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Abstract

The global spread of the highly pathogenic avian influenza (HPAI) A(H5N1) virus poses a 

serious pandemic threat, necessitating the swift development of effective vaccines. The success 

of messenger RNA (mRNA) vaccine technology in the COVID-19 pandemic, marked by its 

rapid development and scalability, demonstrates its potential for addressing other infectious 

threats, such as HPAI A(H5N1). We therefore evaluated mRNA vaccine candidates targeting 

panzootic influenza A(H5) clade 2.3.4.4b viruses, which have been shown to infect a range 

of mammalian species, including most recently being detected in dairy cattle. Ferrets were 

immunized with mRNA vaccines encoding either hemagglutinin alone or hemagglutinin and 
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neuraminidase, derived from a 2.3.4.4b prototype vaccine virus recommended by the World 

Health Organization. Kinetics of the immune responses, as well as protection against a lethal 

challenge dose of A(H5N1) virus, were assessed. Two doses of mRNA vaccination elicited robust 

neutralizing antibody titers against a 2022 avian isolate and a 2024 human isolate. Further, 

mRNA vaccination conferred protection from lethal challenge, whereas all unvaccinated ferrets 

succumbed to infection. It also reduced viral titers in the upper and lower respiratory tracts 

of infected ferrets. These results underscore the effectiveness of mRNA vaccines against HPAI 

A(H5N1), showcasing their potential as a vaccine platform for future influenza pandemics.

INTRODUCTION

Highly pathogenic avian influenza (HPAI) A(H5N1) virus poses a crucial threat to both wild 

and domestic bird populations, with considerable potential for cross-species transmission 

to mammals, including humans. The first human case of HPAI A(H5N1) infection was 

identified in Hong Kong in 1997 (1). Since its resurgence in 2003, the World Health 

Organization (WHO) has reported 889 confirmed human cases of HPAI A(H5N1) infection 

from 23 countries, resulting in 463 fatalities (2). A clade of HPAI A(H5), identified as 

2.3.4.4b, emerged around 2013, leading eventually to a widespread outbreak in 2021 that 

resulted in an unprecedented number of deaths among wild birds and poultry (3, 4). By the 

end of 2021, the 2.3.4.4b A(H5N1) virus had become the predominant clade circulating in 

Asia, Africa, Europe, the Middle East, and North America (5–8). Since 8 February 2022, 

the United States alone has reported the detection of HPAI A(H5) in 1171 commercial 

and backyard poultry flocks across 48 states, culminating in the loss of more than 100 

million birds (9). Furthermore, the 2.3.4.4b clade of the HPAI A(H5N1) virus has shown an 

increased propensity for spillover to a diverse range of mammalian species, including wild 

terrestrial mammals (10), marine mammals (11, 12), minks (13), cats (14, 15), and, most 

recently, dairy cattle (16–18). This elevates concerns about the virus’s potential for further 

adaptation in mammals (19). Although the current risk of HPAI A(H5N1) to the general 

public is considered low, the enhanced infectivity and unprecedented scope of transmission 

to mammals heighten the risk of the virus gaining the capability to infect humans more 

efficiently, potentially leading to human-to-human transmission.

Vaccination is the most crucial and effective intervention to prevent and control influenza 

virus infections and illness. Now, the US Food and Drug Administration (FDA) has 

approved three A(H5N1) vaccines developed by Sanofi-Pasteur, CSL Seqirus, and 

GlaxoSmithKline (ID Biomedical Corporation of Quebec), which target earlier strains of 

the A(H5N1) virus (20–22). These vaccines, derived from strains identified 2 decades 

ago within the A(H5) clades 1, 2.1.3.2, and 2.2.1, are administered in either high-dose 

formulations or with adjuvants to enhance the immune response because of the general 

population’s lack of immunity to A(H5N1) and the inherently low immunogenicity of the 

A(H5) hemagglutinin (HA) (23–25). However, the rapid evolution of the A(H5) virus, 

particularly the emergence of the 2.3.4.4b clade, has diminished the expected effectiveness 

of stockpiled vaccines. In response, the US Centers for Disease Control and Prevention 

(CDC) and WHO Collaborating Centers have developed several candidate vaccine viruses 

(CVVs) targeting this clade (26). Vaccine manufacturers have adopted these CVVs to 
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produce Good Manufacturing Practice–compliant vaccines, with clinical trials underway. 

Despite the anticipation that these vaccines will offer enhanced protection against the 

2.3.4.4b A(H5) virus compared with their predecessors, the rapid and large-scale production 

of these vaccines during an HPAI pandemic may face major hurdles such as limitations in 

propagating and inactivating infectious virus and subsequent purifying of antigens, potential 

shortages in egg supply due to HPAI outbreaks in poultry, and the risk of continued 

antigenic drift, which can lead to reduced vaccine efficacy. Consequently, there is an urgent 

need for the development of alternative vaccine strategies against the 2.3.4.4b A(H5) clade 

that bypass the challenges of large-scale virus cultivation and allow for rapid updating of 

vaccine strains to keep pace with the virus’s evolution.

The mRNA vaccine platform, lauded for its pivotal role during the COVID-19 pandemic, 

offers a promising alternative to traditional vaccine methods because of its swift 

development cycle, robust production capabilities, and favorable safety and efficacy records 

(27, 28). After its success, numerous mRNA vaccines for a variety of diseases entered 

clinical trials, including phase III trials by both Moderna and Pfizer for seasonal influenza 

(29–35). However, given the greater severity of HPAI A(H5N1) virus infections in 

humans compared with seasonal influenza, specific vaccine effectiveness data for A(H5N1) 

vaccines are essential. Considering the rare incidence of A(H5N1) in humans and the 

high risk associated with human challenge studies, preclinical evaluations of mRNA 

vaccine protection against A(H5N1) virus are needed to serve as an indicator of potential 

effectiveness in humans and inform the design of clinical trials. In this study, we used 

the Moderna mRNA vaccine platform to formulate various HPAI A(H5) mRNA vaccines 

and tested their immunogenicity and protectiveness in a ferret infection model, providing 

insights into their development and application to address the ongoing challenges of the 

A(H5) 2.3.4.4b clade.

RESULTS

H5 mRNA vaccine formulations induced antibody responses in ferrets

To determine the optimal A(H5N1) mRNA formulation for a vaccine protection study 

in ferrets, we performed a pilot experiment (experiment 1) with multiple mRNA–lipid 

nanoparticle (LNP) formulations containing different HA designs and doses, with or without 

the neuraminidase (NA) component. By doing this multilayer comparison, we sought to 

determine (i) the number of doses (injections) needed for elicitation of immunity, (ii) the 

effect of removing the polybasic cleavage site from the wild-type HA protein, (iii) the 

benefit of adding the NA component, and (iv) whether the use of a higher dose could 

enhance the titer and durability of protective antibodies. We vaccinated ferrets (n = 3) 

with (i) phosphate-buffered saline (PBS) as a control group (Mock, group 1); (ii) 50 μg of 

mRNA-LNP encoding wild-type HA protein of the HPAI A(H5N1) A/American wigeon/

South Carolina/22–000345-001/2021 virus (AW/SC/21, WHO-recommended prototype 

virus for clade 2.3.4.4b CVV) (H5-WT, group 2); (iii) 50 μg of mRNA-LNP encoding 

a mutant A(H5) HA protein of AW/SC/21 with the polybasic cleavage site deleted by 

mutating the REKRRKR residues to RETR (H5-del, group 3); (iv) 50 μg of H5-del mRNA-

LNP together with 50 μg of mRNA-LNP encoding AW/SC/21 NA protein (N1) (50 μg 
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H5-del + N1, group 4); (v) 100 μg of H5-del mRNA-LNP together with 100 μg of N1 

mRNA-LNP (100 μg H5-del + N1, group 5); or (vi) 50 μg of recombinant H5-del protein 

formulated with AddaVax adjuvant (H5-del protein, group 6) (Fig. 1A). Animals were 

boosted twice at 5 and 28 weeks after prime vaccination, with the same vaccines respective 

to each group.

We collected serum samples from the ferrets 1 week before vaccination; every week for the 

first 12 weeks; and at 16, 20, 24, 27, 29, 30, 31, 32, and 33 weeks after prime vaccination 

and determined hemagglutination inhibition (HI) titers (Fig. 1B). Higher HI titers were 

detected against the AW/SC/21 vaccine virus when horse red blood cells (HRBCs) were 

used instead of turkey red blood cells (TRBCs; fig. S1), suggesting that the HI assay with 

HRBCs is more sensitive in assessing HI titers against 2.3.4.4b A(H5N1). Therefore, we 

primarily used HRBCs to monitor the kinetics of HI titers in the ferrets over the 33-week 

period (Fig. 1B).

Overall, all vaccinated ferrets produced HI antibodies. The antibodies reached an average 

titer of 62 (geometric mean of all ferrets in vaccinated groups) within 3 weeks after the 

prime vaccination and markedly increased to 1265 1 week after the second vaccination 

(booster 1), representing a 20-fold increase. HI titers then gradually declined, maintaining 

an average titer of 62 at week 27 (22 weeks after booster 1), with all vaccinated groups 

exhibiting titers above 40 except for group 3 (H5-del), which approached the lower limit of 

detection (HI titer of 10). One week after the third vaccination (booster 2), the average HI 

titer rose to 2776, a 44-fold increase from the week 27 titer, although only 2.2 times higher 

than the peak after booster 1. These results suggest that a two-dose regimen of mRNA-LNP 

vaccines is both necessary and sufficient to induce robust HI titers. Although the titers 

dropped in the initial weeks, they remained relatively stable for up to 5 months after the 

second dose, at which point the third dose was administered.

We hypothesized that, by removing the polybasic cleavage site from the H5 HA protein, 

the H5 HA antigen could be more efficiently or stably expressed on the surface of host 

cells, inducing a more robust antibody response. However, the H5-del mRNA-LNP induced 

overall HI titers that were fivefold lower [based on the area under the curve (AUC) analysis] 

than those of the H5-WT mRNA-LNP (group 2 versus group 3 in Fig. 1B, P < 0.05). We 

also evaluated the benefit of including NA, finding that coadministering the H5-del mRNA-

LNP and NA mRNA-LNP resulted in HI titers comparable to the H5-WT mRNA-LNP 

group (group 2 versus group 4, P > 0.05). Moreover, increasing the vaccine dose from 50 

to 100 μg also did not improve HI titers (group 4 versus group 5, P > 0.05). These results 

suggest that 50 μg of H5-WT mRNA-LNP is sufficient to induce high HI titers in ferrets.

Three-dose vaccination mitigated disease in ferrets after lethal A(H5N1) challenge

We next used the same ferrets in a pilot challenge study. Despite the small number of 

animals in each group, this study provided valuable insight and served as a foundation for 

a more targeted subsequent challenge study. The ferrets were intranasally inoculated with 

104 50% egg infectious dose (EID50) of an HPAI A(H5N1) strain, A/bald eagle/Florida/22–

006544-004/2022 (BE/FL/22), 7 weeks after the third vaccination (Fig. 1). The BE/FL/22 

virus was chosen because it is also a 2.3.4.4b clade virus that is antigenically similar 
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to vaccine strain AW/SC/21, and it is lethal to ferrets, as described by Kandeil et al. 
(36). Clinical signs, body weight, and body temperature were monitored daily for 14 days 

after challenge. One ferret in the unvaccinated group (group 1) succumbed to infection 

on day 7 after challenge, and two remaining animals continued to lose body weight and 

were humanely euthanized when they reached euthanasia criteria (20% loss of initial body 

weight) on days 7 and 9 after challenge (Fig. 1C). One ferret in the H5-WT mRNA-LNP 

group (group 2) showed ruffled coat, abnormal breathing, dehydration, and anemia and was 

euthanized on day 9 after challenge. All ferrets in other groups showed no disease symptoms 

and survived the lethal challenge. No significant body temperature change among the groups 

was observed (fig. S2) (P > 0.05). Virus titers in nasal wash samples of vaccinated ferrets 

were significantly lower than those of unvaccinated ferrets on day 1 (P < 0.05), and virus 

was undetectable in vaccinated ferrets at day 9 after challenge (Fig. 1D), indicating more 

rapid clearance of virus in nasal cavities in vaccinated ferrets. There were no statistical 

differences in virus titers between vaccinated and unvaccinated groups on days 3 and 5 after 

challenge. On day 7 after challenge, the virus titers of vaccinated ferrets in group 2 (H5-WT) 

and group 5 (100 μg H5-del + N1) were significantly lower than those of the unvaccinated 

ferrets (P < 0.05). Overall, these results demonstrated that mRNA vaccines elicited high HI 

titers after two doses of vaccination, and a three-dose vaccination regimen protected ferrets 

from a lethal challenge.

Selected vaccine formulations for in-depth characterization

On the basis of the results obtained in the first experiment described above, we conducted 

a second experiment with more ferrets (n = 10) in each group. Control animals received no 

vaccination (group 1), and the other groups were vaccinated as follows: Group 2 received 50 

μg of H5-WT mRNA-LNP, group 3 received 50 μg of H5-WT mRNA-LNP and 50 μg of N1 

mRNA-LNP (H5-WT + N1), and group 4 received 50 μg of adjuvanted recombinant H5-del 

protein (Fig. 2A). At week 5 after prime vaccination, ferrets were boosted with the same 

vaccines. We chose these two mRNA-LNP formulations because (i) the H5-WT mRNA-

LNP was noninferior to the other groups tested, and (ii) the N1 mRNA-LNP increased HI 

titers when coadministered with H5-del mRNA-LNP. Given that the N1 mRNA-LNP likely 

elicits NA antibodies, providing additional protection independent of HA antibodies, we 

coadministered it with the H5-WT mRNA-LNP to evaluate its potential to enhance HI titers 

and overall protection.

Serum samples were collected from the vaccinated ferrets before and at 3, 5, 6, 7, and 9 

weeks after prime vaccination. We measured the titers of all the serum samples with three 

assays: the HI assay with TRBCs (Fig. 2B, left), the HI assay with HRBCs (Fig. 2B, right), 

and the focus reduction assay (FRA) for neutralizing antibody titers (Fig. 2C). The TRBC 

HI assay was insufficiently sensitive to quantify antibodies after the prime vaccination, 

whereas the HRBC HI assay readily detected antibodies elicited by the two mRNA vaccines, 

and the FRA assay detected antibodies elicited by all three vaccines. Overall, from week 0 to 

week 9 (based on AUC analysis), antibody responses were similar between the two mRNA 

vaccines across all three assays. The protein vaccine elicited significantly lower HI antibody 

titers (P < 0.05) but comparable neutralizing antibody titers (P < 0.05) relative to the mRNA 

vaccines.
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To determine whether the N1 mRNA-LNP component elicited NA-specific antibodies, we 

performed an NA inhibition (NAI) assay using serum samples collected at weeks 6 and 7 

(1 and 2 weeks after booster). Compared with the H5-WT mRNA-LNP group, which did 

not elicit detectable NAI antibodies, the inclusion of the NA mRNA-LNP component in the 

vaccine induced high NAI antibody titers in all ferrets, reaching an average titer of 4159 at 

week 6. This titer then declined to 1631 at week 7, decreasing at a rate comparable to the 

HA-specific antibody titers (Fig. 2D). Overall, two doses of 50 μg of H5-WT mRNA-LNP 

alone elicited high HI and neutralizing titers. The addition of the N1 mRNA-LNP in the 

vaccine resulted in high NAI titers but did not enhance HI or neutralizing antibody titers.

A two-dose vaccination regimen protected ferrets from A(H5N1) lethal challenge

Four weeks after booster, the vaccinated ferrets and unvaccinated control ferrets were 

challenged intranasally with 104 EID50 of HPAI BE/FL/22 virus. One ferret in the H5-WT 

mRNA-LNP group (group 2) was eliminated because of a study-unrelated reason before 

challenge. Therefore, 9 ferrets of this group and 10 ferrets in each of the other three groups 

were used in the challenge study. Clinical signs, body weight, and body temperature were 

monitored daily for up to 14 days. One ferret in the unvaccinated group (group 1) and one 

in the H5-WT + N1 mRNA-LNP group (group 3) demonstrated neurological symptoms on 

days 5 and 7 after challenge, respectively, and were euthanized (fig. S3). The remaining 

ferrets in the vaccinated groups did not show significant weight loss (P > 0.05, Fig. 2E), 

whereas the remaining ferrets in the unvaccinated group continued to lose body weight, and 

all reached the humane endpoint on day 7 after challenge (Fig. 2E). No significant body 

temperature change among the groups was observed (P > 0.05, fig. S4).

For the two ferrets euthanized because of neurological symptoms on day 5 (group 1, 

unvaccinated ferret) and day 7 (group 3, H5-WT + N1 mRNA-LNP–vaccinated ferret), 

we collected various tissues and performed influenza gene-specific digital polymerase chain 

reaction (dPCR) for viral genome detection and quantification. Viral RNA was detected in 

all collected tissues of the unvaccinated ferret, whereas viral RNA was detected mainly in 

the nasal turbinates and brain of the vaccinated ferret (fig. S5). Because of the proximity 

of the nasal turbinates to the olfactory bulbs, the high viral titer in nasal turbinates may 

have spread to the brain through the olfactory bulbs. Virus replication in the brain was likely 

responsible for the neurological symptoms of both ferrets. The ferret that succumbed in 

group 3 (H5-WT + N1) had normal antibody titers (TRBC HI titer of 40, HRBC titer of 320, 

and FRA titer of 2051) in the serum sample collected on the day of challenge, indicating that 

HPAI can occasionally overcome the protection provided by humoral immunity.

Vaccination diminished HPAI BE/FL/22 viral titers across organs

Nasal wash samples were collected from all the remaining ferrets on days 1, 3, 5, 7, 9, and 

12 after challenge, and infectious viral titers were determined. Because all ferrets in the 

unvaccinated group needed to be euthanized for humane reasons by day 7 after challenge, no 

samples were collected from that group beyond day 7. The virus titers in nasal wash samples 

of vaccinated ferrets were significantly lower than those of unvaccinated ferrets from days 1 

to 7 (P < 0.05), except for day three samples from the protein vaccine group (Fig. 2F). All of 

the vaccinated ferrets were cleared of virus by day 9 after challenge (Fig. 2F).
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We collected tissue samples from three ferrets in each group on days 3 and 6 after challenge 

and determined viral RNA copies by dPCR (Fig. 3) and infectious virus titers by 50% tissue 

culture infection dose (TCID50) assay (fig. S6 and table S1). In nasal turbinates, the copy 

numbers of viral RNA in the vaccinated ferrets were similar to those in unvaccinated ferrets 

on days 3 and 6. However, the infectious virus titers in vaccinated ferrets were significantly 

lower (P < 0.05) than those in unvaccinated ferrets on day 6. In the trachea, the numbers 

of viral RNA copies and viral titers were significantly lower (P < 0.05) in vaccinated 

ferrets than in unvaccinated ferrets on days 3 and 6 (Fig. 3 and fig. S6). In the bronchus 

and adjacent lung tissues, the numbers of viral RNA copies were significantly lower (P 
< 0.05) in vaccinated ferrets than those in unvaccinated ferrets both on days 3 and 6. In 

cranial and caudal lobes of the lungs, the numbers of viral RNA copies were similar among 

unvaccinated and vaccinated groups on day 3 after challenge, whereas those in caudal lobes 

of vaccinated ferrets were significantly lower (P < 0.05) than those in unvaccinated ferrets 

on day 6 after challenge. In accessory and middle lobes, the copy numbers were significantly 

lower (P < 0.05) in vaccinated animals on days 3 and 6 (Fig. 3). The virus titers in all 

lung lobes were mostly similar among all groups on day 3, whereas vaccinated ferrets 

showed significantly lower (P < 0.05) titers than unvaccinated ferrets on day 6 (fig. S6). 

These results demonstrate that mRNA and protein vaccines efficiently reduced viral load 

throughout the respiratory tract.

Histopathologic evaluation of the trachea and available lung tissues from vaccinated and 

unvaccinated animals was also performed. Tracheas showed no appreciable pathology and 

no differences among groups; only minimal subepithelial lymphocytic infiltrates were seen 

in one or two animals per group. On day 3 after challenge, one unvaccinated animal had 

severe bronchointerstitial pneumonia with necrotizing and suppurative bronchiolitis and 

perivascular edema (fig. S7). Similar findings were present in the lung from the unvaccinated 

animal that was euthanized on day 5 after challenge because of neurologic signs. Lungs 

from ferrets vaccinated with H5-WT mRNA-LNP (group 2) or H5-del protein (group 4) had 

no pathology, mild interstitial infiltrates, or perivascular inflammation, whereas lungs from 

all H5-WT + N1 mRNA-LNP–vaccinated ferrets (group 3) had focal bronchointerstitial 

changes and perivascular inflammation. On day 6, lungs from all three unvaccinated 

animals showed some degree of interstitial inflammation, bronchiolitis, and perivascular 

inflammation and edema. One of the two H5-WT mRNA-LNP–vaccinated animals (group 

2) with lung tissue available and one of the three recombinant protein–vaccinated animals 

(group 4) animals had focal bronchointerstitial inflammation, whereas lungs from the H5-

WT + N1 mRNA-LNP vaccine group (group 3) had only minimal, focal inflammatory 

infiltrates (fig. S7).

Viral RNA measurements in the brains were highest on day 6 in the unvaccinated ferrets 

(Fig. 3), with viral RNA detected in all four parts of the brains measured. The mRNA 

vaccines largely prevented virus replication in the brain so that viral RNA copy numbers 

in most of the vaccinated ferrets were reduced to the order of 10 copies/mg in all four 

parts of the brain (Fig. 3). The lower copy numbers of viral RNA in brains of vaccinated 

ferrets were corroborated by similar reductions in virus titer of the samples of the same brain 

regions (table S1). Among unvaccinated ferrets, infectious virus titers were detected at day 

6 after infection in the olfactory bulbs of all three animals, the brainstem and hippocampus 
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of one animal, and the parietal and frontal lobes of one animal (table S1). In contrast, 

among vaccinated ferrets, infectious virus was detected only in the olfactory bulbs of one 

ferret in the H5-WT + N1 mRNA-LNP group and of one ferret of the H5-del protein group 

(table S1). A substantial amount of viral RNA was detected in the intestines of unvaccinated 

ferrets on both days 3 and 6 after challenge, whereas viral RNA detection was negligible 

in the vaccinated ferrets (Fig. 3). Infectious virus was also detected in the intestines of the 

unvaccinated ferrets on both days 3 (two of the three ferrets) and 6 (three of the three ferrets) 

after challenge but was undetectable in the vaccinated ferrets (table S1). Together, these 

results demonstrate that the mRNA vaccines not only effectively protected vaccinated ferrets 

from a lethal challenge with an HPAI A(H5N1) virus but also reduced virus replication in 

respiratory tissues and prevented viral spread to other organs.

Serum samples from vaccinated ferrets neutralized a human isolate closely related to 2024 
dairy cattle outbreaks

After our challenge study, a human case of A(H5N1) virus closely related to the recent 

dairy cattle outbreak in Texas, USA, was identified. The virus, A/Texas/37/2024 (TX/37), 

was isolated for further analysis. Serum samples collected from ferrets 2 weeks after booster 

vaccination (corresponding to the week 7 sera in Fig. 2B) were tested for their ability 

to neutralize AW/SC/21 CVV, the challenge virus BE/FL/22, and the 2024 human isolate 

(TX/37) (Fig. 4). The results demonstrated that the serum samples from mRNA vaccinated 

ferrets neutralized both the BE/FL/22 and TX/37 viruses, with neutralization efficiency 

comparable to that against the vaccine virus. This suggests that the mRNA vaccine used 

in this study remains effective in protecting ferrets from lethal challenges posed by human 

isolates related to dairy cattle outbreaks.

DISCUSSION

The influenza virus, a critical human and animal pathogen, has been the focus of various 

mRNA vaccine studies. More than a decade ago, a key study demonstrated that mRNA 

vaccines could protect animals against A(H1N1), A(H3N2), and A(H5N1) subtypes. 

However, these vaccines used unmodified nucleotides (37). Subsequent studies have 

predominantly focused on seasonal influenza viruses or aimed to develop broadly protective 

vaccines that target the HA stalk region or other conserved viral proteins or that encompass 

a diverse array of HA mRNAs (31, 38–48). More recently, a self-amplifying RNA vaccine 

targeting a 2005 isolate of the A(H5N1) virus demonstrated substantial protection in mice 

(49). Additionally, Furey et al. (50) recently reported on an mRNA vaccine developed on 

the basis of the A(H5N8) strain A/Astrakhan/3212/2020, another clade 2.3.4.4b virus. These 

studies highlight the promise of mRNA vaccine technology for combating HPAI viruses but 

underscore the need for further exploration of vaccines specifically targeting contemporary 

A(H5N1) clades, such as 2.3.4.4b.

In response to the rapid spread of the clade 2.3.4.4b influenza A(H5) virus, the CDC’s 

Influenza Division began collaborating with mRNA vaccine manufacturers to explore 

whether mRNA vaccine technologies based on COVID-19 vaccines could protect against 

lethal infection of the HPAI A(H5N1) virus. An advantage of this approach is the use of 
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a LNP formulation that has already been administered in millions of doses of Moderna’s 

COVID-19 vaccine and has demonstrated safety and efficacy in phase 1, 2, and 3 clinical 

trials for seasonal influenza vaccines. However, given the markedly greater lethality of 

HPAI compared with contemporary human epidemic influenza viruses, it remained to 

be confirmed whether mRNA vaccines could offer adequate protection against the lethal 

challenge posed by clade 2.3.4.4b A(H5N1) virus.

Like the ferrets used in this study, humans are immunologically naïve to A(H5) influenza 

virus. Additionally, low immunogenicity has been observed for some earlier A(H5) vaccines 

in both humans (24, 51–53) and animal models (54, 55). Therefore, we speculated that 

multiple vaccinations might be necessary to elicit high antibody titers capable of inhibiting 

the 2.3.4.4b virus. We initially evaluated three doses of mRNA vaccines and found that a 

second dose increased HI titers, whereas the enhancement provided by a third dose was less 

pronounced. Despite a decline in HI titers after the booster dose, which is expected with 

most influenza vaccines regardless of the platform, the titers stabilized for several months 

during the study, mirroring observations from COVID-19 mRNA vaccines in humans.

We also evaluated various mRNA-LNP compositions and found that the HA-del mRNA-

LNP elicited lower HI titers compared with the HA-WT mRNA-LNP; however, this 

reduction was compensated by the inclusion of the NA component in the formulation. Our 

first experiment included only three ferrets per group, and further research is necessary to 

confirm these differences as well as to explore the underlying mechanisms. Nonetheless, 

given the urgency of the current 2.3.4.4b A(H5N1) situation, we concluded that HA-WT is 

at least noninferior to HA-del and proceeded with a larger-scale immunization and challenge 

study using HA-WT. In the second experiment, we included a vaccine group combining 

both HA-WT and NA to evaluate the potential added benefits of the NA antigen. However, 

under our experimental conditions, HA-WT alone provided equal protection against lethal 

challenges compared to the combination group. On the basis of these findings, we propose 

that, in the early phase of an A(H5N1) pandemic, when vaccine production capacity is 

limited, prioritizing the inclusion of only well-matched HA mRNA will optimize production 

and maximize vaccine availability. The addition of the NA could be considered in later 

stages, particularly if benefits become evident in mitigating antigenic drift in HA or reducing 

virus transmission.

Our study has several limitations. First, we did not investigate the molecular mechanisms 

underlying the reduced HI titers elicited by the H5-del mRNA-LNP compared with the 

H5-WT mRNA-LNP nor the compensatory effect observed with the inclusion of the N1 

mRNA-LNP in the formulation. Second, we did not assess cellular immunity, which may 

play a crucial role in mitigating disease severity. Third, additional animal studies are needed 

to evaluate vaccine effectiveness against heterologous challenges or antigenically drifted 

strains, with respect to both pathogenicity and transmission. Last, although the mRNA 

vaccines tested in this study provided substantial protection against disease in ferrets, they 

did not prevent infection. Further improvements in antigen design, LNP formulation, and 

administration methods, among other factors, should be pursued to enhance the performance 

of mRNA vaccines.
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In conclusion, our study highlights the utility of an HPAI A(H5) mRNA vaccine in reducing 

the impact of the newly emerged 2.3.4.4b HPAI A(H5N1) influenza virus, including 

the B3.13 genotype responsible for current outbreaks in dairy cattle (56). Clinical trials 

evaluating Moderna’s mRNA-based A(H5N1) candidate vaccines are ongoing and are 

expected to provide additional information about these vaccines, including the optimal 

dosage for humans. It is critical to pursue these clinical trials, along with additional 

preclinical studies, to improve vaccine preparedness and mitigate the potential pandemic 

risks posed by emerging HPAI A(H5) viruses and other zoonotic influenza viruses.

MATERIALS AND METHODS

Study design

This preclinical study was designed to evaluate the performance of mRNA vaccines against 

the highly pathogenic avian (HPAI) A(H5N1) virus of the 2.3.4.4b clade. Ferrets, recognized 

as a relevant small animal model for studying influenza pathogenicity, transmission, and 

vaccine efficacy, were used in this study. The study was conducted in two phases. The 

objective of the first experiment was to test multiple mRNA formulations and doses, 

monitoring the kinetics of the elicited antibodies after the initial vaccination (week 0) and 

subsequent boosters (weeks 5 and 28) over an 8-month period. This phase aimed to identify 

the formulation(s) that generated the highest HI antibody titers over time. A challenge 

component was introduced 7 weeks after the second booster (week 35) to maximize the use 

of the animals and gain additional insights to inform the design of the second experiment. 

However, the primary focus of the first experiment was on immunogenicity. In the second 

experiment, only two mRNA formulations were selected for testing, with an increased 

sample size of 10 ferrets per group (compared with 3 in the first experiment) to assess 

postvaccination antibody responses more accurately and enable the collection of tissue 

samples at multiple time points. This phase focused on evaluating the protective effects of 

the vaccines against a lethal challenge. In both experiments, a recombinant A(H5) protein 

group was included as a comparator. However, the study was not designed to determine the 

superiority between the mRNA vaccine and the protein vaccine.

Group sizes were determined with the smallest effect size to obtain sufficient statistical 

power. The animals were assigned randomly to the experimental groups. Blinding was not 

applied to the animal experiments. In the second experiment, one ferret in the H5-WT 

mRNA-LNP group (group 2) was eliminated because of a study-unrelated reason before 

challenge. Therefore, the data of this ferret are not available after challenge. All procedures 

using cell cultures and for serological assays followed CDC’s standard operating procedures 

with an appropriate number of repeats and proper controls to obtain enough statistical power.

Biosafety and animal welfare

All research involving HPAI was conducted within Biosafety Level 3–enhanced (BSL-3E) 

or Animal Biosafety Level 3 (ABSL-3) facilities at the CDC. All personnel engaged in 

virus-related activities underwent comprehensive training in relevant safety protocols and 

specific procedural techniques. Their competence to perform tasks within BSL-3E/ABSL-3 

laboratories was rigorously assessed. The use of animals in this study received approval 
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from the CDC’s Institutional Animal Care and Use Committee (IACUC). We adhered 

strictly to the principle of using the minimum number of animals required to achieve 

scientific validity. We implemented procedures designed to minimize animal discomfort and 

pain.

Viruses

HPAI virus A/bald eagle/Florida/22–006544-004/2022 [A(H5N1) clade 2.3.4.4b, BE/FL/22] 

was propagated in embryonated chicken eggs and titrated by both EID50 assay and TCID50 

assay with standard procedures (57, 58). A/Texas/37/2024 (TX/37) was propagated in 

Madin-Darby canine kidney (MDCK) cells (American Type Culture Collection, CCL-34) 

and titrated by TCID50 assay. The virus stock was sequenced to confirm the absence of 

unwanted mutations.

Vaccine preparation

For preclinical mRNA-LNP vaccines, sequence-optimized mRNAs encoding (i) a full-length 

HA protein of HPAI A/American wigeon/South Carolina/22–000345-001/2021 [A(H5N1) 

clade 2.3.4.4b, AW/SC/21, H5-WT], (ii) a full-length AW/SC/21 HA protein with the 

polybasic amino acids at HA cleavage site mutated from “REKRRKR” to “RETR” (H5-

del), and (iii) a full-length AW/SC/21 NA protein with a D151G mutation (N1) were 

synthetized in vitro as previously described (59). The H5-WT sequence matches Global 

Initiative on Sharing All Influenza Data (GISAID) EPI2709137, the H5-del sequence 

matches GenBank WHV02513, and the N1 sequence has a D151G substitution relative 

to GenBank WHV02512. The mRNAs were formulated in a mixture of four lipids 

[SM-102 (an ionizable lipid), polyethylene glycol 2000–dimethylglyoxime, 1,2-distearoyl-

snglycero-3-phosphocholine, and cholesterol] at a total lipid content of 9.7 mg/ml, in 20 mM 

trometamol (tris) buffer containing sucrose (87 mg/ml) and 10.7 mM sodium acetate at a 

dosage strength of 0.2 mg/ml, at pH 7.5. The mRNA-LNPs were stored at −60° to −90°C. 

The product underwent analytical characterization and was deemed acceptable for in vivo 

preclinical studies.

To produce the recombinant H5-del protein, ectodomain of AW/SC/21 HA, with its 

polybasic cleavage site mutated from REKRRKR to RETR, was flanked by the C-terminal 

domain of the bacteriophage T4 fibritin (foldon) and a polyhistidine tag at the C-terminus. 

The DNA fragment was inserted in the pCI-Neo mammalian expression vector to generate 

an expression plasmid for transfection into Expi293F human cells (Thermo Fisher Scientific, 

A14527). On day 4 after transfection, the supernatant was collected, and the recombinant 

protein was purified using a Ni2+ HisTrap FF 5-ml column (Cytiva) on fast protein liquid 

chromatography (ÄKTA avant 25, Cytiva), followed by size exclusion chromatography on 

a Superose 6 Increase column (Cytiva) with a running buffer of 20 mM tris (pH 8) and 

200 mM NaCl. The quality of the collected soluble trimeric HA proteins was assessed 

by electrophoresis, using SDS–polyacrylamide gel electrophoresis (SDS-PAGE) and native 

PAGE gels.
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Ferret vaccination and challenge

All ferret experiments were conducted with approval of the CDC’s IACUC and were 

conducted in an Association for Assessment and Accreditation of Laboratory Animal Care 

International–accredited ABSL-3 animal facility with enhancements as required by the US 

Department of Agriculture (60). Male ferrets (Triple F Farms), which were serologically 

negative to seasonal influenza A and B viruses, were used in this study. The animals were 

housed in Duo-Flow Mobile units (Lab Products LLC.) throughout the experiments. The 

mRNA-LNP vaccines were diluted in PBS to a final volume of 300 μl for each dose. For 

the HA + NA vaccine groups, the HA mRNA-LNP and NA mRNA-LNP were produced 

individually at Moderna and mixed and diluted in PBS at CDC. Recombinant H5-del protein 

was diluted in PBS and mixed at a 1:1 ratio with AddaVax adjuvant (InvivoGen) to a final 

volume of 300 μl. All animals were vaccinated with 300 μl (600 μl used for Fig. 1A, group 

5) of vaccine or PBS intramuscularly in a thigh; both thighs were used for Fig. 1A, group 5. 

Serum samples were collected at the indicated time points from the cranial venae cavae of 

ferrets while under anesthesia.

Vaccinated ferrets were intranasally inoculated with 104 EID50 of BE/FL/22 virus on the 

weeks after vaccination as specified in Figs. 1A and 2A. Clinical signs, body weight, and 

body temperature were monitored daily for 14 days. Nasal wash samples were collected 

from all remaining animals in each group on days 1, 3, 5, 7, 9, and 12 after challenge. Organ 

samples [lung sections (cranial, accessory and middle, and caudal lobes), trachea, nasal 

turbinates, small and large intestines, and brain tissues (cerebellum, stem and hippocampus, 

parietal and frontal lobes, and olfactory bulb)] were collected for virus titration and 

pathological analysis on days 3 and 6 after challenge. Organs were not collected in the 

pilot study.

HI assay

HI assays were performed against the CVV of AW/SC/21 with TRBCs or HRBCs. The 

CVV was developed per the WHO recommendation and is antigenically similar to the wild-

type AW/SC/21 (26, 61). Briefly, ferret serum samples were treated with receptor-destroying 

enzyme (Denka Seiken Co. Ltd.) at 37°C for 16 to 20 hours followed by inactivation at 

56°C for 30 min. After adsorption of nonspecific agglutinins with TRBCs or HRBCs, the 

treated serum samples were serially diluted twofold with PBS and mixed with the diluted 

virus of eight hemagglutination units, followed by incubation at room temperature for 30 

min. TRBCs (0.5%) or HRBCs (1%) were then added to the mixtures and further incubated 

at room temperature for 30 min (TRBCs) or 60 min (HRBCs). HI titers are expressed as the 

highest reciprocal dilution that resulted in inhibition of agglutination.

Focus reduction assay

The FRA for virus neutralization was performed as previously described with slight 

modification (62). Briefly, serially diluted serum samples and 600 focus-forming units of 

virus were added to 96-well plates containing confluent MDCK cells and incubated at 37°C 

for 2 hours. An equal volume of overlay, consisting of 1.2% Avicel RC/CL in 2× minimum 

essential medium with N-p-Tosyl-L-phenylalanine chloromethyl ketone–treated trypsin (1 

μg/ml), 0.1% bovine serum albumin (BSA) fraction V, and antibiotics, was then added. 
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After an overnight incubation, the cells were fixed with 4% cold formalin at 4°C for 30 

min. After fixation, the cells were permeabilized with 5% Triton X-100 in PBS/glycine at 

room temperature for 20 min. Instead of staining the foci with labeled antibodies, the foci 

were visualized with the fluorogenic NA substrate 2-(benzothiazole-2-yl)-4-bromophenyl 

5-acetamido-3,5-dideoxy-a-D-glycero-D-galacto-2-nonulopyranosidonic acid (63).

NAI assay

Ferret serum was heat inactivated at 56°C to remove nonspecific inhibitors of NA activity. 

Fetuin solution (100 μl per well) was added to 96-well microplates at 25 μg/ml in 1× 

Kirkegaard & Perry Laboratories (KPL) coating buffer [SeraCare, catalog no. 5150–0 014 

(50–84-00)] and incubated at 2° to 8°C for at least 18 hours. After washing, pretreated 

serum samples were added to wells and incubated overnight at 37°C with two times the 

half-maximal effective concentration of recombinant AW/SC/21 NA. Peanut agglutinin 

conjugated with horseradish peroxidase (100 μl per well) was added, and plates were 

incubated for 2 hours before washing and detection with 3,3′,5,5′-tetramethylbenzidine 

(TMB; 100 μl per well). After 10 min, the reaction was stopped by adding 100 μl per well 

TMB Stop Solution. The plates were read at a wavelength of 450 nm, and the half-maximal 

inhibitory concentration values for each serum sample were calculated.

Virus titration in ferret nasal wash and organ samples

For nasal wash collection, 2 ml of PBS containing 1% BSA fraction V, penicillin/

streptomycin (100 U/ml), and gentamicin (10 μg/ml) was instilled into the nostrils of 

the ferrets under anesthesia, and the secretions from the nostrils were captured in a 

sterile specimen cup (Medline). The nasal wash samples were centrifuged, and the cleared 

supernatants were titrated by TCID50 assay on MDCK cells and expressed as TCID50 units 

per milliliter. The organ tissue samples were collected from the animals and homogenized 

in 1 ml of PBS containing 1% BSA fraction V, penicillin/streptomycin (100 U/ml), and 

gentamicin (10 μg/ml) by MagNA Lyser (Roche). After clarification by centrifugation, the 

virus titers in the samples were determined by TCID50 assay on MDCK cells and converted 

to TCID50 units per gram of the homogenized tissue samples.

Quantification of viral RNA in ferret organ samples by dPCR

RNA was extracted from 100 μl of organ homogenate in 300 μl of MagNA Pure LC RNA 

isolation tissue lysis buffer (Roche) with a MagNA Pure Cellular RNA Large Volume Kit 

(Roche) on the MagNA Pure 96 system (Roche). The extraction protocol was RNA FF 

Tissue with a sample volume of 350 μl and an elution volume of 50 μl. Each plate of 

samples included a mock control of 400 μl MagNA Pure LC RNA isolation tissue lysis 

buffer (Roche). RNA was stored at −80°C before downstream processes.

For absolute RNA quantification, we used the QIAcuity digital PCR System (Qiagen). 

We prepared reactions using the QIAcuity OneStep Advanced Probe Kit with InfA primer/

probes from CDC rRT-PCR Flu Panel: Influenza A/B Typing Kit [VER 2; 510 (k) number 

K200370]. Four microliters of each RNA sample was loaded on QIAcuity 8.5k × 96-well 

plates with default parameters for priming and cycling conditions as follows: 50°C for 30 

min, 95°C for 2 min, and 45 cycles of 95°C for 15 s and 55°C for 30 s. A single channel, 
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green, was used for imaging. Samples with fewer than 10 negative partitions were diluted 

and repeated. Raw copy per microliter numbers for the reaction mixture were converted to 

copy per microgram of tissue by factoring in the weight of the tissue that was homogenized, 

the volume of that homogenate, the fraction of homogenate carried into extraction, the 

volume of RNA eluted, any necessary dilution of the RNA, and the dilution of the RNA 

when added to the reaction mixture. A stock virus with a known titer was used as a positive 

control, and a buffer-only negative control was included during RNA extraction and carried 

through the quantification process.

Pathological analyses

Tissues were fixed in 10% neutral buffered formalin for 14 days before being processing 

for paraffin embedding. Briefly, 4-μm transverse sections were mounted in Apex superior 

adhesive slides (Leica biosystem Inc.). Sections were then deparaffinized in xylene and 

hydrated in different concentrations of ethanol (100, 95, 80, and 75%) for 2 min each. 

Deparaffinized and hydrated lung sections were stained with hematoxylin (MilliporeSigma) 

for 7 min, differentiated in 1% acid alcohol for 12 s, and followed by counterstaining 

with eosin (MilliporeSigma) for 30 s. Slides were then dehydrated with 95 and 100% 

ethanol twice for 2 min each, cleared by xylene twice for 2 min each, and mounted by 

Permount mounting medium (Thermo Fisher Scientific). Slides were evaluated qualitatively 

in a blinded manner by light microscopy by a board-certified veterinary pathologist using a 

Zeiss Axio Imager M2m microscope.

Statistical analyses

Individual-level data are presented in data file S1. Statistical analysis of the HI and 

neutralizing antibody responses to the vaccines was based on AUC analysis. The AUC 

of antibody response was calculated over 33 weeks (Fig. 1B) or 9 weeks (Fig. 2, B and C), 

representing the cumulative antibody response over the entire vaccination period per animal. 

Differences in AUCs were tested using a one-way analysis of variance (ANOVA) with 

Tukey’s post hoc test. Statistical analysis of bodyweight change was also based on AUC 

analysis. Briefly, the weight per ferret at day 0 was used as a baseline, and weight change 

was determined relative to baseline. If a ferret died during the follow-up of the study, then 

the last observed bodyweight was carried forward. The AUC of bodyweight was calculated 

over the intervals from the day of challenge to 14 days after challenge, representing the 

cumulative bodyweight change over the entire follow up period. Differences in AUCs were 

tested using a one-way ANOVA with Tukey’s post hoc test. All data presented in bar graphs 

were statistically analyzed by pairwise t test with Tukey-Kramer’s adjustment for multiple 

comparison on the log titers. All statistical analyses were performed using SAS version 9.4 

(SAS Institute Inc.). Statistical significance cutoff was set at α = 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. H5 mRNA vaccines elicited protective immunity in ferrets.
(A) Study design. Three ferrets per group were immunized with PBS mock (group 1), 50 

μg of mRNA vaccine encoding H5-WT (group 2) or H5-del (group 3), 50 and 100 μg of 

H5-del mRNA vaccine together with the same amount of mRNA vaccine encoding N1 NA 

(groups 4 and 5, respectively), or recombinant H5-del protein adjuvanted with AddaVax 

(group 6). animals were vaccinated intramuscularly three times. Seven weeks after the third 

immunization, ferrets were challenged with HPAI BE/FL/22 virus. nasal wash samples were 

collected on days 1, 3, 5, 7, 9, and 12 after challenge. one of the ferrets in group 6 had 

an experiment-unrelated issue and was euthanized in week 2 after prime vaccination. (B) 

HI titers were measured after vaccination using AW/SC/21 CVV antigen with 1% HRBC. 

(C) The body weights of ferrets were monitored for 14 days after challenge. all animals 

in the unvaccinated group succumbed by day 9 after infection because of severe disease 

progression. (D) Virus titers in nasal wash samples were determined on MDCK cells by 

TCID50 assay. Because all animals in the unvaccinated group succumbed by day 9 after 

infection, no nasal wash titers on day 12 after infection are shown for this group. Data 

are presented as geometric mean and geometric SD [(B) and (D)] or arithmetic mean and 

SD (C). Dotted lines indicate the lower limit of detection. AUC analysis was used for (B) 

and (C), and differences were tested using a one-way ANOVA with Tukey’s post hoc test. 

Viral titers were analyzed by pairwise t tests with Tukey-Kramer’s adjustment for multiple 

comparisons on the log titers (D). Significant differences are indicated by *P < 0.05.
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Fig. 2. Selected mRNA vaccines protected ferrets from lethal challenge.
(A) Study design. Ten ferrets per group were not vaccinated (group 1) or vaccinated with 50 

μg of mRNA vaccine encoding H5-WT with or without 50 μg of mRNA vaccine encoding 

N1 NA (groups 2 and 3) or 50 μg of recombinant H5-del protein mixed with AddaVax 

(group 4). One of the ferrets in group 2 was eliminated for study-unrelated reasons before 

virus challenge. Four weeks after the second immunization, ferrets were challenged with 

BE/FL/22 virus. nasal wash samples were collected on days 1, 3, 5, 7, 9, and 12 after 

challenge. Three animals per group were euthanized on days 3 and 6 after challenge to 

collect the organs for viral load quantification and histopathology analysis. (B) HI titers 

were measured after vaccination using AW/SC/21 CVV antigen with 0.5% TRBC (left) or 

1% HRBC (right). (C) Virus neutralization antibody titers were determined by Fra using the 

AW/SC/21 CVV. (D) NAI titers were measured after vaccination using the recombinant NA 

protein of AW/SC/21. (E) Body weights were monitored for 14 days after challenge. One 

ferret in group 1 and one in group 3 demonstrated neurological symptoms on days 5 and 7 

after challenge, respectively, and were euthanized. The averages of body weight and the SDs 

were calculated on the remaining three or four ferrets, excluding the ferrets used for organ 

sampling. (F) Virus titers in nasal wash samples were determined on MDCK cells by TciD50 

assay. Because all animals in the unvaccinated group succumbed by day 7 after infection, 
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no nasal wash titers on days 9 and 12 after infection are shown for this group. Data are 

presented as the geometric mean with the geometric SD [(B) to (D) and (F)] or arithmetic 

mean with SD (E). Dotted lines indicate the lower limit of detection. AUC analysis was 

used for (B), (C), and (E), and differences were tested in a one-way ANOVA with Tukey’s 

post hoc test. Neutralizing antibody titers and viral titers were analyzed by pairwise t tests 

with Tukey-Kramer’s adjustment for multiple comparisons on the log titers in (D) and (F). 

Significant differences are indicated by *P < 0.05.
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Fig. 3. H5-based mRNA vaccines reduced viral RNA load in organs of challenged ferrets.
Organ samples were collected from three ferrets in each group on days 3 and 6 after 

challenge and homogenized for quantification of viral RNA. Raw copy per microliter 

numbers for the reaction mixture were converted to copy (cp) per microgram of tissue. 

Data are presented as geometric mean with geometric SD. Viral RNA copy numbers were 

analyzed by pairwise t tests with Tukey-Kramer’s adjustment for multiple comparisons on 

the log titers. Significance values between vaccinated groups and the unvaccinated groups 

are indicated by *P < 0.05.
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Fig. 4. Serum samples from vaccinated ferrets neutralized a human isolate related to the 2024 
H5N1 outbreak in dairy cattle.
Serum samples were collected from ferrets 2 weeks after booster, corresponding to 

week 7 serum (Fig. 2B). Neutralizing antibody (Ab) titers were measured against the 

vaccine virus A/American wigeon/South Carolina/22–000345-001/2021 (AW/SC/21 CVV), 

the challenge virus A/bald eagle/Florida/22–006544-004/2022 (BE/FL/22), and the human 

isolate A/Texas/37/2024 (TX/37), using an FRA. Data are presented as geometric mean with 

geometric SD. Neutralizing titers were analyzed by pairwise t tests with Tukey-Kramer’s 

adjustment for multiple comparisons on the log titers. Significance values between the 

different viruses are indicated by *P < 0.05.
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