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Influenza virus infections can cause a broad range of symptoms, form mild respiratory problems to severe and fatal complications. While influenza virus poses a global health threat, the frequent antigenic change often significantly compromises the protective efficacy of seasonal vaccines, further increasing the vulnerability to viral infection. Therefore, it is in great need to employ strategies for the development of universal influenza vaccines (UIVs) which can elicit broad protection against diverse influenza viruses. Using a mouse infection model, we examined the breadth of protection of the caspase-triggered live attenuated influenza vaccine (ctLAIV), which was self-attenuated by the host caspase-dependent cleavage of internal viral proteins. A single vaccination in mice induced a broad reactive antibody response against four different influenza viruses, H1 and rH5 (HA group 1) and H3 and rH7 subtypes (HA group 2). Notably, despite the lack of detectable neutralizing antibodies, the vaccination provided heterosubtypic protection against the lethal challenge with the viruses. Sterile protection was confirmed by the complete absence of viral titers in the lungs and nasal turbinates after the challenge. Antibody-dependent cellular cytotoxicity (ADCC) activities of non-neutralizing antibodies contributed to cross-protection. The cross-protection remained robust even after in vivo depletion of T cells or NK cells, reflecting the strength and breadth of the antibody-dependent effector function. The robust mucosal secretion of sIgA reflects an additional level of cross-protection. Our data show that the host-restricted designer vaccine serves an option for developing a UIV, providing pan-influenza A protection against both group 1 and 2 influenza viruses. The present results of potency and breadth of protection from wild type and reassortant viruses addressed in the mouse model by single immunization merits further confirmation and validation, preferably in clinically relevant ferret models with wild type challenges.
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Introduction

Influenza is a highly contagious respiratory disease that presents a considerable burden to public health and the economy worldwide. Approximately three to five million people are infected with influenza viruses annually, and approximately 290,000 to 650,000 people die due to influenza (1). Influenza viruses show considerable genetic diversity with various subtypes depending on the combination of surface hemagglutinin (HA) and/or neuraminidase (NA) genes (2, 3). Additionally, influenza viruses, which possess segmented RNA genomes, demonstrate a high level of genetic variability, resulting in frequent antigenic changes through antigenic drift and shift (4, 5). Due to the antigenic diversity and variability of influenza viruses, close monitoring and surveillance of influenza virus strains are required to produce effective influenza vaccines, which closely match the antigenicity of the circulating strains. The World Health Organization (WHO) annually updates its recommendations for the vaccine strains to target the viruses predicted to be the most frequently circulating in the coming season (6). Currently, licensed influenza vaccines primarily depend on HA-specific neutralizing antibodies, thus providing a very narrow strain-specific protection. Therefore, even a slight mismatch between the vaccine and target virus may significantly compromise the protective efficacy of the vaccine, leading to a significant reduction in vaccine efficacy (7). Additionally, the possibility of the emergence of a new influenza virus that causes a global pandemic through gene exchange between different types cannot be excluded (3, 8). Furthermore, human infection caused by highly pathogenic avian influenza viruses, such as H5, H7, and H9 strains, can cause high mortality in infected individuals (8, 9). Therefore, the development of a universal influenza vaccine (UIV) that can protect against various influenza viruses is highly desirable (10–12).

To overcome these concerns, vaccines should elicit “universal” protective immune responses against influenza viruses. UIVs have been developed using several strategies to induce cross-reactive immune responses. Classical seasonal vaccines usually elicit neutralizing antibodies against the globular head of HA, where the receptor-binding domain (RBD) is located. However, the globular domain is too variable across subtypes to elicit broad immune protection (13, 14). Therefore, UIVs that target the conserved regions of influenza surface proteins, such as HA stalk domain or M2 ectodomain (M2e), have been developed, with notable achievements in cross-reactive immune responses, especially for the HA stalk (15–17). Various strategies of UIV targeting conserved regions have been documented, including recombinant proteins, nucleic acid-based (DNA/RNA) vaccines, or in combination with live attenuated vaccines (13, 18). However, these strategies have limitations that only partial protection within the same HA group is achieved, rather than pan-influenza A protection covering group 1 and 2 viruses (19). Furthermore, compared to live attenuated influenza vaccines (LAIVs) that induce both mucosal and humoral immune responses, recombinant protein vaccines are usually unable to elicit potent cross-protective mucosal immunity (15, 20). Currently, used LAIVs are cold-adapted LAIVs (CAIVs). However, despite their potent protection efficacy, the development of CAIVs as UIVs is limited by possible genetic mutations in the RNA genome and a decrease in production titer by the attenuated phenotype (21, 22). Thus, the rational design of clinically useful LAVs is still challenging, and deploying LAIVs as a UIV remains highly empirical.

Apoptosis and caspase activation are integral components of general host antiviral responses induced by viral infection (23, 24). By investigating these tightly regulated host defense mechanisms, we previously presented a novel apoptosis-triggered attenuation of viral virulence as a rational design of ctLAIVs (25). Despite significant attenuation, the viruses demonstrated a high-growth phenotype in embryonated eggs at low temperatures, ensuring their productivity. In the present study, the designer virus was evaluated for cross-reactive immune responses against influenza A viruses, including group1 (H1N1 and H5N1) and group2 (H3N2 and H7N1). Using a mouse model, we confirmed pan-influenza A protection with complete viral clearance in the respiratory tract after vaccination. Antibody-dependent cellular cytotoxicity (ADCC) has been proposed as a major mode of action for heterosubtypic protection (26). These promising results could guide the development of a mechanism-based LAIV as a potential UIV candidate with a desirable level of potency, breadth, and safety.



Materials and Methods


Ethical Statement

All experiments were performed in accordance with the guidelines of the Ministry of Food and Drug Safety (MFDS) of the Korean Government. All experimental procedures were conducted with the approval of the Institutional Biosafety Committee of Yonsei University (Permit number: IBC-A-202012-264-01), and animal experiments were performed with the approval of the Institutional Animal Care and Use Committee (IACUC) of the International Vaccine Institute (IVI) and strict follow-up management (Permit number: IACUC PN 2021-001).



Cell Line and Viruses

The LAIV used in this study is a genetically modified influenza A virus A/Puerto Rico/8/34 (H1N1), a mechanism-based self-attenuated virus that inserts a caspase cleavage motif into the NP and NS genes (25). The cross-protective efficacy was evaluated by four different influenza A viruses (IAVs): A/Puerto Rico/8/34 (PR8, H1N1), A/Philippines/2/82 (Phil82, H3N2), 7:1 single gene reassortant virus PR8: HA of A/Indonesia/5/05 (reIndo05, H5N1), and PR8: HA of A/Netherlands/219/03 (reNet03, H7N1) (27). The mouse lethal dose (mLD50) was determined by a preliminary experiment, 1×103 PFU (H1N1), 2.5×102 PFU (H3N2), 3×105 PFU (H5N1), and 2.5×104 PFU (H7N1) respectively. Madin-Darby canine kidney (MDCK) cells were cultured in minimum essential medium (MEM) (Hyclone Laboratories, US) supplemented with 10% fetal bovine serum (FBS, Hyclone Laboratories, US).



Vaccination and Challenge

Six-week-old female BALB/c mice were supplied by Orient Bio Inc. (Seoul, Korea). After acclimatization for 7 days, mice were inoculated with 50 μL of phosphate-buffered saline (PBS) or 105 plaque-forming unit (PFU)/50 μL of LAIV by intranasal administration following the immunization protocol in previous studies (25). Mice were anesthetized with a 2:2:1 mixture of PBS, Alfaxan (Jurox, Australia), and 5% xylazine. Sera were collected by retro-orbital bleeding under anesthesia on days 35 and 49. On day 56, mice were intranasally challenged with viruses (H1N1, H3N2, H5N1, and H7N1) with 2 mLD50 via the intranasal route. After challenge, the body weight and survival of mice were monitored daily for two weeks.



Collection of Mice Tissues for Viral Titration

For quantification of viral replication, mice were sacrificed and tissue samples were collected for viral titration on days 3, 5, and 7 post-infection (dpi) (N=5). After anesthesia, whole lungs were removed from mice and were homogenized with 1 mL of PBS. After centrifugation for 20 min at 12,000 rpm, the supernatants were collected. Nasal turbinate samples were collected by lavaging with 200 μL of PBS. All samples were aliquoted and stored at -80°C.



In Vivo Immune Cell Depletion

For depletion of CD4+ T cells, CD8+ T cells, and NK cells in vivo, 200 μg of anti-CD4 mAb (clone 2.43; BioXcell, US), anti-CD8 mAb (clone GK1.5; BioXcell, US), and 20 μl of anti-asialo GM1 antiserum (Wako Pure Chemical Industries, Japan), respectively, were intraperitoneally injected into each mouse three times on days 3,5, and 7 before challenge (27). Control mice were injected with 200 μg of rat IgG2b (clone LTF-2, BioXcell, US). The body weight of the mice was measured for two weeks after challenge.



Influenza HA Proteins

HA proteins, either recombinant or virus-derived, were used for enzyme-linked immunosorbent assay (ELISA). The four HA proteins of influenza A, including A/Puerto Rico/8/34 (H1N1), A/Philippines/2/02 (H3N2), A/Indonesia/5/05 (H5N1), and A/Netherlands/219/03 (H7N7), expressed in insect or mammalian cells, were purchased from Sino Biological Inc. The egg-derived standard HA antigens of H1N1 strains, A/Puerto Rico/8/1934, A/Singapore/Gp1908/2015, A/Brisbane/59/2007, and A/Michigan/45/2015 egg-derived antigens, were purchased from NIBSC. The recombinant globular domain (GD) and HA stalk of A/Puerto Rico/8/34 (27) and consensus HA expressed in Escherichia coli were purified and used as coating antigens in ELISA (28).



ELISA

ELISA was performed to analyze whether the vaccine-induced antibodies specifically bind to the whole influenza virus or protein antigen. Ninety-six-well plates (SPL, Korea) were coated with 100 μL of 105 PFU/well whole viruses or 100 μL of 0.1 μg/well of proteins overnight at 4°C. The plates were washed three times with 120 μL/well of PBST (0.05% Tween20 in PBS, pH 7.5) and blocking with 150 μL/well of blocking buffer (1% [w/v] BSA in PBST) for 1 h at room temperature (RT). Then, the plates were incubated with 100 μL/well of two-fold serial diluted mouse sera or nasal turbinate samples for 1 h at RT. After washing three times, the plates were incubated with 100 μL/well of 1:10,000 or 1:5,000 diluted horse-radish peroxidase (HRP)-conjugated secondary goat anti-mouse IgG1, IgG2a, or IgA (Bethyl, US) for 1 h at RT. Then, the plates were washed and incubated with 100 μL/well TMB substrate solution (BD Biosciences, UK) for 30 min at RT. After color development, 50 μL/well 2N of sulfuric acid (H2SO4) solutions was added to stop the reaction, and the optical density at 450 nm (OD450nm) was measured on an ELISA reader (BMG Labtech, Germany).



Plaque Assay

To titrate viruses of the lungs and nasal turbinates, MDCK cells in confluent 12-well culture plates were washed with 500 μL/well of PBS and incubated with 200 μL/well of ten-fold serial diluted samples on a rocker for 45 min at RT. After suction removal of the viral solution, cells were washed and added with 1.5 mL/well of overlay consisting of Dulbecco’s Modified Eagle Medium (DMEM) containing 1% (w/v) low melting agarose and 10 μg/mL trypsin. After the overlays were hardened, the plates were incubated in a 5% CO2 humidified incubator at 37°C until plaques were formed. To count the plaques, the cells were treated with 4% formaldehyde and stained with crystal violet solution.



Plaque Reduction Neutralization Test

To evaluate the neutralization ability, a PRNT was performed using pooled mouse sera. Sera were diluted in MEM (1:25 dilution) and heat-inactivated at 56°C for 30 min. Two-fold serially diluted sera were mixed with 110 PFU of viruses in a 1:1 ratio and then incubated at 37°C for 90 min. The mixtures were added to MDCK monolayers grown in 12-well cell culture plates (SPL, Korea) and incubated at RT for 45 min. The plaque assay was performed as described previously.



ADCC Assay

The ADCC assay was performed using the mFcγRIV ADCC Reporter Bioassay Kit (Promega, US) following the manufacturer’s instructions. In brief, confluent MDCK cells grown in white 96-well plates (SPL, Korea) were infected with influenza viruses (multiplicity of infection of 1) diluted in MEM and incubated in MEM at 37°C. The next day, the supernatants were suction-removed and 100 μL of sera (1:50 dilution) and mFcγRIV effector cells were added to the MDCK cells, and the cells were incubated at 37°C for 6 h. Then, Bio-Glu™ reagent was added to each well for expression of luminescence. A luminescence plate reader (BMG Labtech, Germany) was used to detect ADCC activity.



Statistical Analysis

All values are expressed as the mean ± standard deviation (SD) of each cohort. To compare the differences between the two groups, an unpaired, two-tailed t-test was performed, and to compare the differences among the three groups, one-way analysis of variance (ANOVA) was performed. Statistical significance was set at <0.05 (***P < 0.001; **P < 0.01; *P < 0.05).




Results


Cross-Protection Against Heterosubtypic Influenza A Viruses in Mice

The backbone of the ctLAIV used in this study was A/Puerto Rico/8/34 (PR8, H1N1), in which the caspase cleavage sequence was introduced into two internal genes, NP and NS1 (double mutants with caspase-sensitivity; DM-C) (25). The attenuation properties of DM-C strain were previously characterized in terms of optimal growth temperature, virulence in mice, and the levels of proinflammatory cytokines induced by vaccination (25). To evaluate the breadth of cross-protection, two different HA groups of influenza virus were included as challenge strains (Figure 1A), including homologous PR8 (H1) and heterosubtypic rH5N1 from group 1 and heterosubtypic H3N2 and rH7N1 from group 2 viruses. Before the challenge, we confirmed the pathogenicity of DM-C in a mouse model. Compared to the PBS-treated group, the DM-C vaccinated group did not show appreciable signs of virulence, confirming the attenuation of virulence (Figure 2A). The experiment was designed to evaluate the spectrum of protection conferred by DM-C. The mice were challenged seven weeks after a single vaccination and were monitored for their body weight and survival rates for two weeks (Figure 1B). The DM-C vaccination provided protection against all four influenza viruses (Figures 2B, D). Incidentally, the challenge with H5N1 (6×105 PFU) was not 100% lethal in the experimental setting, but protection by vaccination was apparent by significant improvements in body weight. An additional challenge study with a lethal dose confirmed full protection from the H5N1 heterosubtypic challenge (2×106 PFU) (Figure 2C). The results confirmed and further extended heterosubtypic protection from a lethal challenge from a mouse-adapted H5N2 strain (25).




Figure 1 | Examining of cross-protection against four types of influenza A viruses in an animal model. (A) Phylogenetic tree of the influenza A virus. Influenza A virus has a total of 16 HA subtypes and is divided into groups 1 and 2. As indicated by color boxes, four HA subtypes were used for in vivo experiments and antibody analysis. (B) Schematic diagram of the schedule of immunogenicity and collection of mice sera. Mice sera were collected at 4 and 6 weeks after vaccination and were challenged with four types of influenza A viruses.






Figure 2 | Protective efficacy of DM-C against four types of influenza A viruses. (A) Pathogenicity confirmation of DM-C in animal models. After acclimating six-week-old mice for 1 week, the mice were vaccinated with 105 PFU/50 μL of DM-C LAIV (group VAC) or 50 μL of PBS (PBS group). The mice were observed daily for 2 weeks to check changes in the body weight and survival rate. No clinical symptoms were observed in both groups. The graph shows the mean of each cohort (N=20), and the error bar means the standard deviation (SD). (B, C) Mice were challenged with two subtypes of group 1 and 2 influenza A viruses each. Mice were challenged with H1N1, H3N2, and H7N1 at 2 mLD50 and with H5N1 (6×105 PFU) at a survivable dose. Mice were monitored daily. The survival rates (B) and changes in bodyweight (D) are shown. The humane endpoint is a weight-loss reduction of more than 20%, which is indicated by a dotted line in the graph. The graph shows the mean of each cohort (N=5), and the error bar means the SD. Two-way ANOVA with RM was performed for comparing the differences between body weight of VAC group and PBS group (***P < 0.001; **P < 0.01; *P < 0.05). (C) Mice were challenged with a lethal dose of H5N1 (2×106 PFU) and were monitored daily for body weight and mortality. The survival rates are shown (N=4).





Protection in the Respiratory Tract

After vaccination and challenge, the lungs and nasal turbinates of challenged mice were obtained on days 3, 5, and 7 dpi (Figure 3A). Virus replication was significantly reduced in the DM-C-vaccinated group compared to that in the PBS group (Figure 3B). As early as 3 dpi, there was a 1–2 log (H3, H5, and H7) or more (>3 log; 1,000-fold reduction) (H1) reduction in the viral load. The reduction was greater at 5 dpi, with a 3 log difference in H3, H5, and H7 groups, and >4 log difference in the H1 group. The greater reduction in the H1N1 group reflects superior protection from the homologous H1N1 (PR8) challenge. Remarkably, in all DM-C vaccinated groups, the virus titer was reduced below the detection limit at 7 dpi, in clear contrast to the PBS control, where virulence was still apparent, ranging from 102 PFU (H5) to 5 x 105 PFU (H1). All challenge studies were conducted in a BSL2 type facility, and therefore, the experimental design was limited by the use of reassortant viruses H5N1 (reIndo05) and H7N1 (reNet03) rather than wild type viruses (requiring a BSL3 facility). Challenge virus titers were also estimated in the nasal turbinates (Figure 3C). For all viruses, DM-C vaccination greatly reduced the viral load throughout the post-infection period. Again, the most dramatic reduction (1,000–10,000 fold) was observed with the H1 homologous challenge, and robust reduction was also noted with the heterologous challenge (100 fold for H5; 100~1,000 fold for H3 and H7). The smaller effect observed with the H5 (group 1) than that of H3 and H7 (group 2) was probably due to the sub-lethal dose of H5 challenge (Figures 1B, C). Thus, the viral load was effectively inhibited in the respiratory tracts of DM-C-vaccinated mice, suggesting a potent sterile immunity conferred by DM-C LAIV.




Figure 3 | Viral clearance in the respiratory tract after challenge. (A) Schematic diagram of the schedule of harvesting lung and nasal turbinate samples. Lungs and turbinate samples were harvested on days 3, 5, and 7 post-infection (dpi) to test the sterile immunity after challenge with four types of viruses. (B, C) Sterile immunity in the mouse lungs and turbinate samples against four types of influenza A viruses challenge. The mice vaccinated with DM-C LAIV or PBS were sacrificed at 3, 5, and 7 dpi for collection of lungs (B) and turbinate samples (C) to titrate viruses by plaque assay. The detection limit was indicated by a dotted line in the graph. The graph shows the mean of each cohort (N=5), and the error bar means the standard deviation (SD). Two-tailed t-test was performed for comparing the differences between DM-C LAIV-vaccinated and PBS-treated groups (***P < 0.001; **P < 0.01; ns means not significant).





DM-C Vaccination Elicits Cross-Reactive Antibody Responses

LAIVs effectively induce mucosal secretory immunoglobulin A (sIgA) antibodies. To examine whether DM-C induces sIgA antibodies, ELISA was performed with the nasal turbinates using H1N1 (PR8), H3N2 (Phil82), H5N1 (reIndo05), and H7N1 (reNet03) viruses as coating antigens (Figure 4A). Cross-reactivity was detected against three viruses, except for H7N1. While the highest IgA antibody titer was measured against the homologous H1N1, there was a significant response against H5 (group 1) and H3 (group 2) as well. The response was relatively poor against H7N1, which was noted to have much less immunogenicity than other influenza A viruses (29, 30). Overall, the results suggest that the mucosal immune response contributes greatly to the observed cross-protection.




Figure 4 | Titration of cross-reactive antibodies by DM-C vaccination. (A) Response of IgA antibodies to whole influenza A viruses in the respiratory system. Samples were diluted two-fold serially to measure the titer of IgA antibodies induced by LAIV vaccination in nasal turbinate samples harvested 3 weeks after vaccination. The graph shows the endpoint (E.P) of the pooled sample (N=2). (B) Response of cross-protective systemic antibodies to whole influenza A viruses. Influenza virus-specific IgG1 and IgG2a were detected by ELISA. Two-fold serial diluted mice sera collected at 4 or 6 weeks post-vaccination were bound to whole viruses. The graph shows the endpoint (E.P) of each cohort (N=5). E.P means the reciprocal serum dilution of the vaccinated group that yielded OD450 greater than the mean + 2SD of the PBS-treated group.



Next, we performed ELISA to evaluate the cross-reactive serum antibodies induced by DM-C vaccination. The sera obtained at 4 and 6 weeks after vaccination showed significantly higher titers of IgG1 and IgG2a antibodies than those of the PBS group (Figure 4B). A high IgG2a titer (with the potential exception of H7) against group 1 and 2 viruses may account for the wide-spectrum ADCC activity (see Figure 7B below). When ELISA was performed using recombinant HA globular domain (reGD) and stalk domain (reStalk) of H1N1 (PR8) as coated antigen (27), high titers of IgG1 and IgG2a antibodies were detected at both weeks 4 and 6 (Figure 5A). Interestingly, noticeable levels of antibodies against the stalk region were detected, which can act as a promising strategy for conferring broad protection (14, 16). To further investigate stalk-reactive antibodies, ELISA was performed using a consensus HA stalk (cHA) of groups 1 and 2, respectively, which was designed in silico as the most conserved part of the HA stalk (Figure 5B) (31). The quality of the recombinant HA group-specific stalks was verified previously when they were used for generating HA group-specific mAbs for a new ELISA-based potency assay of an influenza vaccine (28, 31). The serum antibodies induced by DM-C reacted with cHA of group 1 only, but not with cHA of group 2, suggesting that antibodies induced by DM-C do not recognize the HA stalk from different HA groups. Furthermore, sera antibodies elicited by DM-C reacted with only the homologous PR8 HA protein, but not with HA proteins of heterologous origin (H3, H5, and H7) (Figure 5C). The results of ELISA with whole HA are in agreement with those of ELISA with the HA stalk (Figure 5B), but apparently contradictory for H5 of group 1. To further verify whether the sera antibodies bind to HA stalks of heterologous subtypes, HA proteins of H3, H5, and H7 were pretreated at low pH to expose their stalk regions (31–34). The results showed that stalk-reactive antibodies against group 1 (H5) stalk were present in immune sera from DM-C-vaccinated mice (Figure 5D). It showed that immune sera became reactive to the exposed HA stalk of the H5 subtype (same group as H1) by a pH-dependent conformational change of HA (34). Interestingly, a much stronger response was observed with IgG2a than with IgG1 subtype antibodies (Figure 5D), which may correlate with the Th1 type-dependent broad-spectrum ADCC activity (see Figure 7B below). Since DM-C showed strong systemic antibody responses against the homologous PR8, ELISA was performed against various strains belonging to the H1N1 subtype. Except for the A/Michigan/45/15 strain, most of the strains tested were reactive to IgG1. Interestingly, IgG2a antibodies were found to be cross-reactive with all strains tested (Figure 6), probably contributing to effector function-mediated broad-protection (Figure 7B). These results suggest that DM-C vaccination effectively induces the production of antibodies that confer cross-protection within the same HA group.




Figure 5 | Response of cross-protective antibodies to hemagglutinin (HA) proteins. (A–D) Influenza HA protein-specific IgG1 and IgG2a were detected by ELISA analysis. Two-fold serially diluted mice sera collected at 4 or 6 weeks post-vaccination were bound to recombinant GD and HA stalk (A), consensus HA stalk (B) expressed in Escherichia coli, and commercial (Sino Biological) full HA proteins (C, D). Especially (D) HA proteins were pre-treated at low pH to expose the stalk. The graph shows the endpoint (E.P) of each cohort (N=5). E.P means the reciprocal serum dilution of the vaccinated group that yielded OD450 greater than the mean + 2SD of the PBS-treated group.






Figure 6 | Generation of cross-protective reactive antibodies against the whole hemagglutinin (HA) protein of recombinant H1 strain. HA proteins of H1 strain-specific IgG1 and IgG2a were detected ELISA. Two-fold serial diluted mice sera collected at 4 or 6 weeks posy-vaccination were bound to HA proteins of A/Singapore/Gp1908/15, A/Brisbane/59/07, A/Michigan/45/15, and A/Puerto Rico/8/34. The graph shows the endpoint (E.P) of each cohort (N=5). E.P means the reciprocal serum dilution of the vaccinated group that yielded OD450 greater than the mean + 2SD of the PBS-treated group.






Figure 7 | Cross-protective mechanism of immune sera from mice. (A) Neutralizing activity of antibody-induced vaccination. Four types of viruses (H1N1, H3N2, H5N1, and H7N1) and mice sera collected 6 weeks post-vaccination were used for determining the neutralizing activity. The detection limit was indicated by a dotted line in the graph. The experiment was repeated twice with the pooled sera of each group (N=2), and the error bar indicates the standard deviation (SD). (B) Antibody-dependent cellular cytotoxicity (ADCC) activity of mice sera. ADCC assay was performed by mFcγRIV ADCC reporter bioassay, and fold induction means the RLU (induced – background)/RLU (no Ab control – background). The graph shows the mean of each cohort (N=5), and the error bar means the SD. One-way ANOVA test was performed for comparing the differences between sera from 4-week, 6-week, and PBS groups (***P < 0.001; **P < 0.01; ns means not significant).





Antibody-Dependent Protection Mechanisms

The PRNT was performed to examine the cross-neutralization activities of DM-C against the four influenza viruses. The sera antibodies showed potent neutralizing activity against H1N1 (PR8), but not against the other strains (Figure 7A). Several studies have shown that LAIVs provide cross-protection even in the absence of neutralizing antibodies (27, 35). Additionally, recent studies have shown that non-neutralizing antibodies induce cross-protection via antibody effector functions, such as ADCC (36). Thus, the ADCC bioassay was performed to examine whether cross-reactive sera antibodies induced by DM-C demonstrate ADCC activity in virus-infected cells (37–39). The sera antibodies showed detectable ADCC activity against the virus-infected cells, although the difference was not statistically significant compared to the PBS group (Figure 7B). These results suggest that although the antibodies induced by DM-C did not neutralize the heterologous influenza viruses, the effector function, probably mediated by the IgG2a immunoglobulin subtype, exert cross-protective ADCC activities against heterologous influenza viruses.



Cell-Mediated Immune Responses Elicited by DM-C

T cells and NK cells have been reported to be critical for cross-protection against influenza viruses (40, 41). To examine their potential contribution, T cells or NK cells were depleted from vaccinated mice before the lethal challenge (Figure 8A) by the injection of anti-CD4, anti-CD8, or anti-asialo GM1 antibodies into mice (27). The process depletes CD4+ and CD8+ cells in the peripheral blood and the lung effectively, and partially depletes NK cells in the spleen (27). When challenged with H3N2 belonging to group 2, no notable differences were observed in body weight or mortality. Similarly, we failed to observe any noticeable differences in mice after the H5N1 challenge (Figure 8B). Overall, the depletion of CD4+ T cells, CD8+ T cells, and NK cells did not abrogate cross-protection against heterologous virus challenge. These results suggest that antibody-mediated effector function significantly contributes to cross-protection conferred by the DM-C LAIV.




Figure 8 | Effect of immune cells against cross-protection in mice. (A) Schematic diagram of the schedule of immune cell depletion in mice. To deplete CD4+, CD8+ T cells, and natural killer (NK) cells, mice were injected with corresponding monoclonal antibodies three times on days 1, 3, and 5 before challenge. Immune cell-depleted mice were challenged with H3N2 of group 2 and H5N1 of group 1 viruses. (B) Contribution of immune cells towards cross-protection. CD4+, CD8+ T cells, and NK cells were depleted in mice. The body weight of mice was measured daily, and changes in the body weight and survival rate are shown. The humane endpoint is a weight-loss reduction of more than 20%, which is indicated by a dotted line in the graph. The graph shows the mean of each cohort (N=5), and the error bar indicates the standard deviation (SD).






Discussion

The need for UIVs has been highlighted due to persistent genetic mutations in the influenza virus genome and concerns regarding vaccine mismatches and pandemics. Various approaches have been developed for the production of UIVs, such as recombinant subunit vaccines or DNA vaccines that target highly conserved antigens such as HA stalk or M2e region. A LAIV mimics natural infection and thus provides effective protection by multiple synergistic modes of protection (15, 42). The representative strategy of LAIV is CAIV attenuated by serial passages of the influenza virus at low temperatures (27, 43). Alternatively, attenuation of virulence could be harnessed more precisely using reverse genetic methodology (44–46). We previously constructed a ctLAIV mutant virus, DM-C, that renders self-attenuation through the cleavage of viral NP and NS1 proteins by the host-resident caspase in virus-infected cells (25). NP and NS1 are internal proteins that play pivotal functions during the influenza infection cycle; NP regulates viral replication, whereas NS1 antagonizes the host antiviral response (47, 48). Engineered proteins carrying the caspase-3 and -7 cleavage motif, Asp-Glu-Val-Asp (DEVD) within the structural genes of NP and NS1 (49–52), are subjected to degradation in virus-infected cells, leading to dramatic attenuation of virulence (27). The attenuation properties of DM-C strain were previously characterized in terms of optimal growth temperature, virulence in mice, and the levels of pro-inflammatory cytokines induced by vaccination (25). Here, we showed that a single vaccination with DM-C(group1 H1N1) conferred sterile protection against the group 2 wild type H3N2 viruses in a mouse model (Figure 2). The immunization successfully led to complete clearance of the viral load in the respiratory tracts (lungs and nasal turbinates) within 7 dpi (Figure 3). The challenge dose 2mLD50 was adopted in this experiment. Similarly, sterile protection is achieved from single gene recombinant 7:1 rH5N1 and rH7N1 viruses as well. To be more stringent, higher dose (e.g., 5 or 10 mLD50) could be employed in further studies. The protection is not mediated by HA-specific NT Abs, but probably via effector-mediated function (e.g., ADCC) of multiple surface antigens including NA, M2, or even NP (see below) (Figure 7). Cross-reactivity of sIgA across group 1 and 2 viruses (with potential exception of H7) may also reflect their contribution to broad protection (Figure 4A), especially considering the polymeric nature and proven ability of sIgA for cross-protection (53). Overall, harnessed with the attenuated delivery of whole set of viral antigens, the protection by ctLAIV is mediated by multiple antigens, operated by humoral, mucosal and cellular immune responses.

Next, we sought to explore the mechanism underlying the observed cross-protection. To address the protective mechanisms, we first analyzed the quality of antibody responses by ELISA. Results of ELISA using whole influenza viruses as coating antigens confirmed strong mucosal response (sIgA in nasal turbinates), and humoral response (IgG1 and IgG2a antibodies in the blood) induced by DM-C, indicating that DM-C probably recognizes multiple surface components of influenza viruses. sIgA antibodies usually form multimers with higher avidity to the antigens than monomeric IgG antibodies, providing on-site protection at the mucosal surface (54, 55). Despite the technical difficulties involved in the collection process of sIgA, our results showed that the IgA subtype was cross-reactive to both group1 and 2 viruses (Figure 4A). Therefore, IgA antibodies with high antigen-binding ability may contribute to broad-spectrum cross-protection, as shown in Figure 2 (53, 56). Whether the low reactivity to H7N1 is related to the immunosuppressive nature of H7 type viruses warrants further investigation (29, 30). The conserved HA stalk region remains a major target in most UIV strategies. Here, we observed that antibodies induced by DM-C recognized the homologous PR8 (H1) strain only, but failed to recognize the HA stalk region of other viruses within the same group 1 (Figure 5C). However, the reactivity to H5 (group 1) was greatly increased by low pH treatment, triggering the pH-dependent conformational transition of HA, where the HA stalk became exposed (31–34). These results suggested that antibodies elicited by DM-C could recognize the HA stalk region of the same HA group 1, contributing to cross-protection within group 1 viruses. Inability to bind to the ‘pre-fusion’ conformation of the whole HA at neutral pH (Figure 5C) suggests that the protection is not mediated by neutralizing activity before infection, but rather at the later step of infection where ‘post-fusion’ conformation (where the stalk is exposed) becomes manifested. Therefore, antibodies elicited by DM-C vaccination could only neutralize the homologous PR8 virus (Figure 7A). Notably, although neutralizing antibodies are considered as the most important immune correlates for strain-specific protection, non-neutralizing antibodies have emerged as important factors especially for broad cross-protection (36, 56). Internal proteins such as NP are highly conserved among viruses and thus are considered important antigens for cross-protection through CTL responses (36, 57). Although the NP of DM-C in host cells is cleaved by caspases (25), NP-specific CTL recognition sites remain unharmed (Figure 9) (58, 59), although detailed analyses of CTL responses were beyond the scope of the present study.




Figure 9 | Amino acid sequences of the NP inserted DEVD mutant NP sequences of recognized by CTL were written in red, and NP sequences of recognized by caspase were written in bold. The caspase cleavage site was indicated by red arrow.



Non-neutralizing antibodies have various functions in immune responses, including phagocytosis, complement-dependent cytotoxicity (CDC), and ADCC (36, 60, 61). The Fc gamma receptor of effector cells, such as NK cells, macrophages, and neutrophils, recognize the Fc region of IgG bound to the antigens to mediate the killing of the infected cells (62, 63). As a human counterpart of IgG1 and FcγRIIIa, IgG2a provides its effector function through the murine FcγRIV receptor (64, 65). Using the currently available reporter assay, detectable levels of ADCC antibodies were elicited by DM-C, a prototype H1 type (group 1) vaccine against H3N2 and H7N1 strains (group 2) (Figure 7B). Although the ADCC response to H5 is low, the stalk-reactive antibody (Figure 5D) may provide an additional layer of protection, probably at the step of viral membrane fusion in the endosome (66), with consequent protection from the lethal challenge (Figure 2C). These results suggest that ADCC contributes to DM-C-mediated cross-protection. Although most of our analysis was performed on HA, the possibility that DM-C LAIV vaccination could also elicit immune responses to other surface proteins, such as M2 or neuraminidase (NA), should not be ruled out. Our analysis showed that IgG2a antibodies were also elicited against the M2 protein (Figure S1 in Supplementary Material). M2 is the third most abundant protein after HA and NA among the proteins present on the surface of virions. Since M2 is highly conserved, it is also a target for UIV strategies (37). Rather than directly neutralizing the virus, M2 antibodies play protective roles through antibody effector functions (42, 67, 68). Therefore, DM-C may provide an additional layer of protection by ADCC function targeting both M2 and NA. It was shown that NP, previously recognized as a strictly internal protein, could be displayed on the surface of infected cells (69). However, whether NP is an additional target for ADCC remains to be investigated (39). In addition to IgG, IgA is recognized by the Fc alpha receptor in humans to induce ADCC (70, 71). Unfortunately, it is difficult to experimentally evaluate the ADCC activity of IgA in vitro using a mouse model because they lack receptors that play the same role as that of the human macrophage Fc alpha receptor (72).

The depletion of T cells and NK cells did not completely abolish the protection against lethal challenges with heterologous viruses. Cross-protection remained persistent even after depletion of T cells or NK cells, suggesting that antibody-mediated mechanisms are a major arm for cross-protection by DM-C. LAIV is very similar to the wild virus, except for the low virulence level, while delivering all surface and internal proteins. Therefore, DM-C may induce multiple layers of immune responses toward effective protection (42). In this study, DM-C induced IgA mucosal response, as well as IgG1 and IgG2a-type humoral responses, recognizing most of the IAVs tested. Most crucially, DM-C vaccination led to the complete clearance of all types of infecting viruses tested (Figure 3), tantamount to pan-influenza A protection. It should be emphasized that all animals in this study were challenged seven weeks after vaccination. Therefore, it could be concluded that cross-protection of DM-C was due to adaptive immunity rather than innate immunity, which usually provides immediate, non-specific protection for only a short period (73, 74).

Our study presents the possibility of a universal vaccine that covers both HA group 1and 2 viruses. A full protection against H3N2 challenge – as reflected in mortality, viral clearance in lung and nasal turbinate - strongly supports cross-protection covering group1 and 2, regardless of the constellation of surface and internal proteins. However, it should be mentioned that, for H5 and H7 challenge, single gene reassortant viruses [sub-lethal in some instance (Figure 2)], rather than wild type highly pathogenic avian influenza (HPAI) viruses, were used due to limited access to BSL3 facilities. The limitations in our experimental setting should be dully considered in our interpretation on the breadth of cross-protection especially against avian viruses. Second, establishing the immune correlate of cross (potentially universal) protection remains difficult (10). The issue is even more challenging especially for LAIVs that delivers a variety of viral antigens and provides multiple layer of protection (22, 42, 56). First, the antibody effector function ADCC (Figure 7B) could be mediated not only by the classic HA, NA, M2 surface proteins, but by NP as well, previously known as internal proteins, but could also be displayed on the surface of infected cells (26). The relative contributions of each component should be further analyzed preferably by depletion of specific antibodies or by using specific antigen expressing cells in ADCC assay. In addition, further evaluation is required for mucosal secretory IgA responses (in Figure 4) as an additional layer of protection especially for LAIVs. Third, the contribution of T cells and NK cells in cross-protection was approached by their depletion by mAbs against cellular markers. Our experience has shown that depletion of CD4+ and CD8+ was effective, but that of NK cells from spleen is not complete (27), leaving the room for further evaluation of the role of ADCC function in cross-protection. Therefore, the present results of potency and breadth of protection addressed in the mouse model by single immunization should be further confirmed and validated in future exploration, preferably in clinically relevant ferret models with wild type challenges.
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