deliver the genetic material encoding the antigen of interest by incorporation into unrelated live attenuated or replication incompetent viruses (Figure 5B). A large number of viral vectors are available that each differ in their ability to stimulate different arms of the immune system, but also in more practical characteristics including genomic stability, accepted insertion size, and safety profile (172).

Experimental NA-based vector vaccines have been described among others for pox virus (173, 174) or parainfluenza virus (175) vectors. Modified Vaccinia Ankara (MVA), a safe and commonly used live poxviral vector, that expressed NA (MVA-NA) of H1N1pdm09 was analyzed for its protective efficacy. The MVA-NA vaccine induced high NAI titers and a potent cellular response characterized by particularly strong activation of CD8 T cells. Immunization conferred partial protection against replication of a homologous virus (173). A raccoonpox vector expressing the NA of avian H5N1 conferred full protection to mice against an otherwise lethal challenge when administered via the intranasal (IN) route. Interestingly, depletion of CD4 and CD8 T cells strongly reduced protection, suggesting an important role for cellular immunity in the protection provided by this vector (174). In contrast, parainfluenza 5 (PIV5) expressing the NA of H1N1pdm09 or avian H5N1 induced weak T cell responses and was dependent on antibodies for protection. PIV5 expressing the H1N1pdm09 NA conferred partial cross-protection against H5N1 and H3N2 challenge, whereas PIV5 expressing the H5N1 NA protected against H1N1, but not H3N2 (175). Other NA-expressing viral vectors that have been applied with varied success in a veterinary setting are Newcastle disease virus, infectious laryngotracheitis virus and alphavirus replicons (176–179).



6.2.6 Nucleic Acid-Based Vaccines

Nucleic acid-based vaccines directly deliver the genetic information encoding the antigen without the need for a viral vector (Figure 5B). In doing so, these methods exploit the benefits of in vivo antigen expression while eliminating the risks for reduced efficacy due to anti-vector immunity and safety concerns associated with viral vector-based vaccines. Production of this type of vaccines is rapid and scalable, which could be a critical advantage over other vaccine platforms in the event of a new emerging strain. Recent advances in stability and delivery of RNA and DNA vaccine formulations have led to improved immunogenicity, resulting in a renewed interest in using these technologies for emerging infectious diseases (172, 180, 181). mRNA vaccine technology was particularly accelerated by the current SARS-CoV-2 pandemic with the development of two highly effective vaccines based on this technology (182, 183).

Several studies reported the protective potential of NA antigens delivered by vaccination with plasmid DNA. An early study comparing the ability of various IAV antigens delivered by plasmid DNA to induce a protective immune response showed that only immunization with HA or NA, but not other internal IAV antigens, protected mice against homologous H1N1 challenge (184). In a follow-up study DNA vaccination with N2 induced full protection against challenge with homologous and drifted H3N2 strains, but was not effective in protecting against H1N1 challenge (185). Plasmid DNA encoding N1 from H1N1 conferred full protection against homologous challenge and 40-50% protection against H5N1 (186). Efficacy of a H5 DNA vaccine against challenge with a distant H5N1 strain was boosted from 75% to 100% with the addition of a N1-encoding plasmid (187).

NA-based mRNA vaccines have demonstrated high potency in some studies, but lower in another (188–190). Lipid encapsulated mRNA vaccines encoding various antigens of H1N1pdm09, separate or in a combination vaccine, elicited a strong humoral and cellular response in mice. The NA component of the vaccine was found to be the only one eliciting high NAI titers and protecting against a highly lethal dose of a matched challenge virus. A vaccine dose as low as 0.05 μg was sufficient to elicit a protective immune response. The NA mRNA vaccine however provided only limited or no protection against heterosubtypic challenge while the other more conserved vaccine components were fully protective (190) Similarly, in a recent study vaccination with mRNA encoding NA of H1N1pdm09 induced high NAI titers and protected against mortality from challenge with pre-pandemic H1N1 and H5N1. Serum antibodies from vaccinated mice however did not cross-react with H3N2 or influenza B virus (189) In an earlier study the immunogenicity of a N1-mRNA vaccine was considerably lower. High dose vaccination induced only 40% protection against a matched challenge in mice. Supplementing a H1-mRNA vaccine with the N1-mRNA however resulted in significantly reduced morbidity over the H1-only vaccine (188). The potential of mRNA vaccines might be boosted further by the use of self-replicating RNAs, which may induce high expression levels after low dose vaccination (191, 192).





7 Outlook

Various studies mentioned in this review describe NA-based vaccine candidates with impressive protective efficacy against homologous and heterologous challenge strains, although most candidates have yet to be tested in models other than mice. In view of the potential of NA to induce protective immunity, efforts to improve vaccine efficacy against influenza should not only focus on HA, but also on NA. Improving the NA component of current vaccines with respect to antigenic match and immunogenicity, would likely improve the efficacy of these vaccines in the short term. NA additionally should be considered in the development of next-generation vaccines, besides the largely HA-focused approaches.

While studying the protective efficacy of isolated NA-based vaccine candidates is informative, NA particularly has potential as a component in a multi-antigen vaccine. Vaccines targeting both HA and NA provide better and broader protection, as evidenced by reduced disease and transmission when compared to HA- or NA-only vaccines. Given that the antigenic drift of HA and NA is discordant (76) a seasonal vaccine combining both antigens would be less likely to be mismatched with circulating strains for both antigens, compared to a HA-focussed vaccine.

Most vaccine candidates described here induce a protective immune response against homologous and in some cases intra-subtypic heterologous NA, but not heterosubtypic NA. The application of strategies aimed at increasing the breadth of the immune response is vital to improve protection against drifted or new emerging strains. The induction of broadly protective heterologous immune responses may be enhanced by computational design of consensus antigens. Protective responses against different NA subtypes may be achieved by simple mixing of NA antigens, though the breadth may in such vaccines still be limited to the strains used for immunization like in the current seasonal vaccines. Additional measures may be required to ensure that the elicited immune response surpasses the immunization strains. To direct the immune responses more towards conserved epitopes the option of combining NAs from multiple strains onto heteromultivalent mosaic nanoparticles could be explored.

The recent market application of mRNA vaccines targeting SARS-CoV-2 is likely to pave the road for the clinical use of this vaccine platform for novel influenza vaccines. Prior to the emergence of SARS-CoV-2 it was already recognized that mRNA vaccines would be suitable specifically in an outbreak setting mostly due to the capacity for rapid development, in addition to the low dose requirement and high potency (180). mRNA vaccines encoding HA of potential pandemic strains have already demonstrated safety and immunogenicity in ferrets, non-human primates and humans (193) and clinical trials for seasonal HA-based mRNA vaccines are underway (Clinical Trials Identifiers NCT04956575 and NCT04969276). Addition of NA-encoding mRNA to such formulations is likely to improve the magnitude and breadth of protection and should be advocated.
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The highly pathogenic avian influenza H5N1 viruses constantly evolve and give rise to novel variants that have caused widespread zoonotic outbreaks and sporadic human infections. Therefore, vaccines capable of eliciting broadly protective antibody responses are desired and under development. We here investigated the magnitude, kinetics and protective efficacy of the multi-faceted humoral immunity induced by vaccination in healthy adult volunteers with a Matrix M adjuvanted virosomal H5N1 vaccine. Vaccinees were given escalating doses of adjuvanted vaccine (1.5μg, 7.5μg, or 30μg), or a non-adjuvanted vaccine (30μg). An evaluation of sera from vaccinees against pseudotyped viruses covering all (sub)clades isolated from human H5N1 infections demonstrated that the adjuvanted vaccines (7.5μg and 30μg) could elicit rapid and robust increases of broadly cross-neutralizing antibodies against all clades. In addition, the adjuvanted vaccines also induced multifaceted antibody responses including hemagglutinin stalk domain specific, neuraminidase inhibiting, and antibody-dependent cellular cytotoxicity inducing antibodies. The lower adjuvanted dose (1.5µg) showed delayed kinetics, whilst the non-adjuvanted vaccine induced overall lower levels of antibody responses. Importantly, we demonstrate that human sera post vaccination with the adjuvanted (30μg) vaccine provided full protection against a lethal homologous virus challenge in mice. Of note, when combining our data from mice and humans we identified the neutralizing and neuraminidase inhibiting antibody titers as correlates of in vivo protection.
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Introduction

Enveloped RNA viruses, such as influenza viruses and coronaviruses, constantly evolve, thus causing zoonotic outbreaks and occasional pandemics in humans. Mutations accumulate over time and enable the virus to escape existing immunity established from previous infection and/or vaccination. This mechanism leads to the emergence of geographic and temporal novel variants, which hamper the effectiveness and efficacy of the vaccines designed based on ancestral viruses. As a result, vaccines targeting enveloped RNA viruses need to be updated at regular intervals. Vaccines capable of inducing broadly cross-protective immune responses are urgently needed.

Since its first isolation in 1996, the highly pathogenic avian influenza (HPAI) H5N1 virus have caused outbreaks in domestic and wild birds worldwide, as well as sporadic animal-human transmissions. To date, 862 human infections have been laboratory confirmed which resulting in 455 deaths (1). Tens of thousands of HPAI H5N1 virus strains have emerged in the last two decades. These variant strains are grouped into 10 clades and dozens of subclades according to the main surface glycoprotein hemagglutinin (HA) gene sequences. All the variants isolated from human infections are from clades 0, 1, 2 and 7 (2–4). To combat the HPAI H5N1 viruses in situations of potential human-to-human transmission, a panel of pre-pandemic H5N1 vaccine candidates from each of the most common (sub)clades have been prepared (3). Different vaccines formats, including subunit, live attenuated, and adenoviral vectores have been tested in clinical trials alone, or in combination with adjuvants such as AS03 and MF59 (5–9). These vaccines elicited protective homologous antibody responses and low to moderate levels of neutralizing antibodies to closely related strains. However, the breadth of cross-neutralizing antibody responses after vaccination has not been fully elucidated.

Compared to the highly variable HA head domain, HA stalk and neuraminidase (NA) are more conserved among circulating strains across different continents and seasons (10–12). Recent studies have revealed functions of non-neutralizing antibodies targeting these more conserved domains. For example, HA stalk specific antibodies can block viral genome release into the cytoplasm; whilst NA specific antibodies reduce progeny virion release from infected cells (13). In addition, non-neutralizing antibodies can trigger cytotoxicity and phagocytosis to clear infected cells (14, 15). However, whether these non-neutralizing antibodies correlate with in vivo protection against the highly pathogenic H5N1 virus remains unclear.

We have conducted a clinical trial with a virosomal H5N1 vaccine with Matrix M adjuvant in 60 adults. We have previously demonstrated that the adjuvanted H5N1 vaccines elicited potent vaccine specific neutralizing antibodies, and to a lesser extent cross-reactive hemagglutination inhibition (HI) antibodies and Th1 and Th2 CD4+ T cell responses against closely related strains (16–18). Here, we established an expanded panel of H5N1 pseudotypes covering all (sub)clades isolated from human infections; and characterized the kinetics and breadth of antibody responses after vaccination, including dissection of the multifaceted non-neutralizing antibody responses. We also assessed the in vivo protection from vaccine induced antibodies in a passive transfer murine model and investigated immunological candidates for correlates of protection.



Material and Methods


Study Design

Sixty healthy adult volunteers (20-49 years old) were enrolled in an open label phase I dose escalating clinical trial early 2009 at Haukeland University Hospital, Bergen, Norway (www.clinicaltrials.gov, NCT00868218) (16). The study was approved by the Regional Committee for Medical Research Ethics, Northern Norway and the Norwegian Medicines Agency. All participants provided written informed consent before inclusion into the study.

Participants were randomized into 4 groups, and intramuscularly vaccinated twice with the H5N1 virosomal vaccine (Crucell Berna Biotech) containing 30μg HA alone, or 1.5, 7.5 or 30μg HA with 50μg Matrix M adjuvant (Novavax) at 3-week interval (16). None of the participants had previously received an H5N1 vaccine.



Vaccine and Sampling

A monovalent inactivated virosomal H5N1 vaccine, containing vaccine strain NIBRG-14, a virus derived from A/Vietnam/1194/2004 (H5N1) and A/Puerto Rico/8/1934 (H1N1) using reverse genetics, was used in the clinical trial. The influenza surface antigens HA and NA were purified from beta-propiolactone (BPL) inactivated egg grown viruses, mixed with lecithin and incorporated into the phospholipid bilayer by spontaneous formation of the virosomes. The HA content of the vaccine was quantified by single radial diffusion, and the presence of NA was confirmed.

The adjuvant Matrix M used in the trial was the 3rd generation immune stimulating complex, which contains Matrix-A and Matrix-C fractions produced from purified Quillaja saponin fractions A and C, at the proportion of 91:9. The vaccine was formulated as 30μg HA alone, or 1.5, 7.5 or 30μg HA with 50μg Matrix M adjuvant, filled into single use syringes, and stored at 4°C until use. All participants (n=60) received 2 doses of the vaccine at a 3-week interval, except one withdrawal from the 7.5µg HA adjuvanted vaccine group.

Blood samples were collected before, and up to 42 days after vaccination. Sera were separated, aliquoted and stored at -80°C until use.



Hemagglutination Inhibition Assay

All sera were treated with receptor-destroying enzyme (RDE, Seiken) at a ratio of 1 in 4 at 37°C for 18h, and heat treated at 56°C for 1h. The treated sera were analysed in duplicate (2-fold serial dilution, starting from 1:10) with 4 hemagglutinating units of viruses and 0.8% horse red blood cells, as previously described (16, 17). A panel of reassortant H5N1 viruses were used, including A/Vietnam/1194/2004 (NIBRG-14, vaccine strain, clade 1), A/Indonesia/5/2005 (IBCDC-RG2, subclade 2.1.3.2), A/turkey/Turkey/1/2005 (NIBRG-23, subclade 2.2.1), and A/Cambodia/R0405050/2007 (NIBRG-88, subclade 1.1). The hemagglutination inhibition (HI) titer was determined as the reciprocal of the highest sera dilution giving 50% inhibition of hemagglutination. Non-detected samples were assigned a value of 4 for calculation purpose.



Pseudotype-Based Neutralization Assay

H5N1 pseudotypes were generated by co-transfecting lentiviral vectors pHR’CMV-Luc, pCMVRΔ8.2, pCMVR-H5HA, and pCMVR-N1NA into HEK293T cells as previously described (19, 20). A panel of pCMVR-HA constructs encoding H5HA from A/Vietnam/1203/2004 (Vietnam, clade 1), A/Indonesia/5/2005 (Indonesia, subclade 2.1.3.2), A/Turkey/65596/2006 (Turkey, subclade 2.2.1), A/common magpie/Hong Kong/5052/2007 (HK5052, subclade 2.3.2.1), A/Shenzhen/406H/2006 (Shenzhen, subclade 2.3.4), A/Shanxi/2/2006 (Shanxi, clade 7), and pCMVR-N1NA construct encoding NA from A/Thailand/(KAN-1)/2004 were used to prepare H5N1 pseudotypes.

All sera were heat inactivated and analysed in duplicate (4-fold serial dilution, starting from 1:10) with H5N1 pseudotypes corresponding to 20,000 to 200,000 relative luciferase activity (RLA), as previously described (20). The pseudotype-based neutralization (PN) titer (IC80) was determined as the reciprocal of the sera dilution giving 80% reduction of RLA. PN titers were normalized based on HIV-1 gag p24 quantities for different pseudotypes. Non-detected samples were assigned a value of 2 for calculation purpose.



Enzyme-Linked Immunosorbent Assay

H5HA stalk and N1NA specific immunoglobulin G (IgG) were quantified in sera using the enzyme-linked immunosorbent assay (ELISA) developed in-house, as previously described (21). Serially diluted sera were analysed in Maxi Sorp 96-well plates coated with 1 μg/ml recombinant chimeric HA (cH9/5HA) that combines the H5HA stalk domain from NIBRG-14 strain with an HA globular head domain from A/guinea fowl/Hong Kong/WF10/1999 H9 influenza A virus, or 1 μg/ml recombinant N1 neuraminidase. Immunoglobulin concentrations were interpolated from standard human IgG curves. For calculation purposes, non-detected samples were assigned as 0.04 μg/ml against cH9/5HA and 0.005 μg/ml against N1NA.



Virus Neutralization Assay

All sera were heat inactivated and analysed in duplicate (2-fold serial dilution, starting from 1:10) with 100 TCID50 reassortant cH9/1N3 virus in MDCK cells, as previously described (22). The cH9/1N3 virus contains the HA stalk domain from A/California/07/2009 H1 strain, an HA globular head domain from A/guinea fowl/Hong Kong/WF10/1999 H9 strain, and N3NA from A/swine/Missouri/4296424/2006 virus. The virus neutralization (VN) titer was measured with 0.7% turkey red blood cells and determined as the highest serum dilution giving complete hemagglutination. Non-detected samples were assigned a value of 5 for calculation purpose.



Enzyme-Linked Lectin Assay

All sera were treated at 56°C for 45min and analysed in duplicate (3-fold serial dilution, starting from 1:5) with a reassortant NIBRG-73 virus, as previously described (22). The NIBRG-73 virus has N1NA from the NIBRG-14 strain and H7HA from A/equine/Prague/1956 virus. The neuraminidase enzymatic activity was measured with fetuin, horseradish peroxidase-conjugated peanut agglutinin and o-phenylenediamine dihydrochloride (Sigma-Aldrich), and read as optical density (OD) value at 490nm. The neuraminidase inhibition (NI) titer (IC50) was calculated as the reciprocal dilution of sera giving 50% reduction in enzymatic activity. Non-detected samples were assigned a value of 2 for calculation purpose.



Antibody-Dependent Cellular Cytotoxicity Reporter Assay

All sera were heat inactivated, serially diluted and analysed using ADCC Reporter Bioassay kit (Promega), as previously described (22). MDCK cells infected with NIBRG-14 virus at multiplicities of infection (MOI) 0.34 were used as target cells, and Jurkat/NFAT-luc cells were used as effect cells. The antibody-dependent cellular cytotoxicity (ADCC) reporter activity was measured with Bio-Glo Luciferase Assay Reagent (Promega) as relative luciferase activity (RLA). ADCC titer (EC50) was calculated as the reciprocal dilution of sera giving 50% of maximum RLA. Non-detected samples were assigned a value of 2 for calculation purpose.



Passive Transfer and Viral Challenge in Mice

Six to eight weeks old female BALB/c mice (Taconic, Denmark) were housed under specific-pathogen free conditions at Rikshospitalet, Oslo University Hospital. All animal experiments were approved by the Norwegian Food Safety Authority.

Pooled human sera or saline (400µl/mouse) were injected intraperitoneally (i.p.) into mice (n=12/group) 1 day prior to viral challenge. Mice were anaesthetized by subcutaneous (s.c.) injection of Hypnorm/Dormicum (0.05ml working solution/10g) and infected intranasally (i.n.) with 5 MLD50 of NIBRG-14 virus in 20 µl/mouse (10µl/nostril). Mice were monitored for survival and weight loss for 2 weeks after challenge, with an endpoint of 20% weight reduction, as required by the Norwegian Food Safety Authority. Mice that lost more than 20% body weight were euthanized by cervical dislocation. For mice that did not lose weight during the 2-week monitoring, the maximum body weight loss was assigned as 0.01% for calculation purpose. At days 3 and 5 post challenge, both lobes of lungs were harvested (n=3 mice/group), snap frozen and stored at -80°C until use.



Virus Quantification

Frozen lung tissues were weighted and homogenized in DMEM with 1% antibiotics. NIBRG-14 virus was quantified in TCID50 on MDCK cells (23). Hemagglutination assay with 0.7% human red blood cells was used to measure the viral load. The limit of detection was 22.49 TCID50/ml of homogenate.



Phylogenetic Tree

Full-length HA protein amino acid sequences from influenza type A viruses were downloaded from NCBI Influenza Virus Database. Phylogenetic analyses were performed at ngPhylogeny.fr using MAFFT (Multiple Alignment using Fast Fourier Transform, default settings), BMGE (Block Mapping and Gathering with Entropy, default settings), and PhyML (Phylogeny software based on the Maximum-likelihood, default settings) (24, 25). See Supplementary Table 1 for the accession no. of all HA amino acid sequences used.



Statistical Analyses

Biological replicates were used in all experiments, unless otherwise stated. Antibody quantification results including HI, PN, VN, NI, ADCC titers, and IgG concentrations, and lung viral load results were Ln transformed prior to statistical tests. Turkey’s multiple comparisons and Fisher’s LSD test were performed in two-way analysis of variance (ANOVA). False Discovery Rate controlled multiple comparisons were performed in Nonparametric Kruskal-Wallis test. Nonparametric Spearman correlations and Pearson correlations were tested, linear fitting curves were plotted when Spearman or Pearson P <0.10. In multiple linear regression analyses, all independent variables were centered prior to test. * P<0.05, ** P<0.01, *** P<0.001, all P values are two-tailed. All statistical analyses were performed with GraphPad Prism 7 and SPSS 25.




Results


Study Design

Sixty adults were divided into 4 groups and vaccinated with the H5N1 virosomal vaccine alone or escalating doses of adjuvanted vaccine: Group 30μg - (30μg HA alone, 15 subjects), Group 1.5μg + (1.5μg HA with adjuvant Matrix M, 15 subjects), Group 7.5μg + (7.5μg HA with adjuvant Matrix M, 15 subjects), and Group 30μg + (30μg HA with adjuvant Matrix M, 15 subjects). All subjects received a boosting dose 3 weeks after the first priming dose, except for one withdrawal after the first dose in 7.5μg + group (Figure 1A). Twenty-five subjects had earlier received seasonal influenza vaccine(s) or reported influenza virus infection (Table 1). Sequential pre- and post-vaccination serum samples up to 42 days were collected from all vaccinees.




Figure 1 | Adjuvanted H5N1 vaccine rapidly elicited strain specific and cross-reactive neutralizing antibody responses. (A) An Illustration of the study design. Sixty adults (20 to 49 years old) were enrolled in this study and vaccinated with inactivated virosomal H5N1 vaccine (Crucell| Berna Biotech, Switzerland). The adults were randomized into 4 groups of 15 subjects and received two doses of H5N1 vaccine with 30 μg hemagglutinin (HA) alone (30μg -), or 1.5, 7.5 and 30 μg HA adjuvanted with Matrix M (1.5 μg +, 7.5 μg +, and 30 μg +, respectively), at an interval of 21 days. Serum samples pre- (day 0), 7 days, 21 days, 28 days, and 42 days post-vaccination were collected. One subject withdrew after first dose vaccine in 7.5μg + group. (B, C) Hemagglutination inhibiting titer (HI titer, B) and fold-induction (FI) after vaccination (HI FI,/D0, C) was measured against NIBRG-14 virus (vaccine strain). (D) Phylogenetic tree shows the genetic divergence between H5HA from the vaccine strain and heterologous H5HAs tested in pseudotype-based neutralization (PN) assay. H1HA from A/Puerto Rico/8/1934 was used as a reference. Phylogenetic analyses were performed at ngPhylogeny.fr. (E, F) Vaccine specific neutralizing antibodies were measured in PN assay against pseudotyped virus derived from A/Vietnam/1203/2004 virus (Vietnam). The PN titer (IC80, E) was calculated as the reciprocal dilutions of the sera that gave 80% inhibition. Fold-induction after vaccination (PN FI,/D0, F) is shown. (G) Cross-neutralizing antibody titers (IC80) were measured against 5 strains of pseudotypes expressing heterologous H5HAs listed in D All antibody responses were measured using serum samples before (D0) and after vaccination (D7, D21, D28, and D42). The geometric mean values are shown as bars, and each symbol represents one subject (B, E, G). The geometric mean of fold-inductions in each group ± geometric standard deviation as error bar is shown (C, F). *P < 0.05, **P < 0.01, ***P < 0.001 (Antibody titers and fold-inductions were Ln transformed in statistical analyses. Turkey’s multiple comparisons between pre-prime (D0) and post-prime (D7, D21, D28, D42), and between pre-boost (D21) and post-boost (D28 and D42) in each group were performed in two-way ANOVA in (B, E, G) Turkey’s multiple comparisons between 30 μg + and 1.5 μg + after prime (D7 and D21), and between 30 μg + and 30 μg - after boost (D28 and D42) were performed in two-way ANOVA in C, F). The horizontal dotted lines indicate HI titer of 32 (B), and fold-induction of 1 (C, F). Duplicates were performed in all experiments.




Table 1 | The demographics of the subjects enrolled in the study.





Adjuvanted H5N1 Vaccines Rapidly Elicits Strain Specific and Broadly Cross-Clades Neutralizing Antibodies

We assessed HA specific antibodies using the HI assay. None of the vaccinees had detectable antibodies before vaccination. After priming, only the 30μg + group showed potent increases of vaccine specific antibodies. After boosting, all 3 adjuvanted groups had antibodies above the protective level (HI titer ≥32), while the non-adjuvanted 30μg - group remained below the protective level (Figure 1B). The 1.5μg + group had significantly lower antibody fold-induction after priming compared to the 30μg + group, while after boosting the difference diminished. On the contrary, the 30μg - group showed significant antibody induction after priming but limited further increase after boosting (Figure 1C).

We further analysed antibody responses using pseudotype-based neutralization (PN) assay. In 24 subjects, low levels of pre-existing vaccine specific neutralizing antibodies were detected. Of note, the vaccine elicited potent homologous antibody responses 7 days after priming in all 4 groups, which were further significantly elevated to higher level in the 1.5μg + and 7.5μg + groups after boosting. The 1.5μg + group had lower antibody fold-induction after priming compared to the 30μg + group but reached similar neutralizing antibody titer after boosting; whilst the 30μg - group had rapid antibody increase 7 days after priming but no significant boost after the second dose (Figures 1E, F).

To explore the breadth of the vaccine elicited cross-neutralizing antibodies, we developed a panel of H5N1 pseudotypes expressing divergent H5 hemagglutinins covering multiple (sub)clades of H5N1 viruses isolated from humans (Figure 1D and Supplementary Table 1). Remarkably, cross-neutralizing antibodies were elicited to equivalent titers as compared to vaccine specific antibodies in all 4 groups when tested against the 3 closely related pseudotypes, namely HK5052 (subclade 2.3.2.1), Turkey (subclade 2.2.1) and Shenzhen (subclade 2.3.4). Meanwhile, although significantly boosted by vaccination, lower levels of cross-neutralizing antibodies were detected to the 2 more distant pseudotypes: Indonesia (subclade 2.1.3.2) and Shanxi (clade 7). Nevertheless, broadly neutralizing antibodies were detected in all the subjects in the 30μg + group across all the (sub)clades (Figure 1G).



Multifaceted Antibody Responses After H5N1 Vaccines

Total HA stalk specific antibodies were measured in ELISA against the recombinant chimeric protein cH9/5HA, which consists of the HA stalk domain from the vaccine strain and an irrelevant H9HA head. All subjects were found to have pre-existing HA stalk specific antibodies. As early as 7 days after priming, we observed significant antibody increases in all 4 groups. The 30μg + group had significantly higher antibody fold-induction as compared to the 1.5μg + and 30μg - groups (Figures 2A, B).




Figure 2 | Adjuvanted H5N1 vaccines elicit multifaceted antibody responses. (A, B) H5HA stalk specific antibodies were measured against the recombinant chimeric protein cH9/5HA, which consists of HA stalk domain from H5 A/Vietnam/1203/2004 strain and irrelevant H9HA head domain. Concentrations of total H5HA stalk specific antibody measured in ELISA (A) and fold-induction (FI) after vaccination (IgG FI,/D0, B) are shown. (C, D) Total neuraminidase (NA) specific antibodies were measured in ELISA against N1NA from A/Vietnam/1203/2004 virus. Antibody concentrations (C) and fold-induction after vaccination (IgG FI,/D0, D) are shown. (E, F) Pre- and post-vaccination sera were tested for inhibiting NA enzymatic activity in ELLA against reassortant NIBRG-73 virus, which expresses NA from H5N1 vaccine strain and irrelevant H7HA. The neuraminidase enzymatic activity inhibition titer (NI IC50, E) was calculated as the reciprocal dilutions of the sera that gave 50% inhibition. Fold-induction after vaccination (NI FI,/D0, F) is shown. (G, H) Sera were tested for inducing antibody-dependent cellular cytotoxicity (ADCC) in ADCC Reporter Bioassay against the vaccine strain (NIBRG-14). The ADCC titer (EC50, G) was calculated as the reciprocal dilutions of the sera that gave 50% of the maximal biological response. Fold-induction after vaccination (ADCC FI,/D0, H) is shown. The geometric mean titers are shown as bars, and each symbol represents one subject (A, C, E, G). The geometric means of fold-induction in each group ± geometric standard deviation as error bar are shown (B, D, F, H). *P < 0.05, **P < 0.01, ***P < 0.001 (Antibody titers and fold-inductions were Ln transformed in statistical analyses. Turkey’s multiple comparisons between pre-prime (D0) and post-prime (D7, D21, D28, D42), and between pre-boost (D21) and post-boost (D28 and D42) in each group were performed in two-way ANOVA in A, C, E, G. Turkey’s multiple comparisons between 30 μg + and 1.5 μg + after prime (D7 and D21), and between 30 μg + and 30 μg - after boost (D28 and D42) were performed in two-way ANOVA in B, D, F, H). The horizontal dotted lines indicate fold-induction of 1 (B, D, F, H). Duplicates were performed in all experiments.



We next assessed neuraminidase (NA) specific antibodies by ELISA (Figures 2C, D). In 51 subjects, NA specific antibodies were detected prior to vaccination. The H5N1 vaccines elicited potent antibody increases in all 4 groups at 7 days after priming. Further significant antibody increases were found after boosting in 1.5μg + and 7.5μg + H5N1 groups (Figure 2C). Overall, the 7.5μg + and 30μg + groups showed equivalently potent responses, while the 1.5μg + and 30μg - groups had lower fold change of NA specific antibodies (Figure 2D).

To quantify the antibodies that inhibit NA enzymatic activity, we performed enzyme-linked lectin assay (ELLA). Before vaccination, detectable NA inhibition (NI) titers were observed in 36 of 60 subjects. Vaccinees in the groups 30μg -, 7.5μg + and 30μg + had significant antibody increases 7 days after priming. While vaccinees in the 1.5μg+ group showed antibody induction 21 days after priming, which increased significantly after boosting (Figure 2E). The kinetics of NI antibody fold change among 4 vaccine groups was similar to the kinetics of NA specific binding antibodies by ELISA (Figures 2D, F).

Lastly, we measured ADCC inducing antibodies. Thirty-seven out of 60 subjects had pre-existing ADCC inducing antibodies. The H5N1 vaccines further elevated the antibody levels, which remained high after boosting in all groups, especially the 30μg+ group (Figures 2G, H).

In summary, the virosomal H5N1 vaccines elicited potent and multifaceted antibody responses. The adjuvanted intermediate (7.5μg +) and high (30μg +) dose vaccines potently induced antibody increases 7 days after priming, which were further elevated or maintained after boosting. By comparison, the adjuvanted low (1.5μg +) dose vaccine showed delayed antibody kinetics; whilst the non-adjuvanted (30μg -) vaccine elicited antibodies of an overall lower magnitude.



H5N1 Vaccines Induced Robust Antibody Responses

As the majority of our subjects had some detectable antibodies against the H5N1 vaccine components prior to vaccination, we investigated whether pre-existing immunity hampers the H5N1 vaccine elicited antibody responses. Firstly, the age of the subjects enrolled in this study ranged from 20 to 49 years old (Table 1). We saw significant correlations between the age and pre-existing level of neutralizing antibodies, HA stalk and NA specific binding antibodies (Figure 3A). In contrast, the antibody levels after H5N1 vaccination had inverse or no correlation with age (Figure 3B). Next, subjects who had had seasonal influenza vaccination or infection within 5 years prior to the current study showed significantly higher levels of pre-existing neutralizing, NA specific and ADCC inducing antibodies. H5N1 vaccination boosted antibodies to comparably high levels in all subjects (Figure 3C). Collectively, the H5N1 vaccines induced robust and multifaceted antibody responses regardless of age, vaccination/infection history or pre-existing antibody levels.




Figure 3 | H5N1 vaccines elicit potent antibody responses regardless of pre-existing humoral immunity. (A, B) HA specific neutralizing antibodies (PN titer, left), total HA stalk specific antibodies (IgG, center) and total NA specific antibodies (IgG, right) tested in pre-vaccination sera (pre-existing, D0, A) correlate with age. Inverse or no significant correlation with age is found in sera after vaccination (post-vac, D42, B). (C) Subjects with previous vaccination and/or infection had significantly higher pre-existing antibodies, compared to subjects without previous vaccination or infection. After vaccination, the difference was abolished. HA specific neutralizing antibodies (PN titer, far left), total NA specific antibodies (IgG, central left), neuraminidase enzymatic activity inhibiting antibodies (NI titer, central right), and antibody-dependent cell-mediated cytotoxicity (ADCC) inducing antibodies (ADCC titer, far right) were tested in sera before (pre-existing) and 42 days after vaccination (post-vac). The geometric mean titers are shown as bars (C), and each symbol represents one subject (A–C). Linear fitting curve was plotted as dotted line when Pearson correlation P < 0,05. Pearson r and P values are noted for each correlation (A, B). *P < 0.05, **P < 0.01, ***P < 0.001 (Antibody titers and concentrations were Ln transformed in statistical analyses. Fisher’s LSD test between subjects with previous vaccination/infection and subjects without was performed in two-way ANOVA in (C).





Human Immune Post H5N1 Vaccination Sera Confer In Vivo Protection

To study whether the H5N1 vaccine induced antibodies are protective against infection, we performed passive serum transfer and virus challenge in a murine model. Briefly, we pooled pre-vaccination sera from groups 1.5μg + and 30μg + as D0 sera, and post-vaccination sera were pooled within each group from all vaccinees in the 1.5μg + and 30μg + groups for days 7, 21 and 42. Pooled immune sera or saline were then transferred into mice one day prior to a viral challenge (5×MLD50) with the NIBRG-14 virus. Body weight was monitored for 14 days after challenge (Figure 4A). Mice that received saline or D0 sera became ill and rapidly lost weight. All 5 mice receiving saline and 2 out of 6 mice receiving D0 sera died between days 7 and 8 after challenge. By contrast, all mice that received post-vaccination sera survived. Mice that received sera 7 and 21 days post-vaccination from group 1.5μg + showed mild symptoms and lost a maximum of 16% and 9.3% of body weight, respectively, although they quickly recovered. Mice receiving day 42 sera from the group 1.5μg + and sera at all 3 time points from the group 30μg + displayed no symptoms of disease and had < 3% body weight loss at maximum (Figures 4B–D).




Figure 4 | Adjuvanted H5N1 vaccines elicit antibodies provided in vivo protection against lethal virus challenge. (A) Illustration of the experiment set-up for serum transfer and virus challenge. Pre-vaccination sera from subjects in 1.5μg + and 30μg + groups were pooled together as D0 sera. Sera from days 7, 21 and 42 after vaccination from subjects in 1.5μg + or 30μg + groups were pooled separately. Group-and time-point-wise pooled sera were administered intraperitoneally to female BALB/c mice (n=12 per group). NaCl was given as control. One day later, the mice were infected intranasally with 5× 50% mice lethal dose (MLD50) of NIBRG-14 virus. Body weight and survival were monitored for 14 days after challenge. Lungs from 3 mice per group were collected 3 and 5 days after infection for weight and viral load measurement. (B, C) The body weight loss (B) and survival rate (C) of the mice in different groups are shown. (D) Maximum body weight loss was calculated for each individual mouse as the maximum body weight loss through 14 days monitoring, which occurred at 5, 6 or 7 days after challenge. For mice with no body weight loss observed through monitoring, maximum weight loss was assigned as 0,01%. (E, F) The lung weight of the 3 mice sacrificed on days 3 and 5 after virus challenge was measured and is shown as the mean of percentage of pre-infection body weight (% of body weight, E). The viral load of NIBRG-14 virus was measured in MDCK cells as the reciprocal dilutions of lung homogenates that gave 50% tissue culture infection dose (TCID50) and standardized based on the lung weight (TCID50/g, F). The dotted line indicates the lowest detectable viral load in the assay. (G, H) The standardized lung viral load (TCID50/g) 3 and 5 days after infection correlate with the body weight loss (G) and the lung weight (H). The body weight of mice in each group is shown as mean ± standard deviation as error bar (B). Means (D, E) and geometric means (F) are shown as horizontal lines, and each symbol represents one mouse (D–H). *P < 0.05, **P < 0.01, ***P < 0.001 (lung viral load was Ln transformed in statistical analyses. False Discovery Rate controlled multiple comparisons between mice receiving NaCl and pooled sera were performed in Nonparametric Kruskal-Wallis test in D–F). The standardized lung viral load was Ln transformed in statistical analyses. Linear fitting curve is plotted as solid line (Day 3) or dotted line (Day 5) when nonparametric Spearman P < 0.10. Spearman r and P values are noted for each correlation (G, H). Duplicates were performed in lung weight and viral load measurement.



We measured the lung weight and viral load at 3 and 5 days after challenge. Mice that received days 21 and 42 sera from group 30 μg + showed lower lung weight at 5 days post challenge, and lower viral loads at days 3 and 5, compared to the mice receiving saline (Figures 4E, F). In addition, we observed good correlations between the lung viral load and body weight loss, as well as between the lung viral load and the lung weight (Figures 4G, H). To summarise, immune sera elicited by H5N1 vaccination, especially the adjuvanted high dose (30μg +), conferred full protection against a lethal in vivo challenge.



Neutralizing Antibody and Neuraminidase Inhibiting Antibody Titers Act as Correlates of Protection

Our final aim was to study which of the H5N1 vaccine elicited antibody responses correlated with in vivo protection. We included the widely used hemagglutination inhibition (HI) titer, neutralizing antibody titer measured in pseudotype-based assay (PN titer), hemagglutinin stalk specific antibody level (HA stalk IgG) and neuraminidase inhibition (NI) titer as candidates for correlates of protection. As the Fc receptors involved in ADCC are different between humans and mice, the ADCC inducing antibody titer was not included in analyses.

Importantly, we observed inverse correlations between the antibody levels in the pooled human sera that mice received by passive transfer and murine body weight loss, as well as lung viral load after challenge (Figures 5A, B). Of note, the NI titer had the closest relationship with both murine body weight loss and lung viral load, followed by PN titer. Whilst the HI titer and HA stalk IgG level showed lower degrees of correlation with in vivo protection, determined by the Peason’s r values in correlation analyses.




Figure 5 | Vaccine elicited HA and NA specific antibodies predict in vivo protection after challenge. (A, B) Hemagglutination inhibition antibodies (HI titer, far left), HA specific neutralizing antibodies (PN titer, central left), total HA stalk specific antibodies (HA stalk IgG, central right), and neuraminidase enzymatic activity inhibiting antibodies (NI titer, far right) significantly and inversely correlate with the maximum body weight loss (A) and lung viral load (B) in mice after NIBRG-14 virus challenge. Each symbol represents one mouse (A, B). The linear fitting curve is plotted as line. Pearson r and P values are noted in each correlation. (C, D) Antibody parameters including HI titer, PN titer, HA stalk IgG and NI titer results were used to predict mice maximum body weight loss (C) and lung viral load (D) in uni- and multiple linear regression models. Adjusted R square (left half) and Standard Error of the Estimate (right half) are shown to indicate the goodness of different models explaining dependent variables. In each model, predictors contributing significantly are noted. *P < 0.05, **P < 0.01. For detailed model summary and coefficients, see Supplementary Tables 2–3. Antibody parameters from each individual subject in clinical trial were put together in silico the same way as sera were combined to make group-and-time-point-wise pooled human sera for mice passive transfer. Geometric mean of antibody parameter was calculated, Ln transformed and centered before being used as independent variables. Maximum body weight loss and Ln-transformed lung viral load were used as dependent variables in regression analyses in SPSS 25.



We further dissected the contribution of each antibody parameter to the predictions of in vivo protection. The adjusted R square and the standard error of the estimate in the multiple linear regression analyses were used to determine the level of fit in different prediction models. When predicting the maximum body weight loss, PN titer and NI titer alone or combined were among the best-fit models (Figure 5C and Supplementary Table 2). In the lung viral load predictions, NI titer alone, NI and PN titer combined, and all 4 antibody parameters together were the top 3 models (Figure 5D and Supplementary Table 2). Notably, NI titer contributed significantly to the top models predicting both body weight loss and lung viral load (Figures 5C, D and Supplementary Table 3). Together, our correlation and regression analyses on the in vivo protection provided by pooled human sera in murine challenge model cohesively demonstrated that PN and NI titers act as correlates of protection. Further study is needed to confirm the roles of PN and NI titers as correlates of protection in human infection scenario.




Discussion

Since 1996, highly pathogenic avian influenza (HPAI) H5N1 have caused outbreaks in domestic and wild birds worldwide, as well as sporadic zoonotic-human transmissions (3, 26). The high mortality rate in confirmed human infections raised alarms about the global pandemic preparedness (1). Dozens of pre-pandemic H5N1 candidates have been developed, and clinical trials have been conducted with vaccines developed in various platforms (3, 5). Here, we investigated in-depth the multifaceted antibody responses after a virosomal H5N1 vaccine alone or with the Matrix M adjuvant. Our data showed that the adjuvanted H5N1 vaccines elicited potent vaccine-specific and broadly cross-neutralizing antibodies, as well as HA stalk and NA specific functional antibodies. The multifaceted antibody responses were found as early as 7 days after the first dose and were further boosted and maintained at high levels after the second dose. These antibodies provided full protection against H5N1 virus challenge in mice. Of note, the levels of neutralizing antibodies and NA inhibiting antibodies could predict in vivo protection against infection and disease progression.

Like other enveloped RNA virus, influenza viruses evolve continuously due to its error-prone replication and large host reservoirs. Newly emerged strains may thus escape existing immunity established from previous infection and vaccination. The HPAI H5N1 viruses have evolved into multiple clades and subclades. Therefore, vaccines capable of eliciting cross-protective immunity are highly desired. Previous studies on cross-neutralizing antibodies after H5N1 vaccines were mostly limited to clades 1 and 2 (8, 27–30). To our knowledge, we are the first to report vaccine-induced cross-neutralizing antibody responses against all H5 clades found from human infections, including (sub)clades 1, 2.1.3.2, 2.2.1, 2.3.2.1, 2.3.4 and 7. To our surprise, most of the subjects had low to moderate level of antibodies cross-reactive to multiple (sub)clades prior to vaccination. Importantly, the Matrix M adjuvanted virosomal H5N1 vaccine elicited potent neutralizing antibody responses against all 6 (sub)clades, as quickly as 7 days after the first vaccine dose. Similarly, rapid increases in functional non-neutralizing antibodies, such as HA stalk IgG, NA inhibiting and ADCC inducing antibodies, were observed after vaccination (Figures 1, 2). In contrast, our early studies using HI, microneutralization and single radial hemolysis assays showed no measurable pre-existing antibodies; and 2 doses of vaccine were required for induction of low to moderate levels of antibodies that could cross neutralize clades 1 and 2 [Supplementary Figure 1 and references (16–18)]. The detection of pre-existing antibodies in this study could be attributed to the higher sensitivity of pseudotype-based neutralization compared to the traditional assays used earlier. The protective potential of these pre-existing antibodies has not yet been fully elucidated, but our results from the sera passive transfer and viral challenge in mice indicate that efficient vaccines will still be needed for protection. The different magnitude and kinetics of the antibody response emphasize the necessity of implementing and harmonizing highly sensitive serological assays to fully understand the immune responses. For example, a more balanced distribution of surface glycoproteins and sensitive luminescence readout make pseudotype-based neutralization assay more sensitive, quantitative and better suited in detecting zoonotic virus specific antibodies (19, 31, 32).

Compared to the variable HA head domain, the HA stalk domain and NA are more conserved. Thus, functional antibodies against HA stalk and NA broaden vaccine responses against heterologous strains. Ellebedy et al. reported robust HA stalk antibody responses measured in ELISA after receiving inactivated H5N1 vaccine (7). Boudreau C. et al. demonstrated that the MF59-adjuvanted H5N1 vaccine elicited antibodies that stimulated robust neutrophil phagocytosis and complement activity (33). In our study, we observed potent increases of HA stalk specific IgGs and ADCC inducing antibodies, which peaked after priming with no further boost after the second vaccine dose. By contrast, cross-neutralizing and NA inhibiting antibodies were significantly elicited after both the priming and boosting dose, especially in the low and intermedium adjuvanted (1.5μg + and 7.5μg +) groups (Figures 1, 2).

Adjuvants enhance vaccine immunogenicity, especially in the absence of pre-existing immune memory. The Matrix M has been tested in vaccines against malaria and is currently used in the NVX-CoV2373 vaccine against COVID-19 (34–38). Here we demonstrated that the Matrix M adjuvanted H5N1 influenza vaccine induced potent increases of broadly cross-neutralizing antibodies, as well as HA stalk and NA specific non-neutralizing antibodies. The adjuvanted 7.5μg + and 30μg + vaccines induced significantly higher titers and better breadth of antibodies as compared to the non-adjuvanted 30μg - group. More importantly, days 21 and 42 post-vaccination sera from 30μg + group provided full protection in mice against both disease progress and viral infection (Figure 4).

The controlled human influenza virus infection model and vaccine field studies are useful in assessing the vaccine effectiveness and establishing correlates of protection (39, 40). Unfortunately, it is difficult to conduct such studies with HPAI H5N1 viruses due to the high morbidity and mortality rate associated. We therefore transferred human sera into naïve mice before an in vivo challenge to study relevant correlates of protection. Other studies applying human sera transfer and mice challenge have shown that HA stalk specific antibodies predict in vivo protection against heterologous virus challenge (41, 42). Here, our results demonstrated that PN and NI titers had closer correlations with in vivo protection against a homologous virus challenge, as compared to HI titer or HA stalk specific IgG (Figure 5). These results are in agreement with other human challenge (43) and cohort studies (44–46). A caveat here is that our multiple linear regression analyses suffer from inherited collinearity issues due to the similar kinetics of vaccine-elicited antibody responses. Therefore, the coefficients of each predictor may be subject to variance inflation (Supplementary Table 3). Nevertheless, the overall level of predictions should hold accurate (Figures 5C, D and Supplementary Table 2).

In this study, we assessed the kinetics, magnitude and in vivo protection efficacy of the multifaceted antibody responses after the adjuvanted virosomal H5N1 vaccines. This vaccine was developed in preparation for a potential H5N1 pandemic. Nevertheless, lessons learnt from H5N1 vaccine development could help preparation for the ongoing and future pandemics: 1) Highly sensitive assays help better understand the breadth of cross-reactive immune responses after infection and vaccination. 2) Adjuvants allow vaccine dose sparing and enhance both the magnitude and breadth of responses against vaccine strain and heterologous variants.
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Background

In 2009, a novel influenza A/H1N1pdm09 emerged and caused a pandemic. This strain continued to circulate and was therefore included in the seasonal vaccines up to the 2016/2017-season. This provided a unique opportunity to study the long-term antibody responses to H1N1pdm09 in healthcare workers (HCW) with a different vaccination history.



Methods

HCW at Haukeland University Hospital, Bergen, Norway were immunized with the AS03-adjuvanted H1N1pdm09 vaccine in 2009 (N=55) and divided into groups according to their vaccination history; one vaccination (N=10), two vaccinations (N=15), three vaccinations (N=5), four vaccinations (N=15) and five vaccinations (N=10). HCW are recommended for influenza vaccination to protect both themselves and their patients, but it is voluntary in Norway. Blood samples were collected pre- and at 21 days, 3, 6, and 12 months after each vaccination, or annually from 2010 HCW without vaccination. ELISA, haemagglutination inhibition (HI) and microneutralization (MN) assays were used to determine the antibody response.



Results

Pandemic vaccination induced a significant increase in the H1N1-specific antibodies measured by ELISA, HI and MN. Seasonal vaccination boosted the antibody response, both in HCW with only the current vaccination and those with prior and current vaccination during 2010/11-2013/14. We observed a trend of increased antibody responses in HCW with only the current vaccination in 2013/14. A two- and three-year gap before vaccination in 2013/14 provided a more potent antibody response compared to annually vaccinated HCW.



Conclusions

Our long term follow up study elucidates the antibody response in HCW with different vaccination histories. Our findings contribute to our understanding of the impact of repeated vaccination upon antibody responses.
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Introduction

Influenza is a respiratory virus that causes annual epidemics and occasional pandemics. Seasonal influenza is estimated to cause 294,000-518,000 deaths globally each year (1), but mortality can increase dramatically when a pandemic occurs. Vaccination remains the cornerstone of influenza prevention by inducing antibodies against the major surface proteins hemagglutinin (HA) and neuraminidase (NA). In Norway, annual vaccination is recommended for high-risk populations and occupational groups, including healthcare workers, (HCW) to protect the individual and patients (2).

The first pandemic of the 21st century was caused by an influenza A H1N1 virus (A/California/07/2009) which was first detected in April 2009 before spreading globally (3). Norway initiated a mass vaccination campaign in October 2009, and 2.2 million people were vaccinated with the AS03-adjuvanted monovalent H1N1pdm09 vaccine. HCW were among the first to receive the vaccine to maintain the integrity of the healthcare system (4). The H1N1pdm09 strain continued to circulate as a seasonal virus after the pandemic and was included in seasonal influenza vaccines from 2010/11 to 2016/17 seasons.

Mutations in the surface glycoproteins cause antigenic drift. Annual vaccine updates are necessary to match the vaccine strains with circulating viruses, making it difficult to assess the durability of antibody response. The immune response to influenza is multifaceted and shaped by several factors, including previous influenza infections or vaccinations, age and health conditions (5). Despite decades of use, the impact of annual repeated influenza vaccination on antibody responses remains unclear, with conflicting results reported with either increases or decreases in antibody responses (6, 7). Furthermore, the vaccine coverage among recommended high-risk groups and HCW in Norway is far from WHO´s goal of 75% (8). As a result, many HCW are not annually vaccinated, and their vaccination status varies.

We conducted a five-year follow up of HCW vaccinated with the AS03-adjuvanted pandemic vaccine in 2009, followed by seasonal trivalent inactivated influenza vaccines (IIV) during the following years (9). The H1N1pdm09 component (A/California/07/2009) of the vaccine remained unchanged during the five-year period, giving us the unique opportunity to investigate the long-term H1N1pdm09 antibody response in groups of HCW categorized based on their annual vaccination history over the five-year period.



Materials and Methods


Clinical Trial

Fifty-five participants were selected from a clinical trial of HCW vaccinated in 2009 with the AS03-adjuvanted monovalent pandemic split H1N1 virus vaccine containing the A/California/07/2009 (H1N1pdm09) virus [Pandemrix, GlaxoSmithKline (GSK), Belgium] at Haukeland University Hospital, Bergen, Norway. The participants were followed up for a five-year period and were selected and grouped based on the number of vaccinations during the study period. Ten HCW received solely the pandemic vaccine, fifteen HCW received the pandemic vaccine and one additional IIV, five HCW received the pandemic vaccine and two additional IIV and fifteen HCW received the pandemic vaccine and three IIV. Ten HCW received four consecutive IIV, in addition to the pandemic vaccine. The trivalent seasonal inactivated influenza vaccine [IIV, either sub-unit (Influvac, Abbott Laboratories) or split-virion (Vaxigrip, Sanofi Pasteur)] was used from 2010/10 to 2013/14 containing the A/California/07/2009 (H1N1pdm09) virus as the A/H1N1 component.

All HCW provided written informed consent before inclusion in the study (10). The study was approved by the regional ethics committee (Regional Committee for Medical Research Ethics, Western Norway (REK Vest 2012/1772) and the Norwegian Medicines Agency. The trial is registered in the European Clinical Trials Database (2009-016456-43), and National Institute for Health Database Clinical trials.gov (NCT01003288).



Sampling

Blood samples were collected pre-pandemic vaccination (day 0), at 21 days, and 3, 6, 12, 24, 36, 48 and 60 months after pandemic vaccination. HCW who were annually vaccinated provided additional blood samples at 21 days, 3, and 6 months after each vaccination. Serum samples were stored at -80°C until analysed.



HA Proteins and Influenza Viruses

Whole H1 HA (trimeric A/California/04/09) was generated using the baculovirus expression system for the ELISA (11). Recombinant baculoviruses were passaged three times through Sf9 cells, before infection of High-five cells. Purified proteins were analysed using sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and quantified by infrared spectrometer (DirectDetect®, Milipore Corporation). For the HI assay, A/California/07/2009 (H1N1) virus was beta-propiolactone (BPL) inactivated (Influenza Reagents Resources). For the MN assay, a recombinant A/California/07/2009 (H1N1) virus (X-179A) was propagated in-house in 10-day-old embryonated hen´s eggs and frozen at -80°C until used.



ELISA

HA specific serum IgG antibodies were measured by indirect enzyme-linked immunosorbent assay (ELISA), as previously described (12). Ninety-six-well plates (Invitrogen) were incubated with HA protein overnight (1 μg/ml in PBS). The next day, five-fold serial dilutions of serum were added, followed by one hour incubation at 37°C. Horseradish peroxidase (HRP)-conjugated goat anti-human IgG (BD Biosciences, USA, 555788) were added to the plates, and detected with colorimetric substrate [3,3´,5,5´-3,3´,5,5´-tetramethylbenzidine (TMB) (BD Biosciences, USA)]. Absorbances were measured with a microplate reader (Bio-Tek) at the optical density (OD) of 450nm. ELISA endpoint titres were defined as the reciprocal of the highest dilution of serum to give a detectable measurement (OD value over 3 standard deviations above the mean of blank controls).



Hemagglutination Inhibition Assay

Antibodies directed towards the receptor binding site of HA were analysed using the hemagglutination inhibition (HI) assay, as previously described (10). Sera was heat-inactivated and treated with receptor destroying enzyme (Denka Seiken, Japan). Eight HA units of the A/California/07/2009 (H1N1pdm09) virus were added to 2-fold serial dilutions of RDE treated sera in phosphate buffered saline (PBS) for one hour before incubation with 0.7% turkey red blood cells for 30 minutes. The HI titre was defined as the reciprocal of the highest dilution of serum that inhibited 50% hemagglutination. Negative values were assigned a value of 5 for calculation purposes.



Microneutralization Assay

The microneutralization (MN) assay was used for measuring neutralizing antibodies as previously described (13). Sera were heat-inactivated at 56°C for 30 minutes and added in 3-fold serial dilutions to a ninety-six-well cell culture plate (Nunclone Delta surface, USA), with H1N1pdm09 like-virus (X179a, 2000 TCID50/ml). Madin-Darby Canine Kidney (MDCK) cells were added after one hour incubation in room temperature, and the plates were then incubated in 37°C for 18 hours. The next day, cells were fixed with hydrogenperoxide (Sigma-Aldrich, USA, H-1009) in methanol (Sigma-Aldrich, USA, 32213) (0.6% H2O2) in 20 minutes. Mouse anti-influenza A nucleoprotein antibodies (AbD Serotec, USA, MCA400) was added, and the plates were incubated for one hour at 37°C. HRP secondary antibody (Dako, Denmark, P0260) was added followed by one-hour incubation. Influenza virus was detected using TMB, before reading at 450 and 620nm to calculate the OD-value. The dilution of serum that provided 50% inhibition of infection was calculated as the MN titre. Negative values were assigned a value of 5 for calculation purposes.



Statistical Analysis

The appropriate statistical tests were used to detect differences within and between the different groups. All analysis were conducted in GraphPad Prism version 8.0 for Mac, (GraphPad Software, USA). Correlations between the assays are presented as Pearson´s r, alpha = 0.05. A p-value <0.05 were considered statistically significant in all analysis.




Results


Demographics of the Healthcare Workers

Pandemic and seasonal influenza vaccination were recommended for all HCW but voluntary and provided free of charge by the hospital. Fifty-five HCW received the AS03-adjuvanted H1N1pdm09 pandemic vaccine in 2009. During the subsequent seasons from 2010/11 - 2013/14, IIV containing the same H1N1pdm09 virus (A/California/07/2009) was used. HCW were retrospectively divided into different groups according to their number of seasonal influenza vaccinations and vaccination history during the study period (Table 1). Most of the HCW were female (84%) corresponding to the gender distribution of Norwegian healthcare workers. The majority of the HCW (64%) worked clinically and had a history of previous influenza vaccination (75%) The mean age of the study population was 37 years old.


Table 1 | Demographics and vaccination histories of the healthcare workers.





Pandemic Vaccination Induced a Strong Increase in Antibodies

We measured the IgG-specific antibodies binding to full length HA H1N1pdm09 (A/California/07/2009) in ELISA (Figures 1A, B). H1N1pdm09 specific binding antibodies were detected in all HCW (55/55) before pandemic vaccination, although at low levels. Pandemic vaccination significantly increased the IgG titres at day 21, 3, 6 and 12 months after vaccination (p < 0.05), with a fold change of 10.2. The titres were significantly higher than pre-vaccination titres at 3, 6 and 12 months after vaccination, despite the titres gradually waned from 21 days after vaccination.




Figure 1 | The H1N1pdm09-specific ELISA IgG, HI, and MN antibody response after pandemic vaccination. The ELISA IgG (A), HI (C) and MN-titres (E) measured in the HCW during 2009/10 (2009pdm). Each symbol represents an individual ELISA, HI and MN titre, and the horizontal line representing the geometric mean titre (GMT) and 95% confidence interval. The GMT for each timepoint in each assay is shown over the graph. The dotted line at 40 and 80 represents the protective titre, in HI and MN respectively. The fold-changes from pre-vaccination ELISA IgG (B), HI (D) and MN titres (F) measured from pre-vaccination titres (D0) to post- pandemic vaccination (D21, 3M, 6M, 12M) are shown. Each symbol represents an individual ELISA IgG, HI and MN fold-change from pre-vaccination titres to day 21, 3, 6 and 12 months after vaccination. The horizontal line shows the geometric mean with 95% confidence interval. The dotted line at 4 indicates seroconversion, and the GMT is shown above the graph. Statistical differences were tested using the Friedman test, with Dunn ́s multiple comparison test. The stars indicate significant differences from pre-vaccination titres, using D0 as a reference. ***P < 0.001, *P < 0.05. Ns, not significant.



We used HI to measure the functionality of the antibodies (Figures 1C, D). An HI titre ≧ 40 is considered as protective, with a 50% reduction in the risk of contracting influenza (14). Twelve of the 55 of the HCW had an HI titre ≥40 before pandemic vaccination. Vaccination induced a significant increase in HI titres measured at 21 days, 3 months and 6 months after vaccination (p <0.001). All HCW had an HI titre ≥40 at 21 days after vaccination, and the fold-change was 46.3. The HI titres waned during the 2009/10-season, but the vaccine fulfilled the criteria of the European Committee for Medicinal Products for Human Use (CHMP), which were pre- and post-vaccination geometric mean ratio >2.5, seroconversion rate >40%, and seroprotection rate >70%, for up to 6 months (10). Two-thirds (37/55) of the HCW had HI titres ≥40 at 12 months.

We further measured the neutralising antibodies using the MN assay, which detects neutralising antibodies that prevent virus infection in cell culture (Figures 1E, F). Only three HCW (3/55) had MN titres >80 before pandemic vaccination, which has been suggested to be seroprotective (15). Forty-eight of fifty-five HCW (87%) had titres >80 measured at 21 days after pandemic vaccination, and the titres increased significantly compared to pre-vaccination titres, (p < 0.001) with a fold-change of 63.9. The titres decreased from 21 days after vaccination from 12 months after vaccination but were significantly higher compared to pre-vaccination titres (p < 0.001).

Ten of the HCW received only the pandemic vaccination during the five-year period, but annual serum samples were collected prior to each influenza season. Interestingly, five years after pandemic vaccination, 60% of HCW (6/10) had protective HI titres (≥40) and 50% (5/10) had a MN titre >80 (Supplementary Figure 1). None of these HCW who had protective HI or MN titres five years after pandemic vaccination had protective titres pre-pandemic vaccination.



Seasonal Vaccination Boosted the Antibody Response, Regardless of Prior Vaccination

We grouped the HCW according to their vaccination status during the different seasons into three different groups: unvaccinated, prior and current vaccination, or current vaccination only. Since all HCW received the pandemic vaccine, we had no HCW who only received the current vaccine in 2010/11.

Seasonal vaccinations significantly boosted both the quantity (ELISA) and quality (HI and MN) of the antibody response each year, regardless of prior vaccination status (Figures 2A–L). The only significant difference among those vaccinated was measured in ELISA in 2012/2013, where HCW who had not taken influenza vaccination in the prior season had significantly higher titres 12 months after vaccination compared to HCW vaccinated in both seasons (Figure 2C). We observed no differences in antibody responses during the seasons 2011/12 – 2012/13 between the groups, but HCW vaccinated only in the current 2013/14 season had a trend of a better antibody response compared to those with the prior vaccination. (Figures 2D, H, L). HCW without prior vaccination had significantly higher GMT (Geometric mean titres) 12 months after vaccination in 2013/14 compared to pre-vaccination GMT (Figures 2J, K, L). Compared to those who had been vaccinated in 2012/13 and received the current vaccination in 2013/14, the HCW without the prior vaccination had a significantly higher fold-change 21 days after vaccination in the 2013/14 season measured in ELISA and MN (p < 0.05) (Figures 3A, C).




Figure 2 | The H1N1pdm09-specific ELISA IgG, HI and MN antibody response in HCW with the prior and current vaccination, current vaccination only and unvaccinated HCW. The ELISA IgG (A), HI (B) and MN-titres (C) in HCW who received the prior & current vaccination in 2010/11 compared to unvaccinated HCW in 2010/11. The ELISA IgG (D, G, J), HI (B, E, H, K) and MN titres (C, F, I, L) in HCW who received the prior & current vaccination in 2011/12 – 2013/14 compared to HCW who received only the current vaccination, and unvaccinated HCW. The geometric mean titres with 95% confidence interval are presented. The dotted line at 40 and 80 represents the protective titre, in HI and MN respectively. The data was log-transformed and analysed with the two-way ANOVA with Dunnetts test for multiple comparisons, for detecting differences within a group. Statistical differences between the groups were tested with linear mixed-effect models, with Dunnett´s test for multiple comparisons. The stars indicate significant increases within a group, with pre-vaccination titres (D0) as the reference timepoint. ***P < 0.001, **P < 0.01, *P < 0.05. ### Indicates statistical differences (P<0.05) between groups.






Figure 3 | The fold change after vaccination in 2010/11 – 2013/14 in HCW receiving the prior and current vaccination and the current vaccination only. The fold-change from pre-vaccination titres (D0) to post-vaccination titres (D21) measured in ELISA (A), HI (B) and MN titres (C) in the HCW with the current vaccination only and those with the prior and current vaccination. Each symbol represents an individual ELISA, HI and MN fold change. The horizontal line shows the geometric mean with 95% confidence interval, and the dotted line at 4 indicates seroconversion. Statistical differences between the groups were tested with the Kruskal-Wallis test, with Dunn´s multiple comparisons test. **P < 0.01, *P < 0.05.



Each season, HCW who were vaccinated had significant increases in their antibody titres measured at day 21 after vaccination in all assays (p < 0.05) (Figures 2D–L), except in the MN titres of the HCW with both prior and current vaccination at 21 days post-vaccination 2013/14. (Figures 2L). Also, the unvaccinated HCW showed a significant increase in HI titres in 2011/12, probably due to infection (Figure 2B). Antibodies decreased over time in subsequent years in the unvaccinated HCW (Figure 2D–L).



Time Duration Between Vaccinations Impacted the Fold Change After Vaccination in 2013

We further investigated the antibody responses in HCW with repeated annual vaccination compared to those with one-, two- or three-year gap in vaccination before vaccination in 2013. Antibodies increased after vaccination in all years but with some variations between the subgroups (Figures 4A–C). Antibodies declined over time in HCW who choose not to be vaccinated with seasonal vaccine, except in the HI titres in 12M 2009/10 to 12M 2010/11 in the three-year gap group (Figures 4B). Interestingly, the group with a two-year gap between vaccinations in 2010/11 and 2013/14 had consistently high antibody titres and had seroprotective HI- and MN antibodies at 12M 2012/13, two years after their last vaccination (Figures 4B, C).




Figure 4 | The H1N1pdm09-specific antibody response over five years after pandemic and seasonal vaccinations. The geometric mean titre with 95% confidence interval measured in ELISA (A), HI (B), and MN (C) in repeatedly vaccinated HCW, and HCW with a one-, two- and three-year gap in vaccinations before vaccination in 2013/14. The titres at pre-vaccination (D0), and at 21 days (D21), 3, 6, and 12 months after vaccination are shown. The gap-years without vaccination is illustrated with a dotted line. The data was log-transformed and compared between groups with linear mixed-effect models, with Dunnett’s test for multiple comparisons. The repeatedly vaccinated HCW was used as the reference group. ***P < 0.001, **P < 0.01, *P < 0.05.



When comparing the subgroups against the annually repeated group, the group with a two-year gap had significantly higher titres at day 21, 3, 6 and 12 months after vaccination in 2013/14 measured by ELISA (Figure 4A), and HI at 3 months and 6 months (Figure 4B). In addition, they had significantly higher MN titres 21 days after vaccination in 2013/14 (Figure 4C). The three-year gap group had significantly higher titres compared to the repeated group at 21 days after vaccination in 2013/14.

We assessed the fold changes in the repeated group, and the groups with one-, two, or three-year gap in vaccination before vaccination in 2013 (Figure 5). We observed lower antibody fold changes in the repeated group after vaccination in 2012/13 and 2013/14, in all assays (5A, E, I), which were their fourth and fifth vaccinations (5A, B, C). We further analysed the correlation between the different serological assays using all antibody titres (Supplementary Figure 2) and all correlations were statistically significant in the Pearson correlation test. The correlation coefficient was highest between the HI and MN titres (0.73) compared to 0.57 between the HI and ELISA titres, and 0.54 between the MN and ELISA titres.




Figure 5 | The fold change after vaccination from 2009/10 – 2013/14 in repeatedly vaccinated and HCW with a one-, two- and three-year gap in vaccinations before vaccination in 2013/14. The fold change from pre-vaccination titres (D0) to post-vaccination titres (D21) measured in ELISA (A), HI (B) and MN (C) in the HCW with repeated vaccinations, one-year gap (D–F) two-year gap (G–I) and a three-year gap (J–L) in vaccinations before getting vaccinated in 2013/14. Each symbol represents an individual ELISA, HI and MN fold change. The horizontal line shows the geometric mean with geometric standard deviation. The geometric mean is shown above the graph, and the number of vaccinations is shown below the graph. The dotted line at 4 indicates seroconversion. The Friedman test was used for detecting differences within the different subgroups, with Dunn´s test for multiple comparisons and the fold change in 2013/14 as the reference timepoint. ***P < 0.001, **P < 0.01, *P < 0.05.






Discussion

HCW have a higher risk of influenza infections due to occupational exposure and are an important target group for influenza vaccination (16). However, the influenza vaccine coverage among HCW in Europe is often low (17). Current IIV offers suboptimal protection but remains the best option to prevent the burden of influenza. Despite IIV being used for decades, there are still unanswered questions regarding the durability of antibody responses and vaccine effectiveness after repeated vaccination. Several studies have shown that repeated vaccination impairs the antibody response (18, 19), while others have found no adverse effect on the antibody response after repeated vaccination (7, 20). The H1N1pdm09 virus from 2009 (A/California/07/2009) was included in seasonal vaccines up to the 2016/2017-season, providing a unique opportunity to study the long-term antibody response to H1N1pdm09 without the complication of strains updates. This five-year study provides insight into antibody responses after pandemic and seasonal vaccinations in HCW with different influenza vaccination histories. Our study elucidates the impact of an AS03-adjuvanted influenza vaccine, and how the vaccination history shapes the antibody response.

The pandemic vaccine induced a potent and durable antibody response. We have previously shown durable HI antibodies in HCW receiving only the pandemic vaccine (9) and we have extended these findings to show that 50-60% of HCW with only pandemic vaccination (n = 10) had protective HI (6/10) and MN (5/10) titres 5 years post-vaccination. Although these unvaccinated HCW had a significant increase in HI titres by the end of the season 2010/11, which could be due to infection, young adults between 20-39 years old had the highest influenza attack rate in Norway in 2010/11 (21, 22). The persistence of antibodies in the HCW with protective titres up to five years after pandemic vaccination was caused by the AS03 adjuvant, which has been shown to induce higher T-and B-cell responses than non-adjuvanted vaccines (23), by activation of more naïve and memory B-cells (24). Others have also found that the AS03-adjuvanted pandemic vaccine was highly immunogenic (23, 25), and superior to non-adjuvanted monovalent H1N1pdm09 vaccines (26). The durability of these antibodies induced after adjuvanted vaccination shows the importance of inclusion of an adjuvant, which could be used in pandemic vaccine development for other possible respiratory virus pandemic threats.

All HCW received the pandemic vaccination, but their seasonal vaccination status varied during the following years. We grouped the HCW to see the differences between the unvaccinated HCW, to those who only received the current vaccination, and those who had received both the previous and current seasonal vaccination. Some studies have reported that prior vaccination can attenuate the antibody response following the current seasonal vaccination (7, 27). We observed no differences between the groups in 2011/12 – 2012/13, but the groups varied in sample size. The groups had similar sample sizes in 2013/14 and we found a trend (although not significant) of a superior antibody response in the group with the current vaccination only compared to those who had previously received seasonal vaccination. Similarly, a recent study found the lowest influenza A/H1N1pdm09 positivity rate in every influenza-season between 2012/13 – 2017/18 in individuals with current vaccination only compared to prior vaccination only or current and prior vaccination (28).

HCW with five subsequent vaccinations had a reduced boosting effect post-vaccination in 2012/2013 and 2013/14, after their fourth and fifth vaccination with the same H1N1pdm09 strain, compared with their third vaccination. This suggests that the fold change after vaccination is reduced after the third vaccination against the same A/California/07/2009 (H1N1pdm09) antigen. Conversely, a gap-year between vaccinations is beneficial in terms of antibody boosting to the same strain with fold changes >4 in HI and MN observed in 2013/14 after their fourth vaccination. We observed that the group with a three-year gap between their two vaccinations (vaccinated in 2009/10 and 2013/14) had the highest fold change after vaccination in 2013/14 compared to the other groups. However, subject numbers were low in the groups of a two-year gap and a three-year gap before vaccination in 2013/14, so the results should be interpreted with caution. Importantly the HCW were not optimally protected during the years without vaccination and had a higher risk of contracting influenza A/H3N2 or B during this time. Therefore, annual vaccination is favourable despite the probability of a reduced boosting of the antibody titres, as we observed in the repeatedly vaccinated HCW.

A recent study assessed different mathematical models to explain the difference in antibody-boosting in individuals who skipped vaccination for at least three years, compared to repeatedly vaccinated individuals, and found an increased boost in those who skipped vaccinations (29). We observed a reduced boosting in repeatedly vaccinated HCW in 2013/14, which could be a explained by a more rapid clearance of vaccine antigen in individuals with higher baseline titres (30), shortening the germinal center reaction (31). Furthermore, pre-existing antibodies may bind to and mask epitopes in the vaccine antigens, which would limit stimulation and expansion of B-cells (29). Our results agree with previous studies (18, 32) and suggest that the antibody response against the same antigen is diminished following repeated vaccination.

It has been known for decades that the antibody response following seasonal influenza vaccination is shaped by previous influenza encounters (33), either from infection or by vaccination. The “antibody ceiling” effect that we observed in the repeatedly vaccinated HCW has been previously reported in individuals with repeated influenza vaccinations (30, 32, 34), and we found a reduced antibody boosting after vaccination in the repeated group after their fourth and fifth vaccination. The “antibody ceiling” effect has been observed in individuals with high pre-existing titres (34) and may be due to antibody focusing to conserved epitopes on the HA. Although a reduced boosting in antibodies is observed in repeatedly vaccinated individuals, unvaccinated individuals have a higher risk of influenza infection due to the lack of humoral and cellular immunity to circulating strains (28). Further studies that investigates the impact of HA-specific antibodies and T-cells in repeatedly vaccinated individuals upon clinical protection are needed. The use of an adjuvanted vaccine was favourable in terms of priming and maintaining antibodies in our cohort, and perhaps adjuvanted influenza vaccines should be considered when vaccinating individuals that are repeatedly vaccinated, such as HCW and elderly. In future studies, vaccine effectiveness and antibody response of repeatedly vaccinated individuals after receiving an adjuvanted seasonal influenza vaccine should be investigated to see if that could overcome the “antibody ceiling” effect.

Caveats to our study should be considered. The numbers of HCW in the different subgroups were limited, and most were female. Our results cannot be generalized to all influenza seasons due to antigenic drift allowing the virus to escape host immunity and subsequent need for influenza vaccine updates. Since the adjuvanted pandemic vaccine was highly immunogenic, the antibody response may differ in other populations where the first vaccination was a non-adjuvanted vaccine. Although we asked participants if they had experienced influenza like illness, we did not perform virological surveillance during the study period, so we cannot exclude natural influenza infection that may have boosted the antibody responses. However, the main strength of our study is long term follow up with blood samples over a five-year period and the use of three serological assays (ELISA, HI and MN) which complement the limited number of other similar studies (35, 36).

In summary, our findings provide insight into the antibody responses in HCW with different vaccination statuses over a five-year period after pandemic and seasonal influenza vaccinations. We found that the adjuvanted pandemic vaccine elicited a robust antibody response, and HCW with only the current vaccination and with 2- and 3 gap-years before vaccination in 2013/14 had a better antibody response compared to repeatedly vaccinated HCW. However, seasonal vaccinations are the cornerstone of protection, and without vaccination HCW are more likely to be infected with circulating viruses, increasing the potential risk of infecting their patients. Our study supports the policy of annual vaccination to provide optimal protection for each influenza season, and it contributes to our understanding of the antibody response following repeated vaccination.
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The continuous evolution of the H7N9 avian influenza virus suggests a potential outbreak of an H7N9 pandemic. Therefore, to prevent a potential epidemic of the H7N9 influenza virus, it is necessary to develop an effective crossprotective influenza vaccine. In this study, we developed H7N9 virus-like particles (VLPs) containing HA, NA, and M1 proteins derived from H7N9/16876 virus and a helper antigen HMN based on influenza conserved epitopes using a baculovirus expression vector system (BEVS). The results showed that the influenza VLP vaccine induced a strong HI antibody response and provided effective protection comparable with the effects of commercial inactivated H7N9 vaccines against homologous H7N9 virus challenge in chickens. Meanwhile, the H7N9 VLP vaccine induced robust crossreactive HI and neutralizing antibody titers against antigenically divergent H7N9 viruses isolated in wave 5 and conferred on chickens complete clinical protection against heterologous H7N9 virus challenge, significantly inhibiting virus shedding in chickens. Importantly, supplemented vaccination with HMN antigen can enhance Th1 immune responses; virus shedding was completely abolished in the vaccinated chickens. Our study also demonstrated that viral receptor-binding avidity should be taken into consideration in evaluating an H7N9 candidate vaccine. These studies suggested that supplementing influenza VLP vaccine with recombinant epitope antigen will be a promising strategy for the development of broad-spectrum influenza vaccines.




Keywords: H7N9, virus-like particles, influenza conserved epitopes, cross-protection, T-cell immunity



Introduction

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

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

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

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



Materials and Methods


Ethics Statement

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



Cells and Viruses

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

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



Generation of Recombinant Baculovirus

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

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


Table 1 | Antigen epitopes included in HMN.



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



Expression and Purification of H7N9-VLP and HMN

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

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

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



SDS-PAGE and Western Blot

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



Electron Microscopy

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



Vaccination and Challenge

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

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

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



Serology Assays

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



Isolation and Stimulation of Chicken PBMCs and Splenocytes

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



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

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


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





Statistical Analysis

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




Results


Production and Characterization of H7N9 VLPs and HMN

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




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






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



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




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





H7N9 VLP Vaccines Elicit Immune Responses in Chickens

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




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





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

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

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


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





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

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




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



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



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

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




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





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

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




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





H7N9 VLP Vaccine Confers Crossprotection Against Heterologous H7N9 Virus

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




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



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


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






Discussion

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

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

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

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

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

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

In summary, our results indicate that H7N9 VLP vaccine candidates induce a crossreactive serum immune response and provide effective crossprotection against homologous and heterologous H7N9 influenza viruse challenge. In addition, we successfully developed a combo vaccine consisting of H7N9 VLP and polyepitope HMN that confers full protection against antigenically divergent H7N9 virus challenge. Our results collectively suggest that the supplementation of the H7N9 VLP vaccine with polyepitope antigen will be a promising strategy for broad protection against an antigenically divergent H7N9 virus.
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Primer Sequences (5'-3')

F: ACCTTCCTGATGGCGTGAAG
R: TGAAGAGTTCATTCGCGGCT
F: ATGACATCCAGGGAGAGGTTT
R: ATTGGAGTAGTGTTGCCTGCT
F: ACAGGAGATCCTCGTCCTCC
R: TGACACATGTGCAGCCCAC

F: TGGGTATGGAGTCCTGTGGT
R: CTGTCAGCAATGCCAGGGTA
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Group Challenge Virus 5 dpc Total Virus Shedding/total  No. Clinical Symptoms  Survival/Total

Oropharyngeal Swab  Cloacal Swab

H7N9 VLP vaccine 16876 1/10 0/10 1/10 0 10/10
Commercial vaccine 16876 0/10 0/10 0/10 0 10/10
PBS 16876 NA NA NA 10 0/10

16876 is virus of A/Chicken/Guangdong/16876/2016 (H7N9). The oropharyngeal and cloacal swab samples were collected at 5 days postchallenge. Virus positivity or shedding was
determined by inoculating each swab solution into 3 eggs of 10-day-old specific-pathogen-free chicken embryos.
doc, days postchallenge; NA, not applicable due to death of chickens.
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Group Oropharyngeal swab (virus shedding number/total Cloacal swab (virus shedding number/total No. clinical symptoms
number)
3 dpc 5 dpc 7 dpc 9 dpc 3 dpc 5 dpc 7 dpc 9dpc
VLP+ISA 201 0/10 0/10 0/10 0/10 0/10 2/10 0/10 0/10 0
VLP+ISA 201+HMN 0/10 0/10 0/10 0/10 0/10 0/10 0/10 0/10 0
VLP+ISA 201+Poly(l:C) 0/10 0/10 0/10 0/10 0/10 1/10 0/10 0/10 0
VLP+ISA 71 0/10 0/10 0/10 0/10 0/10 0/10 0/10 1/10 0
PBS NA NA NA NA NA NA NA NA 10

E157 is virus of A/Chicken/Guangdong/E157/2017. The oropharyngeal and cloacal swab samples were collected at 3, 5, 7, and 9 days postchallenge. Virus positivity or shedding was

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

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

HA2 76-130 QIGNVINWTRDSITEVWSYNAELLVAMENQHTIDLADSE
MDKLYERVKRQLRENA

M2e 2-24 SLLTEVETPTRTGWECNCSGSSD

NP 55-69 RLIQNSITIERMVLS

Melittin SP MKFLVNVALVFMVVYISYIYAD

HA2 76-130, hemagglutinin stem area amino acids 76-130; M2e, the ectodomain of
matrix protein M2; NP55-69, nucleoprotein amino acids 55-69; Melittin SP, melittin signal

peptide.
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Group Total 30ug - 1.5ug +(1.5pg HA adjuvanted 7.5ug +(7.51g HA adjuvanted 30ug +(30pug HA adjuvanted

(Vaccine administered’) (N/A?)  (30ug HA) with 50pug Matrix M) with 50ug Matrix M) with 50ug Matrix M)
No. of subjects 60 15 15 15° 15

Gender, M/F 22/38 6/9 5/10 7/8 411

Median age, years 30 30 26 28 30

(Range) (20-49)  (20-41) (21-44) (22-42) (25-49)

No. of subjects with previous 25 6 8 4 7

vaccinations and/or infection*

"The vaccine was supplied as prefiled syringes of pre-formulated virosomal vaccine with Matrix M.

*Not applicable (N/A).

%One withdrawal after first dose vaccine in 7.5ug + group.

“Annual seasonal influenza vaccines during 2005/06-2008/09 seasons were included as previous vaccinations. Influenza infection during 2008/09 season was included as infection. In
addition, three subjects received the H7N1 vaccine in a clinical trial in 2006, which was not included in the table.
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Number of vaccinations (n) One vaccination Two vaccinations ~ Three vaccinations Four vaccinations Five vaccinations

(10 (15) (2] (15) (10
Age (mean) 41 40 27 38 37
Sex (female/male) 8/2 13/2 3/2 12/3 10/0
Clinical work (yes/no) 2/8 1115 a1 11/4 7/3
Vaccination status 2009 - 2013 (V/N) * V-N-N-N-N (10) V-V-N-N-N (6) V-V-N-N-V (5) V-V-V-V-N (6) V-V-V-V-V (10)
= V-N-N-N-V (5) V-V-V-N-V (4)
V-N-V-N-N (4) V-V-N-V-V (5)
Year of vaccination (n) 2009 (10) 2009 (15) 2009 (5) 2009 (15) 2009 (10)
2010 (10) 2010 (5) 2010 (15) 2010(10)
2011 (4) 2011 (0) 2011 (10) 2011 (10)
2012 (0) 2012 (0) 2012 (11) 2012 (10)
2013 (5) 2013 (5) 2013 (9) 2013 (10).
Previous influenza vaccination (yes/ 7/3 11/4 2/3 12/3 91

no)

V, vaccinated; N, Not vaccinated.
We had no virological surveillance of the healthcare workers.
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Population
intervention
Comparisons
Outcome.

Study
dosigns

A chicren, women and men.
Pandemic vaccine during season 2009-2010.
No vaccination, placebo or other vaceines
Safety - outcomes all
* Acute events
* Local adverse events
* Longterm events
* Systemic adverse events
‘Safety - additional outcomes pregnant women
 Spontaneous abortion, foetal death, slbih, preterm birth
fless than 37 weeks), pre-ecampsia and ecampsia
= Neonatal outcomes: congenital malformatons (minor and
majo), neonatal death.

‘Systematic reviews, health technology assessments
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Systematic review

Ql Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 Qi1
Demicheli 2018 (20) Y Y Y Y Y Y Y Y Y Y Y
Fell 2015 (22) Y Y Y Y Y Y PY Y Y NA NA
Foo 2020 (23) Y Y Y Y Y Y PY Y Y NA NA
Giles 2019 (24) Y N Y PY Y Y PY Y Y NA N
Hauser 2019 (25) Y Y ¥ Y X ¥ PXY ¥ X he
Manzoli 2011 (26) Y N Y Y Y Y PYryYy Y Y N
Martin Arias 2015 (27) Y N Y Y Y Y PY PY N NA Y
McMillan 2015 (21) Y Y Y Y Y Y Y Y Y Y Y
Nunes 2016 (28) Y N Y Y Y Y PYY N NA Y
Pineton 2015 (29) Y N Y Y Y N PYy N NA NA
Polyzos 2015 (30) Y N Y Y Y Y PYryY Y NA Y
Sanz Fadrique2019(31) Y N Y PY N N PY PY N NA NA
Sarkanan 2018 (32) Y N Y Y Y Y PYY N NA Y
Stassijns 2016 (33) Y N Y Y N N N Y N N Y
Wachira 2019 (34) Y PY Y PY Y Y PY Y Y NA NA
Zhang 2018 (35) Y N Y Y Y Y PYryY Y NA N

AMSTAR?2 rating

Q12

ZZ<Z<ZZ§ZZ
> >

ZZ%Z
ZRNZAZZZZAZAZZARE

NA
N

Qi3

Q14 Q15 Q16

ZZ<<Z<<<<<Z<<<<<

A

A

A

Z<XZ<KZKZ <K< <Z<<

NA
NA

<ZX <KX << << Z << <<<

Confidence in findings of review

High
High
High
Moderate
High
Moderate
Moderate
High
Moderate
Moderate
Moderate
Low
Moderate
Low
Moderate
Moderate

1. components of PICO, 2. established protocol prior to review, 3. selection of study design, 4.comprehensive literature search, 5. study selection in duplicate, 6.data extraction in
duplicate, 7. list of excluded studiies, 8.describe the included studies, 9. assessing the risk of bias, 10. sources offunding, 11.meta-analysis if appropriate, 12. meta-analysis sensitivity RoB,
13. interpreting RoB when discussing the results, 14. discussing heterogeneity, 15. investigation publication bias, 16. potential sources of confiict of interest.

N, no; NA, not applicable no meta-analysis conducted: PY, partial yes; Y, yes.
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OUTCOME Reference Total number of  Type of study Meta-analyses by ~ Date of

studies vaccine type search
included® (adjuvants yes/no)
Short term adverse events (mild/mod/serious)
All types Manzoli, (26) 18 RCT Yes Apr. 2011
Effect of adjuvants, pediatric (all types) Stassiins, ° (33) 8 RCT Yes Apr. 2015
Effect of adjuvants, pediatric/adults (mild only) Hauser, (25) 22° RCT Yes Sep. 2018
Narcolepsy Sarkanen, (32) 11 Observational studies Yes Nov. 2016
Demicheli, (20) 4 No Dec. 2016
Guillain-Barré syndrome (GBS) Sanz Fadrique, d 31) 2 Observational studies No Jul. 2017
Martin Aries, (27) 16 Yes Apr. 2014
Demicheli, (20) 2 No Dec. 2016
Wachira, (34) 15 No Jun. 2017
Inflammatory bowel disease (IBD) Pineton, (29) i) Observational study NA Jun. 2014
Demyelinating diseases Demicheli, (20) il Observational study NA Dec. 2016
Pregnancy- and fetal outcomes and offspring
Adverse events in pregnancy (local, systemic, preeclampsia); McMillan, (21) 17 Observational studies No Mar. 2014
congenital malformation; spontaneous abortion; still birth;
preterm birth; small for gestational age (SGA); low birth weight
Preterm birth; late fetal death; any fetal death Fell, (22) 12 Observational studies No May 2013
Preterm birth; SGA; low birth weight Nunes, (28) 13 Observational studies No Jun. 2015
Congenital malformation Polyzos, (30) 12 Observational studies No Dec. 2014
Spontaneous abortion; fetal death; stillbirth; preterm birth; Demicheli, (20) 14 Observational studies No Dec. 2016
congenital malformations; neonatal death
Congenital malformation; spontaneous abortion; still birth; Zhang, (35) 19 Observational studies No Jan. 2017
preterm birth; SGA
Congenital malformation; stillbirth/fetal death; SGA; low birth Giles, (24) 9 Observational studies Yes May 2017
weight
Early childhood health outcomes Foo, (23) 6 Observational studies No Jul. 2019

Istudies from which data extraction on H1N1pdmO09 vaccination was possible (i.e. not pooled with seasonal influenza vaccination). In systematic reviews covering more than one outcome,
the number of studies may be lower for single outcomes. Pstudies also included in Hauser et al. (25). Sunclear if all studies reported adverse events. “update of Martin Aries et al. (27).
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Children and adolescents Adults

Number of studies Effect size (95% Cl) ? Number of studies Effect size (95% CI) (&
Index date®
Onset date 6 14.32 (8.92, 22.99) 0.0% 3 7.01 (3.40, 14.46) 0.0%
Healthcare contact 3 9.68 (4.88, 19.23) 44.1% 3 8.08 (3.86, 16.89) 0.0%
Diagnosis 5 5.02 (3.36, 7.51) 0.0% 4 2.95(1.88, 4.62) 0.0%

“Exact date of symptomn onset is difficult to remember and prone to recall bias. The studiies used different index dates as proxy of disease onset. Some studies are included in analyses of
more than one index date.
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Demographics All HCWs Single group Repeated group

Number of participants 50 24 26
Male (%) 9 (18) 4(17) 5(19)
Female (%) 41 (82) 20 (83) 21(81)
Median age (range) 39 (22 - 63) 38 (26 - 59) 43 (22-63)
Seasonal vaccination before 2009 (%) 32 (65.3) 11(47.8) 21 (80.8)
Working department(non-clinical, clinical, infectious) 23,21,6 13,9, 2 10, 12,4

HCW healthcare workers (HCWs). The single group had only pandemic vaccination in 2009. The repeated group were vaccinated with pandemic vaccine in 2009 and trivalent influenza
vaccine in two or three seasons after 2009.
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Records identifued through Additional records identified
database searching November through Epistimonikos and Pubmed
2019, n = 6671, January 2021
after removing duplicates n=144

Records screened Records excluded
n =6815 n=6769

Screening

Full-text article assessed Articles excluded
for eligibility n=431
n =453

Records added from other sources
n=1

Full-text articles excluded:
No systematic reviewn =3
Full-text article assessed No outcome measure of safety n =2
for eligibility Not the newest and most
n=23 comprehensive systematic review
n=2

Zz
3
20
@

Systematic review included in narrative
synthesis
n=16

Included
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