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Newcastle disease virus expressing clade 2.3.4.4b H5 hemagglutinin confers protection against lethal H5N1 highly pathogenic avian influenza in BALB/c mice
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The widespread H5 clade 2.3.4.4b highly pathogenic avian influenza virus (HPAI) poses a significant threat to both domestic and wild mammals because of its rapid genetic evolution, cross-species transmissibility, and host-range expansion. The increasing number of cases in mammalian species highlights the need for proactive measures driven by the One Health approach. In this study, we explored the potential use of previously developed a Newcastle disease virus (NDV)-vectored vaccine expressing clade 2.3.4.4b H5 hemagglutinin (rK148/22-H5) in a preclinical BALB/c mouse model. Two doses of intramuscular vaccination with viable (107 EID50/0.1 mL) or inactivated (107 EID50/0.1 mL) rK148/22-H5 provided protection against lethal H5N1 HPAI. A greater than 100-fold reduction in lung viral load was observed in the rK148/22-H5 vaccinated group compared to the control group. Consistently, co-housed contact mice in the vaccine group survived without evidence of infection, whereas those in the control group became infected and succumbed to the disease. The rK148/22-H5 vaccine demonstrated potential as a HPAI vaccine candidate for mammals, warranting further steps to advance this candidate vaccine into clinical trials in domestic and captive mammalian species.
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1 Introduction

The highly pathogenic avian influenza (HPAI) H5N1 clade 2.3.4.4b, representing the fifth intercontinental wave of the Goose/Guangdong/96 (Gs/GD) lineage H5, emerged in Europe in 2020 (1). It has since become the most severe panzootic, affecting the largest geographical regions including Europe, North America, South America, Asia, Africa, Antarctica, and the Arctic (2–6). Unlike previous Gs/GD-lineage H5 waves, several wild and domestic mammal cases demonstrate cross-species transmissibility and host-range expansion of the current panzootic, indicating a shift in the patterns of mammalian infection (7). Whether through natural transmission or human-related exposure, a diverse range of wild and domestic mammals have been affected, including badgers, black bears, bobcats, coyotes, ferrets, fisher cats, foxes, leopards, opossums, pigs, raccoons, skunks, sea lions, and wild otters (8–11). Although most of these have been “dead-end” infections, attributed to direct contact from animals preying on and ingesting infected birds (12), three recent cases have shown potential mammal-to-mammal transmission: (1) New England seals in United States, (2) mink farms in Spain, and (3) seal lions in Peru (13–15). Moreover, dairy cows in the United States have been infected with HPAI H5N1 (16). Viable viruses have been detected in the raw milk of infected cows, leading to subsequent infections in cats that consume it (17). A suspected case of farm worker infection from an infected cow has been reported in Texas (18). These unprecedented situations highlight the imminent risk of the zoonotic spread of the current HPAI H5N1, thereby posing a threat to animal and public health.

Newcastle disease virus (NDV), a member of the genus Orthoavulavirus and the family Paramyxoviridae, is a non-segmented, negative-sense, single-stranded RNA virus. It is comprised of six structural proteins: nucleoprotein (NP), phosphoprotein (P), matrix protein (M), fusion protein (F), hemagglutinin-neuraminidase (HN), and large protein (L) (19). Since the late 1990s, NDV has been studied as vaccine platform by inserting foreign genes between NDV genes and expressing foreign proteins (20). Different lentogenic and mesogenic NDV strains have been studied as vaccine platform for influenza, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), human immunodeficiency virus (HIV), ebolavirus (EBOV), Japanese encephalitis virus (JEV), and other pathogens (21). The fact that the NDV-vectored vaccine can replicate at high titers in both embryonated eggs and cell lines offers an economic advantage, as it allows the use of existing large-scale embryonated egg-based production systems (22). The NDV-vector vaccine platform has demonstrated a high level of safety in humans to the extent that clinical phase 1 and 2/3 trials for SARS-CoV-2 vaccine candidates, both live and inactivated, are being conducted (23). In addition, the ability of the surface HN glycoprotein to bind to sialic acid receptors, which are widely distributed on the cell surface across different species, highlights the potential of an NDV-based vector as a versatile vaccine platform applicable to other mammalian species, including cattle, sheep, pigs, dogs, cats, minks, and ferrets (24–29).

In the present study, we investigated the potential veterinary applications of the previously developed recombinant NDV-vectored HPAI H5 clade 2.3.4.4 b (rK148/22-H5) (30). As part of the preclinical trials, cellular and humoral immune responses to the live vaccine and the gel-adjuvanted inactivated vaccine were evaluated in BALB/c mice. Protection against lethal H5N1 HPAI was assessed by measuring survival rates, clinical symptoms, lung viral load, and transmission to unvaccinated contact mice.



2 Materials and methods


2.1 Viruses and cells

HPAI clade 2.3.4.4b H5N1 virus (K22-862, A/spot-billed duck/Korea/K22-862-1/2022; GISAID accession no. EPI ISL 15944665) was propagated in 10-d-old specific pathogen-free (SPF) embryonated chicken eggs (ECEs), and the 50% egg infective dose (EID50) of the virus was measured (31). All experiments involving viable HPAI H5N1 viruses were conducted at a Biosafety Level (BSL)-3 facilities (Konkuk University) in accordance with procedures approved by the Konkuk University Institutional Biosafety Committee (approval no. KUIBC-2023-14). Chicken fibroblasts [DF-1 cells, CRL-12203, American Type Culture Collection (ATCC), United States] were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 8% fetal bovine serum (FBS; Biowest, Nuaillé, France) and antibiotics at 37°C in a 5% CO2 incubator.



2.2 Vaccine preparation

NDV-expressing H5 HA vaccine was prepared as described previously (30). Briefly, rK148/22-H5 was developed by inserting the HA gene of HPAIV H5N1 K22-862-1, isolated in November 2022, between the P and M genes of NDV K148/08 (Anas platyrhynchos/Korea/K148/2008; GenBank accession no. KF724899). The rescued rK148/22-H5 was propagated in 10-d-old SPF ECEs eggs at 37°C for 3 d, reaching a final titer of 109.5 EID50/mL. The virus was diluted with phosphate-buffered saline (PBS) for vaccine preparation: the live vaccine was diluted to 108 EID50/mL, and the inactivated vaccine was diluted to 108.5 EID50/mL. For the gel-adjuvanted inactivated vaccine, one portion of the formalin-inactivated allantoic fluid of HPAI rK148/22-H5 was mixed with 10 portions of hydrogels (CTCVAC, Hongcheon, Korea), and then homogenized according to the instructions of manufacturer, resulting in a final vaccine concentration of 108 EID50/mL.



2.3 Immunization and HPAIV infection

All vaccinations were performed at the BSL-2 facility, and infections were performed at the animal BSL-3 facility at Konkuk University. Animal immunization and infection studies were reviewed, approved, and supervised by the Institutional Animal Care and Use Committee of Konkuk University (approval no. KU23178).

Fifty-seven 6-week-old BALB/c mice (Orient Bio, Seong-Nam, South Korea) were divided into three groups (Table 1). Animal care and experimental procedures were conducted in compliance with the approved guidelines of the Institutional Animal Care and Use Committee. Each of the 16 mice in the groups received 0.1 mL of the prepared vaccines intramuscularly, administered twice at a 2-week interval, as follows: 107 EID50 of the gel-adjuvanted inactivated rK148/22-H5 for group 1 (G1) and 107 EID50 of the viable rK148/22-H5 for group 2 (G2). As a control, group 3 (G3) received 0.1 mL of PBS as a mock vaccination.



TABLE 1 Vaccine dose, vaccine type, and number of mice tested in the rK148/22-H5 vaccine experiment.
[image: Table1]

Blood serum samples were collected weekly from seven randomly selected mice in each group, starting for initiation of vaccination and continuing until the HPAIV challenge. Two weeks after the booster vaccination, the vaccinated mice were challenged intranasally with 50 μL of 107.3 EID50/mL of the HPAI H5N1 virus (K22-862). Three BALB/c mice (unvaccinated mice) per group were co-housed for direct contact at 2 d post challenge (dpc). Further, at 3 and 6 dpc, three mice per group were euthanized to extract lungs, spleens and small intestines. On day 12 of direct contact, lung and brain samples were collected to confirm viral transmission. The survival rate and body weight of HPAIV-infected mice and contact mice were observed daily until 14 dpc.



2.4 Serological analysis

The hemagglutinin inhibition (HI) titer against the NDV vector virus (K148/08) and the HPAI H5 clade 2.3.4.4b virus (K22-862) for each sample (n = 84) was determined using a standard protocol (32). Specifically, serum was combined with a receptor-destroying enzyme (Denka Seiken, Japan) at a 1:3 dilution ratio, and the mixture was incubated at 37°C for 18 h, and subsequently inactivated at 56°C for 30 min. The inactivated serum was serially diluted two-fold with PBS in 96-well V-bottom plates. Four hemagglutination units of either K148/08 or HPAIV H5N1 (K22-862) were then added to each well and incubated for 40 min at 20–25°C. The incubated samples were mixed with equal volumes of 1% Turkey red blood cells in PBS. HI titers were reported as reciprocal log2 titers. The cutoff value for a positive HI response was defined as a titer of 22 HIU or higher.



2.5 Splenocyte and interferon-gamma enzyme-linked immunospot assay

The splenocyte isolation and IFN-γ ELISpot assay were performed as described previously (33). In summary, mouse spleens were isolated and transferred to Roswell Park Memorial Institute (RPMI) 1,640 medium (Sigma-Aldrich, Irvine, United Kingdom) supplemented with 10% FBS (R10 RPMI 1640). Single cells were obtained by mincing the spleens through a 70 μm cell strainer (SPL Life Sciences, Korea) placed over a petri dish. The IFN-γ ELISpot assay was conducted using a 3,321-4APW-10 kit (Mabtech, Sweden), the HPAI H5 clade 2.3.4.4b (K22-862) antigen was heated at 80°C for 15 min before use. The quantification of spots was carried out using an AID iSpot system (AID Autoimmun Diagnostika GmbH, Germany).



2.6 Lung and brain viral load against HPAIV

Each lung and brain tissue were homogenized using a mortar and pestle, and the resulting material was preserved in 10% (w/v) PBS. After centrifugation at 3,000 × g for 10 min, the supernatant was collected. DF-1 cell monolayers were then inoculated with 100 μL of the supernatant (diluted 10-fold in DMEM). The inoculated cells were incubated at 37°C with 5% CO2 for 1 h, followed by overlaying with 100 μL of 4% FBS in DMEM. The cytopathic effect (CPE) was observed at 4 d post-inoculation, and the 50% tissue culture infectious dose (TCID50) was calculated.



2.7 Histopathological evaluation

The lungs harvested from euthanized mice were fixed with 10% neutral-buffered formalin, processed, and embedded in paraffin blocks for hematoxylin and eosin (H&E) staining. Histopathological lesions in the lungs were scored as previously described (34). The lungs were assessed for interstitial pneumonia, perivascular edema, and bronchiolitis. The severity of pneumonia and perivascular edema was scored on a scale of 0–5, whereas bronchiolitis was scored on a scale of 0–3. These scores were summed to obtain a total score, which represented the final histopathological assessment of the lung lesions.



2.8 Statistical analysis

The viral titer was determined as TCID50 using the Reed–Muench method (35). Statistical analyses were performed using GraphPad Prism 8.0 (Boston, MA, United States).1 Statistical significance was determined using a one-way analysis of variance (ANOVA) with Tukey’s correction test. A one-tailed t-test was used to compare the three groups. When the sample size was three, Friedman test was used for non-parametric statistical analysis, and Dunn’s test was used for multiple comparisons (IFN-γ ELISpot, lung and brain viral load, histopathological score). Statistical significance was set at p < 0.05.




3 Results


3.1 Immune response to the rK148/22-H5 vaccines

Six-week-old BALB/c mice were intramuscularly vaccinated with either the gel-adjuvanted inactivated rK148/22-H5 (100 μL of 108.0 EID50/mL) or the live rK148/22-H5 (100 μL of 108.0 EID50/mL) (Figure 1A; Table 1). The humoral immune response was assessed using an HI assay. No significant differences were observed in body weight between the groups (Figure 1B). HI titers against both the NDV vector and H5 HA were detectable as early as 1 week after booster vaccination in both the inactivated and live vaccine groups. At the challenge time point, the mean HI titers against both NDV and H5 HA were significantly higher in the gel-adjuvanted inactivated rK148/22-H5 group (24.3 and 23.7 HAU, respectively) compared to the live rK148/22-H5 group (22.7 and 22.6 HAU, respectively) (Figures 1C,D). To assess the cellular immune response, an IFN-γ ELISpot was performed using splenocytes from three mice per each group, 2 weeks after the boost vaccination. The mean IFN-γ spots formed were significantly higher in the live rK148/H5 group (n = 47.7 ± 5.8), as compared to the control group (n = 9.3 ± 1.9) and the inactivated rK148/22-H5 group (n = 1.7 ± 2.4) (Figure 1E). These results indicated that rK148/22-H5 successfully induced a humoral immune response against the target antigen in both live and inactivated forms. However, only the live form induced a cellular immune response.
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FIGURE 1
 Immune response to live rK148/22-H5 and gel-adjuvanted inactivated rK148/22-H5 vaccines in BALB/c mice. (A) rK148/22-H5 intramuscular vaccination and challenge schedule. (B) Change in body weight measured weekly until 4 weeks post-vaccination (wpv). (C,D) HI assay for NDV or HPAI H5N1 in serum samples (n = 84) of vaccinated BALB/c mice. BALB/c mice with NDV and HPAIV HI titer <2 log2 were regarded as seronegative. (E) Splenocyte and IFN-γ ELISpot was performed using euthanized mice (n = 3 animals each) at 2 wpv with the secondary vaccine. HPAI H5N1 (K22-862) was used as the antigen.




3.2 Survival rate, symptoms, lung viral load, and contact transmission

Two weeks after the booster vaccination, BALB/c mice were challenged with HPAI H5N1 (K22-862) (Figure 1A). All vaccinated mice survived for up to 14 dpc, whereas all control mice died 6–8 dpc (Figure 2A). The inactivated rK148/22-H5 group exhibited no significant changes in body weight until 14 dpc. The live rK148/22-H5 group showed significant weight loss compared to the inactivated vaccinated group at 3, 4, and 5 dpc; however, no significant weight difference was observed from day 6 onward. The PBS group exhibited a sharp and significant decrease in body weight at 3 dpc (Figure 2B). Among the contact mice in the PBS control group, two exhibited tremors due to neurological symptoms on day 11 and died on day 12 post-contact (Supplemental Video 1).

[image: Figure 2]

FIGURE 2
 Survival rate and viral load after challenge with HPAIV H5N1 and direct contact. (A,B) Body weight changes and survival rate at 14 dpc with HPAI H5N1 (K22-862). For the challenge, 100 μL each of HPAI H5N1 (107.0 EID50/mL) was inoculated intranasally (n = 13). The “a” indicates the comparison of G1 with G2 and G3, “b” indicates the comparison of G1 and G2 with G3, and “c” indicates that all groups show statistical significance, respectively (p > 0.05) (C) After challenge with HPAI H5N1, mice were euthanized at 3 and 6 dpc (n = 3 animals each) to measure the viral load in the lungs. BALB/c mice with viral load < 102 TCID50/mL were regarded as negative. Groups with at least one shared superscript letter indicate that no significant statistical differences between pairwise comparisons within the same day were observed (p > 0.05). (D,E) Body weight changes and survival rate at 12 d direct-contact with HPAI H5N1 (K22-862) challenged mice (n = 3). (F) After direct-contact with HPAI H5N1 challenged mice, mice were euthanized at 12 d direct-contact (n = 3 animals each) to measure the viral load in the lungs and brains. BALB/c mice with viral load < 102 TCID50/mL were regarded as negative (“+” died at 10 d direct-contact in group 3).


At 3 and 6 dpc, three mice from each group were euthanized to measure the lung viral load of the challenge virus. The inactivated rK148/22-H5 group showed lung viral load of 102.5 TCID50/mL at 3 dpc and 6 dpc. The live rK148/22-H5 group showed lung viral load of 103.7 TCID50/mL at 3 dpc and 103.8 TCID50/mL at 6 dpc. The control group showed lung viral load of 104.9 TCID50/mL at 3 dpc and 105.3 TCID50/mL at 6 dpc, respectively. A significantly lower lung viral load was observed in the inactivated vaccine group compared to the control group. (Figure 2C).

To observe the extent of HPAIV transmission following vaccination, three mice from each group were cohoused via direct contact at 2 dpc (Figure 1A). All mice in contact with vaccinated mice survived with no clinical symptoms or body weight loss until 12 d after contact. In contrast, all contact mice co-housed with the control group died 10–12 d after contact, with a significant sharp decrease in body weight at 9 d after contact (Figures 2D,E). The contact mice that died showed high lung and brain viral load of 105.5 TCID50/mL and 105.1 TCID50/mL, respectively, whereas the contact mice co-housed with vaccinated mice showed no detectable viral titer (Figure 2F).



3.3 Histopathological analysis

The histopathological impact of HPAIV infection at 3 and 6 dpc was assessed in the lungs of BALB/c mice, as these are known to be affected by HPAIV in this model (Figure 3) (36). The lungs of infected mice exhibited typical features of interstitial pneumonia, characterized by the infiltration of inflammatory cells in the alveolar walls. The severity of pneumonia was the least pronounced in the inactivated rK148/22-H5 group at 3 and 6 dpc. Signs of perivascular edema, indicated by enlargement of the perivascular space with inflammatory cells, were not evident in any group. However, bronchiolitis, marked by inflammatory infiltrates within the bronchiolar lumen was prominent in the live rK148/22-H5 and control groups, whereas the mildest lesions were exhibited in the inactivated rK148/22-H5 group.
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FIGURE 3
 Histopathological analysis of lung after challenge with HPAIV H5N1. Representative H&E images of the lungs at 3 (upper panel) and 6 (lower panel) dpc after challenge with HPAI H5N1. The lungs were examined for interstitial pneumonia, perivascular edema, and bronchiolitis. Inflammatory cells infiltrating the interstitial space (black stars) and bronchiolar lumen (black arrows) are indicated. Scale bars, 200 μm.


Histopathological scoring of interstitial pneumonia revealed that the inactivated rK148/22-H5 group had the lowest pneumonia scores at 3 and 6 dpc compared to those of the other two groups (Figure 4A). Notably, at 6 dpc, the severity of pneumonia in the inactivated rK148/22-H5 group was significantly lower than that in the control group. The two vaccinated groups (G1 and G2) showed no signs of perivascular edema, whereas the control group displayed minimal edema (Figure 4B). The control group also exhibited higher levels of bronchiolitis than the other two groups (Figure 4C). This difference was particularly evident when compared to the inactivated rK148/22-H5 group, although the difference was not statistically significant. Overall, the total pathological scores demonstrated that the two vaccinated groups (G1 and G2) experienced lower levels of pathological changes in the lungs than the control group, with a significant difference between the control and inactivated rK148/22-H5 groups (Figure 4D).

[image: Figure 4]

FIGURE 4
 Histopathological scoring of lung after challenge with HPAIV H5N1. (A) Pneumonia score in the lungs after challenge. (B) Edema score after challenge in the lungs. (C) Bronchiolitis score after challenge in the lungs. (D) Total lungs score after challenge with HPAI H5N1 3 and 6 dpc. Graphs of groups with at least one shared superscript letter indicate that no statistically significant differences were observed between pairwise comparisons within the same day (p > 0.05).





4 Discussion

The HPAI H5N1 clade 2.3.4.4b that emerged in wild birds in 2020 has affected a broader range of mammalian species compared to earlier HPAI outbreaks. From 2003 to 2019, 12 species of mammals were infected with HPAIVs; however, from 2020 to 2023, 48 mammalian species were infected, including terrestrial and marine wildlife (7, 37). This expanding host range poses a growing threat to domestic animals. The clade 2.3.4.4b H5N1 initially emerged in milk cows in the United States in March 2024 and was subsequently transmitted to farm workers (18). Previous studies have shown that the HPAI H5N1 clade 2.3.4.4b readily acquires mutations that enable adaptation to mammals (38–40), and such mutations have been demonstrated in infected wildlife mammals (37). Therefore, vaccination should be prepared in advance as a potential option for controlling H5N1 if the virus escalates to a panzootic state (41).

Vaccination with rK148/22-H5 induced antibody responses against HPAI H5N1 in both live and gel-adjuvanted inactivated forms. In a previous study, western blotting confirmed the expression of H5 HA in purified rK148/22-H5 (33). Thus, the HA protein delivered on the surface of the rK148/22-H5 virion likely mediated a humoral response against H5 HA (42). An additional advantage of the inactivated rK148/22-H5 vaccine is its potential as an alternative when live recombinant NDV vaccines are unsuitable for use in mammalian species owing to regulatory restrictions and environmental exposure concerns. In the mice administered the live rK148/22-H5 vaccine, the cellular immune response was confirmed by the production of IFN-γ from spleen cells in the live rK148/22-H5 vaccine group. Because the NDV receptor can bind to surface glycoproteins containing ubiquitous sialic acid residues (43), it was hypothesized that rK148/22-H5 enters cells at the injection site, undergoes limited rounds of replication, and is subsequently cleared by the immune response. This limited replication likely stimulates both cellular and humoral immune responses by targeting the inserted H5 HA. Although antibody titers were lower than those induced by the inactivated vaccine, cellular immunity can offer advantage of broader protection against antigenically distinct H5 viruses (44). Upon lethal HPAI H5N1 infection, both inactivated and live rK148/22-H5 vaccines provided complete protection, with no transmission observed in mice in direct contact. The vaccinated groups showed a significant reduction in lung viral load and attenuation of lung lesions, with the inactivated vaccine having a greater impact than the controls. This suggest that the rK148/22-H5 vaccine has the potential to mitigate typical respiratory symptoms, such as pneumonia, edema, and bronchiolitis, which commonly impair lung function and lead to clinical symptoms such as dyspnea and cough.

Previous studies on rK148/22-H5 as a poultry vaccine have demonstrated its efficacy in providing protection against NDV as well as against HPAI in poultry (30). In this study, we extended the applicability of rK148/22-H5 to mammalian species and investigated its potential utility as a single strain for both avian and mammalian species. The NDV-vectored HPAI H5 vaccine can be grown to high titers in embryonated eggs, similar to influenza, which allows the use of existing influenza vaccine production facilities for its manufacturing (22). The production of high-titer viruses can significantly contribute to vaccine costs reduction. The K148/08 strain, used as the backbone of the NDV vector in this study, exhibits high thermal stability (45), which facilitates transport to target destinations after production, making it suitable for widespread global use. The rK148/22-H5 can be used in both live and inactivated oil-emulsified forms, making it adaptable to various vaccine demands. Therefore, a single strain can be used to produce both live and inactivated vaccines. It can also be used in prime-live and boost-inactivated strategies to maximize humoral and cellular immune responses (46). The influenza virus is one of the most rapidly evolving viruses, and the transmission of newly evolved strains occurs rapidly (47). Although extensive research has been conducted to develop a universal vaccine as an optimal approach to address rapidly mutating RNA viruses, the influenza virus exhibits significant subtype diversity; thus, no universal vaccine has yet been commercialized (48). As an alternative approach to combat influenza, a vaccine platform that can keep pace with its rapid evolution is necessary. When developed as a platform, the NDV vector vaccine allows the insertion of foreign genes, enabling vaccine production within a few months (49).

Several factors must be considered to apply rK148/22-H5 in mammalian models. Because of the broad range of mammalian species, it is crucial to prioritize specific target groups. First, animals housed in zoological settings can be considered. A zoo is a facility in which various wildlife species are housed, ranging from birds, which are the primary targets of HPAI, to diverse mammalian species. In 2016, HPAI outbreaks in zoo-housed birds in Japan resulted in high mortality. Phylogenetic analysis indicates direct viral transmission among birds within each zoo (50). Cases of felid species such as tigers succumbing to reassorted HPAI infections within zoos have also been reported (51, 52). Since 2020, HPAI H5N1 clade 2.3.4.4b has demonstrated significantly increased infectivity and mortality rates in marine mammals compared to previous HPAIV strains (53). When an outbreak of HPAI occurs in a zoo, there is a high potential for transmission to other animals within the zoo and an increased risk of spreading to visitors. Second, the control measures should be considered for livestock populations. Cattle and pigs are representative of the livestock industry. In April 2024, the first case of HPAI was reported in cattle in the United States with documented cases of HPAI transmission to cats and humans (54). Although no cases of mass infection with HPAIV in pigs have been reported to date, pigs possess both avian and mammalian sialic acid receptors. This suggests the potential for the emergence of HPAIV adapted to mammalian sialic acid receptors in the event of mixed infections (55). Third, the use of vaccines in companion animals should be considered. The primary companion animals of mammals are dogs and cats. The case of mass infection in cats in Poland in July 2023 suggests that the HPAI H5N1 clade 2.3.4.4b, which emerged in 2020, has evolved to be more adapted to cats (56). In April 2023, cases of asymptomatic HPAI were reported in cats and dogs maintained on poultry farms in Italy (8). Asymptomatic infections in companion animals pose a risk as they may facilitate transmission among animals and potentially spread the virus to their owners, warranting caution. In the present study, mice weighing approximately 15–20 g were used to evaluate vaccine efficacy. However, the mammals mentioned above range in weight from at least 1 kg to as much as 400 kg, creating a significant discrepancy compared with the dosage used in mice. Previous studies evaluating the efficacy of NDV vector vaccines in mammals have shown that they can be applied in a range of species, including dogs, cats, pigs, and horses. A dose of 107.3 EID50 has been shown to provide sufficient vaccine efficacy (28). In large animals such as pigs and horses, a dose of 109.0 EID50 was required to achieve sufficient vaccine efficacy (27, 57). The rK148/22-H5 can proliferate up to 109.5 EID50/mL in embryonated eggs, making it suitable as a vaccine for large animals without the need for further concentration. Wildlife vaccination is necessary to reduce the risk of extinction and zoonotic transmission; however, vaccines that provide complete immunity are rare, and imperfect vaccination may pose epidemiological, ecological, and evolutionary challenges. Disease prevention vaccines may weaken herd immunity and increase virulence. Therefore, approaches such as trait-based vaccination, modeling tools, and ecosystem-level vaccine safety assessments should be considered to address these issues and carefully evaluate vaccine use (58, 59).

In this study, intramuscular administration of live or gel-adjuvanted inactivated rK148/22-H5 resulted in a 100% survival rate and significantly reduced lung viral load after HPAIV infection. Moreover, vaccination effectively prevented transmission to mice in direct contact within the same cage. rK148/22-H5 is a promising vaccine candidate that provides protection against the HPAIV H5N1 clade 2.3.4.4b in mammals.
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