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ABSTRACT
Influenza A viruses pose a significant threat to global health, impacting both humans and animals. Zoonotic 
transmission, particularly from swine and avian species, is the primary source of human influenza outbreaks. 
Notably, avian influenza viruses of the H5N1, H7N9, and H9N2 subtypes are of pandemic concern through 
their global spread and sporadic human infections. Preventing and controlling these viruses is critical due to 
their high threat level. Vaccination remains the most effective strategy for influenza prevention and control 
in humans, despite varying vaccine efficacy across strains. This review focuses specifically on pandemic 
preparedness for avian influenza viruses. We delve into vaccines tested in animal models and summarize 
clinical trials conducted on H5N1, H7N9, and H9N2 vaccines in humans.
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Introduction

Influenza A viruses (FLUAVs) are members of the 
Orthomyxoviridae family characterized by a segmented, single- 
stranded, negative-sense RNA genome enveloped in pleo-
morphic particles.1 The antigenic diversity of these viruses 
arises from two surface glycoproteins: hemagglutinin (HA) 
and neuraminidase (NA). Combinations of these proteins 
create numerous subtypes; currently, 19 HA and 9 NA sub-
types are recognized, with 17 HA and 9 NA subtypes identified 
in birds alone.2,3 Among these, H5Nx, H7Nx, and H9N2 sub-
types have achieved global spread in poultry.4–6 Beyond clas-
sification, HA and NA play crucial roles in viral replication. 
The trimeric HA protein mediates attachment to host cells by 
recognizing sialic acid receptors, making it the primary target 
for neutralizing antibodies.7 The tetrameric NA cleaves sialic 
acid linkages, facilitating the release of newly formed virions 
from infected cells.8

FLUAVs are found in wild birds, especially waterfowl and 
seabirds, which serve as natural reservoirs.9 Spillover events, 
particularly due to contact between wild and domestic birds, 
can lead to severe poultry outbreaks.10 Based on the HA 
protein’s molecular signatures and disease severity in chickens, 
FLUAVs are classified as high pathogenic avian influenza 
(HPAIV) or low pathogenic avian influenza (LPAIV) 
viruses.11 HPAIVs possess a polybasic cleavage site in HA, 
allowing cleavage by ubiquitous proteases, leading to systemic 
infection and high morbidity/mortality.12 Conversely, LPAIVs 
possess a monobasic site only recognized by extracellular tryp-
sin-like proteases, causing mild disease with variable morbidity 
but low mortality.13

While H1N1 and H3N2 FLUAVs cause seasonal human 
epidemics, viruses circulating in animals pose a zoonotic and 
pandemic threat, as evidenced by reported human cases of 
avian H5N1, H7N9, and H9N2 subtypes.14–17 Vaccines are 

the primary defense against influenza in humans, and most 
infections can be prevented through vaccination. This under-
scores the need to develop vaccines for improved pandemic 
preparedness against avian influenza viruses.18

This review summarizes the importance of avian influenza, 
its pandemic potential, and control strategies focused on vac-
cination for enhanced pandemic preparedness and manage-
ment. We primarily discuss vaccines tested in mice, ferrets, 
and non-human primates as established animal models for 
influenza research,19 and additionally, we address clinical trials 
using avian influenza vaccines in humans.

Avian influenza: a closer look at a complex threat

While avian influenza viruses of the H5N1, H7N9, and H9N2 
subtypes remain prevalent in poultry worldwide, sporadic 
human infections have highlighted their public health concern. 
We primarily discuss these three widely prevalent subtypes. 
However, we should not underestimate the significance of 
other zoonotic avian influenza subtypes such as H3N8, 
H6Nx, and H10Nx viruses.20

In 1996, the strain A/Goose/Guangdong/1996 (H5N1) was 
initially detected in Southern China when several outbreaks 
were reported associated with mortality and neurological dys-
function in domestic waterfowl.21 This highly pathogenic 
strain has since claimed the lives of millions of birds and 
remains the ancestor of current H5 viruses circulating in 
Asia, Europe, Africa, and, more recently, The Americas.22 

Since 1997, there have been around 900 H5N1 human cases 
worldwide with a case fatality rate (CFR) exceeding 50% 
(Figure 1), demonstrating the dual threat to animal and 
human health.23 While sustained human-to-human transmis-
sion has not been observed, the severity of the disease high-
lights the need for continued vigilance and robust public 
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health measures.24 H5 viruses have undergone continuous 
evolution over time, branching out into multiple genetic 
clades. Among these, clade 2.3.4.4.b has become predominant 
globally, particularly in Asia, Africa, Europe, and the Middle 
East.25 This clade poses a significant threat due to its ability to 
jump from poultry to mammals, including raccoons, cats, red 
foxes, bears, minks, and sea mammals.26

Among H7Nx viruses, H7N9 is the one most frequently 
identified in human infections.27 First detected in China in 
2013, H7N9 caused severe respiratory illness and fatalities in 
humans.28 Since 2013, there have been over 1500 human cases 
reported globally with a CFR of approximately 40% (Figure 1). 
While human cases have been linked to close contact with poul-
try, and sustained human-to-human transmission has not been 
observed,29 H7N9 human isolates readily transmit in ferrets.30 

This alarmingly efficient transmission in ferrets highlights the 
potential for H7N9 to evolve into a pandemic influenza strain.28

H9N2 viruses remain enzootic among poultry species in 
Asia, the Middle East, and parts of Africa.31 Though classified 
as LPAIVs, H9N2 strains are notorious for donating internal 
gene segments to other influenza subtypes, playing a key role in 
the emergence of pandemic threats such as H5Nx, H7N9, and 
H10Nx .32–37 Worryingly, there has been sufficient evidence of 
interspecies transmission of H9N2 from poultry to mammalian 
species.38 This combination of high prevalence in poultry and 
the ability to infect mammals raises concerns about H9N2‘s 
potential to trigger a pandemic.39 Since 1998, over 100 cases of 
H9N2 infection in humans have been documented, resulting in 
two deaths (Figure 1). Close contact with poultry has been 
identified as the primary risk factor.40 The most recent case 
was reported on February 23, 2024, in a 22-month-old girl 
with relatively mild disease.41 No evidence of sustained human- 
to-human transmission exists so far (Figure 2a).42 However, due 
to the zoonotic potential, the World Health Organization 
(WHO) considers H9N2 a strain of pandemic concern.43

Protecting against potential avian influenza 
pandemics: a vaccine approach

The local innate immune response is the first line of defense 
against influenza viruses, with alveolar macrophages, natural 

killer cells, and neutrophils playing critical roles in activating 
the adaptive immune system, limiting viral spread, and redu-
cing disease severity.44 Most current influenza vaccines pri-
marily target the HA protein, the primary immunogen of 
influenza viruses.45,46 While these vaccines are effective in 
inducing antibody responses against the HA protein, they 
often overlook other arms of the immune system, limiting 
their ability to offer complete protection.47 A truly ideal influ-
enza vaccine should therefore stimulate the innate immune 
responses and the humoral and cellular arms of the adaptive 
immune response.48 This means inducing not only virus- 
specific antibodies against the HA protein but also activating 
CD4+ T lymphocytes and CD8+ T cytotoxic lymphocytes.49 

These T cells help clear the virus and provide broader, cross- 
protective immunity against different influenza strains.50

Inactivated influenza vaccines come in various forms, 
including whole virus, split virus, subunit vaccines, and others. 
Briefly, inactivated whole virus vaccines are produced using 
pathogen-free embryonated chicken eggs. The viruses are then 
inactivated using formaldehyde or β-propiolactone.50 In split 
virus vaccines, the virus envelope is disrupted using diethyl 
ether or detergent treatment, exposing all viral proteins.47 

Subunit vaccines are made using additional purification steps 
to separate the nucleocapsid and lipids from the surface pro-
teins HA and NA.50,51 These vaccines dominate the influenza 
vaccine landscape in humans for several reasons: their low 
production costs, safety profile, and effectiveness.50 Split 
virus and subunit vaccines are a mainstay in seasonal vaccines 
for humans, thanks to their ability to induce strong antibody 
responses after vaccination.51 However, despite their wide use, 
high antibody levels alone may not be enough to guarantee 
complete protection against influenza. This is because inacti-
vated vaccines often trigger an incomplete immune response, 
lacking robust T-cell and mucosal immunity.52 Live attenuated 
influenza vaccines (LAIVs), on the other hand, mimic 
a natural infection and can therefore stimulate cell-mediated 
and mucosal immunity, especially by increasing immunoglo-
bulin A (IgA) levels in the respiratory tract, leading to 
a broader and more durable immune response.49 Several 
types of LAIVs exist, including cold-adapted, protein trunca-
tions, and rearranged-genome vaccines. Most LAIVs discussed 

Figure 1. Cumulative global cases and deaths of human infections with H5N1, H7N9, and H9N2 avian influenza viruses reported to the World Health Organization 
(WHO). Cases and deaths are cumulative from the first reported case of each virus subtype in humans until February 22, 2024. Numbers on top of the bars indicate how 
many cases and deaths have been reported to the WHO. Note: as of February 22, 2024, two deaths have been reported from H9N2 infections according to the WHO. 
Due to the limited scale of the figure, these deaths are not visually represented, but the number is included in the graph.
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in this review consist of reassortant viruses carrying the inter-
nal genes from cold-adapted, temperature-sensitive mutations 
of A/Ann Arbor/6/60 (a master donor virus) with the surface 
genes of the target virus (e.g., H5 HA and N1 NA).50 These 
mutations prevent the growth of these LAIVs at higher tem-
peratures and restrict virus replication to the upper respiratory 
tract.53 However, these vaccines are not safe for immunocom-
promised individuals, and the potential for vaccine strain 
reversion and recombination with circulating strains is 
a concern.50

Influenza viruses present a major challenge for vaccine 
development, not only in humans but also in other animal 
species. The influenza virus polymerase complex lacks proof-
reading activity, resulting in a high mutation rate, and leading 
to a rapid accumulation of these mutations.47 This constant 
evolution in the HA and NA, called antigenic drift, allows the 
virus to escape from earlier immune responses.54 Furthermore, 
the ability of different influenza strains to reassort and 
exchange gene segments through antigenic shift adds another 
layer of complexity to vaccine development.55–57 Despite these 
challenges, vaccination remains the most powerful weapon for 
preventing and controlling influenza (Figure 2b).

To enhance pandemic preparedness, the WHO routinely 
selects strains derived from the animal reservoir as vaccine 
candidates and analyzes genetic sequences and the antigenic 
profiles of viruses from human cases (and related viruses from 
the animal reservoir). These vaccine candidates are selected 
based on relevance and/or incidence in poultry, past or current 

zoonotic infections, and antigenic profiles. WHO analyses 
focus on understanding the genetic and antigenic characteris-
tics of these viruses, allowing for informed vaccine develop-
ment. The latest report on the Northern Hemisphere influenza 
seasons 2024–2025 summarizes the available candidate vaccine 
viruses for various zoonotic influenza subtypes and lineages 
(Table 1).

Due to ongoing public health concerns and the zoonotic 
potential of avian influenza viruses, this discussion will focus 
on analyzing and summarizing the data on H5N1, H7N9, and 
H9N2 influenza vaccines for humans. We will specifically 
examine inactivated vaccines, LAIVs, and alternative vaccine 
platforms that have been tested in animal models and clinical 
trials. This focus on multiple vaccine platforms reflects the 
ongoing search for the most effective and safe approach to 
protect against the pandemic potential posed by avian influ-
enza viruses.

Exploring the potential of inactivated influenza 
vaccines through animal models

The animal data discussed below is summarized in Figure 3. 
Inactivated H5N1 vaccines demonstrated promising immuno-
genicity and protective efficacy in various animal models of 
relevance to humans.58 Mice vaccinated intramuscularly with 
an inactivated whole-virus H5N1 vaccine alone, or in combi-
nation with aluminum, were fully protected when given the 
combination which generated higher levels of neutralizing 

Figure 2. (a) H5N1, H7N9, and H9N2 influenza subtypes from avian sources can infect humans and cause disease. Sustained human-to-human transmission of these 
subtypes has not been observed but is required to the emergence of pandemic viruses which could further spread within the human population. (b) vaccine 
development and vaccination of humans can prevent infections and the generation of pandemic viruses, improving pandemic preparedness and management against 
avian influenza viruses. This figure was created with BioRender.com.
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antibodies.58 In addition, intranasal administration with adju-
vants like immune stimulating complexes (ISCOMs) and 
inmunair (INM) further enhanced systemic immune 
responses, including cell-mediated immunity.59–61 In ferrets, 
an inactivated whole virus H5N1 vaccine provided complete 
protection against mortality, even when challenged a year after 
vaccination.62 In addition, cynomolgus macaques vaccinated 
subcutaneously with a whole virus inactivated H5N1 vaccine 

developed antigen-specific immunoglobulin G (IgG) antibo-
dies in plasma, nasal swabs, and tracheal swabs, leading to 
reduced viral propagation after challenge.63

Mice vaccinated with a whole virus inactivated H7N9 vac-
cine via intramuscular injection showed distinct responses 
when administered either a single dose or two doses.64 While 
a single dose protected against lethal infection, the virus lin-
gered in the lungs. However, two doses completely shielded the 

Table 1. Available candidate vaccine viruses for pandemic preparedness against the H5N1, H7N9, and H9N2 subtypes for the northern hemisphere influenza seasons 
2024–2025.

Candidate vaccine virus Antigenic prototype Subtype Clade Institution responsible

SJRG-161052 A/Vietnam/1203/2004 H5N1 1 SJCRH, CDC
IDCDC-RG34B A/Cambodia/X0810301/2013 H5N1 1.1.1 CDC
SJRG-166614 A/duck/Hunan/795/2002 H5N1 2.1 SJCRH
IDCDC-RG2 A/Indonesia/5/2005 H5N1 2.1.3.2 CDC
IBCDC-RG7 A/chicken/India/NIV33487/2006 H5N1 2.2 CDC
IDCDC-RG11 A/Egypt/2321-NAMRU3/2007 H5N1 2.2.1 CDC
IDCDC-RG13 A/Egypt/3300-NAMRU3/2008 H5N1 2.2.1.1 CDC
IDCDC-RG30 A/Hubei/1/2010 H5N1 2.3.2.1a CDC
SJ0009 A/chicken/Guiyang/1153/2016 H5N1 2.3.2.1d SJCRH
IDCDC-RG6 A/Anhui/1/2005 H5N1 2.3.4 CDC
IDCDC-RG35 A/Guizhou/1/2013 H5N1 2.3.4.2 CDC
SJRG-165396 A/goose/Guiyang/337/2006 H5N1 4 SJCRH
IDCDC-RG25A A/chicken/Vietnam/NCVD-016/2008 H5N1 7.1 CDC
IDCDC-RG63A A/duck/Bangladesh/17D1012/2018 H5N1 2.3.2.1a CDC
IDCDC-RG78A A/American wigeon/South Carolina/22000345-001/2021-like H5N1 2.3.4.4b CDC
NIID-002 A/Ezo red fox/Hokkaido/1/2022-like H5N1 2.3.4.4b NIID, Japan
IDCDC-RG56N A/Guangdong/17SF003/2016 H7N9 n/a* CDC
IDCDC-RG56B A/Hong Kong/125/2017 H7N9 n/a* CDC
IDCDC-RG32A A/Shanghai/2/2013 H7N9 n/a* CDC
IDCDC-RG33A A/Anhui/1/2013 H7N9 n/a* CDC
IDCDC-RG64A A/Gansu/23277/2019-like H7N9 n/a* CDC
IBCDC-2 A/chicken/Hong Kong/G9/97 H9N2 Y280/G9 CDC
IBCDC-RG26 A/Hong Kong/33982/2009 H9N2 G1 CDC
IDCDC-RG31 A/Bangladesh/994/2011 H9N2 G1 CDC
SJ008 A/Hong Kong/308/2014 H9N2 Y280/G9 SJCRH
IDCDC-RG61A A/Anhui-Lujiang/39/2018 H9N2 Y280/G9 CDC
IDCDC-RG66A A/Oman/2747/2019 H9N2 G1 CDC

Only one candidate vaccine virus per clade is shown for H5N1 viruses, except clade 2.3.4.4b. * n/a: not available. CDC: Centers for Disease Control and Prevention; 
SJCRH: St. Jude Children’s Research Hospital; NIID: National Institute of Infectious Diseases, Japan.

Figure 3. Summary of animal data for H5N1, H7N9, and H9N2 vaccines tested in mice, ferrets, and non-human primates. The figure categorizes vaccines by platform 
(inactivated, live attenuated, and alternative) and uses color-coded boxes for each category. It is important to note that only data from vaccines discussed in this review 
for each animal model are included. While other platforms exist, they are not discussed in detail within this manuscript. This figure was created with BioRender.com.
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mice from both disease and detectable lung virus, coinciding 
with high IgG levels in their serum and lungs.64 Similarly, mice 
vaccinated with a single dose of the same vaccine with MF59 
adjuvant exhibited specific IgM and IgG in the sera.65 The 
adjuvant enhanced antibody titers and reduced lung viral 
loads post-challenge.65 Ferrets vaccinated with a whole virus 
inactivated H7N9 vaccine, alone or with MF59 adjuvant, 
developed high levels of antibody titers as measured by the 
hemagglutination inhibition (HI) assay.66 Both vaccine com-
binations effectively protected against challenge. However, 
while no viral replication was detected in the lower respiratory 
tract or brain after the challenge, the virus persisted in the 
upper respiratory tracts of these ferrets.66 Similar results were 
observed with an H7N9 inactivated whole-virus vaccine.67 

Importantly, vaccinated-contact ferrets still became infected 
when placed in direct contact with unvaccinated-infected fer-
rets, demonstrating that vaccination did not prevent 
transmission.67 In rhesus macaques immunized twice intra-
muscularly, inactivated whole-virus adjuvanted vaccines have 
also been demonstrated to be immunogenic and induce HI 
titers.68

Mice were intranasally vaccinated with an H9N2 inacti-
vated whole-virus vaccine,69 with or without polyethylenei-
mine (PEI), a mucosal adjuvant.70 The combination of PEI 
and the inactivated vaccine enhanced antigen-specific IgA 
levels in the nasal cavity, trachea, and lung, as well as IgG 
levels in the serum. Additionally, the combination increased 
antigen uptake, improved cross-presentation, and enhanced 
dendritic cell maturation compared to the inactivated vaccine 
given alone.69 In a similar study, mice vaccinated intramuscu-
larly twice with two inactivated whole-virus aluminum hydro-
xide adjuvanted vaccines against Y280 or Y439 H9N2 lineages 
were fully protected upon H9N2 homologous challenge, but 
only partially protected after a heterologous challenge.71 

Similarly, cynomolgus macaques vaccinated subcutaneously 
with a formalin-inactivated H9N2 whole-virus vaccine devel-
oped antigen-specific IgG and neutralizing antibodies, which 
correlated with a reduction in viral titers after challenge.72

Researchers have also explored the potential of split vac-
cines for avian influenza. Studies in mice have consistently 
demonstrated that these vaccines elicit a strong immune 
response after vaccination, as evidenced by high HI titers.73 

Ferrets vaccinated intramuscularly with a split virus oil-in- 
water adjuvanted H5N1 vaccine showed increased cellular 
immunity in lungs and peripheral blood, promoting earlier 
viral clearance, particularly through interferon-gamma (IFN- 
γ)+ CD8− T cells in the airways compared to mock 
vaccination.74 In macaques, adjuvanted split virus H5N1 vac-
cines induced high immune responses and protected against 
homologous H5N1 challenge.75 Similarly, mice and ferrets 
received intramuscular injections twice with an H7N9 split 
vaccine.76 In both species, HI and IgG titers increased after 
prime, and a boost significantly enhanced IgG titers. Notably, 
vaccinated mice survived the lethal challenge, regained weight 
quickly, and showed decreased lung virus titers compared to 
controls.76 Another similar study found that ferrets vaccinated 
with a split virion H7N9 vaccine, both alone and with adjuvant 
system 03 (AS03) adjuvant, developed heterologous antibody 
titers against H7N7 and H7N3 viruses and were protected 

from the homologous virus, with no detectable virus in the 
lungs after challenge.77

Preclinical evaluation of live attenuated influenza 
vaccines in animal models

The advent of reverse genetics has been instrumental in the 
development of alternative LAIVs.78 Employing this techni-
que, researchers used an avian influenza virus backbone engi-
neered with temperature-sensitive mutations in its internal 
polymerase basic 2 (PB2) and polymerase basic 1 (PB1) 
genes, along with the HA and NA from an H5N1 virus.79 

Mice were vaccinated intranasally with varying doses and 
were protected against a lethal H5N1 challenge. Notably, 
a booster dose significantly reduced viral replication and accel-
erated virus clearance compared to prime-only.79 Non- 
structural protein 1 (NS1) and matrix protein (M) truncations 
have emerged as promising candidates for H5N1 vaccine 
development. C-terminal truncation of the NS1 protein, com-
bined with mutations in PB2 for increased attenuation in 
mammals, resulted in an attenuated replication phenotype in 
a mouse model.80 Mice vaccinated intranasally with this H5N1 
vaccine were fully protected from death upon lethal 
challenge.80 Similarly, deletions in the M2 protein’s 
C-terminus also led to an attenuated phenotype in mice.81 

Intranasal vaccination with the truncated H5N1 M2 protein 
completely protected mice against lethal homologous and het-
erologous H5N1 challenges. Notably, vaccinated mice exhib-
ited significantly higher IgG and IgA levels in the trachea and 
lungs compared to controls.81

LAIVs with rearranged genomes have emerged as promis-
ing candidates for influenza vaccines.82 Researchers success-
fully rearranged the H9N2 virus genome by expressing the H5 
open reading frame (ORF) from the NS gene segment. This 
rearranged virus, administered intranasally in mice and ferrets, 
protected against both H5N1 and H9N2 viruses.83 Similarly, 
another vaccine featured the H5 gene segment flanked by NA 
(H9) packaging signals at the 3’ and 5’ ends, while the H9 HA 
was still expressed from segment 4.84 Intranasal vaccination of 
mice with this candidate vaccine induced a robust antibody 
response against both subtypes, strong proinflammatory cyto-
kine response, and robust IFN-γ production. Notably, vacci-
nated mice were fully protected against both subtypes when 
challenged with the homologous viruses.84 These studies 
demonstrate the potential of rearranged genomes as effective 
vaccine platforms for influenza.

A cold-adapted H5N1 vaccine was used to vaccinate mice 
intranasally.85 Overall, a single immunization induced HI and 
neutralizing antibody titers, and IgA antibodies in the respira-
tory tract which protected mice against lethal challenge.85 In 
a similar study, a cold-adapted H5N1 vaccine induced IFN-γ- 
secretion and interleukin 4 (IL-4) secretion by the mouse 
splenocytes, protecting against lethal challenge.53 In ferrets 
vaccinated intranasally, 4 weeks apart, a similar approach 
fully protected against virus replication of homologous and 
heterologous H5N1 viruses.86 Furthermore, in non-human 
primates, robust neutralizing antibody responses and HA- 
specific CD4+ T cell responses were observed when rhesus 
macaques were immunized intranasally with an H5N1 cold- 
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adapted vaccine.87 Moreover, vaccinated macaques were fully 
protected from antigenically identical and drifted H5N1 
viruses.87

Cold-adapted vaccines have also shown promise for the 
H7N9 influenza subtype. Studies in mice have demonstrated 
their effectiveness.88 A single intranasal dose offered protec-
tion against disease and death but allowed replication of 
a heterologous challenge virus in the respiratory tract.88 

However, two doses provided complete protection, with mini-
mal viral shedding observed after challenge. This protection is 
likely due to enhanced mucosal antibody responses, particu-
larly IgA, and IFN-y- and IL-4-producing T cells, as found in 
separate studies.89 Intranasal vaccination with two doses of 
two separate H7N9 cold-adapted vaccines proved safe and 
immunogenic in ferrets.90 Both vaccines induced at least 
a 4-fold or greater increase in HI titers against antigenically 
identical and drifted H7N9 viruses, indicating broad protec-
tion. They also triggered serum IgG and upper respiratory tract 
IgA responses.90 Intriguingly, a single dose of an H7N9 cold- 
adapted vaccine given intranasally even prevented transmis-
sion from vaccinated to naive ferrets in direct contact.91

Cold-adapted LAIVs have shown promise in the mouse 
model for H9N2 influenza virus.92 This vaccine candidate 
administered intranasally in mice showed high HI titers 
against the homologous H9N2 virus, but low HI titers against 
heterologous viruses, suggesting limited cross-protection 
against other influenza strains. Upon challenge, vaccinated 
mice were significantly less susceptible to infection compared 
to the control group.92 These cold-adapted H9N2 vaccines 
generated high antibody titers against the homologous virus 
in ferrets and African green monkeys.92,93 Additionally, vacci-
nated monkeys were completely protected from the challenge 
virus in their respiratory tracts, demonstrating the vaccine’s 
efficacy in a non-human primate model.93 These findings 
suggest that cold-adapted vaccines are a promising strategy 
for the control of avian influenza. Their ability to induce both 
protective antibodies and T-cell responses, along with their 
potential to prevent transmission, highlights their potential 
impact on future vaccine development.

From animal models to human trials: evaluating 
safety and immunogenicity of avian influenza 
vaccines

Clinical trials have been extensively conducted to evaluate 
vaccines against avian influenza viruses. The results of these 
trials are summarized in Table 2. A phase 1 randomized trial in 
healthy adults demonstrated that an adjuvanted whole-virus 
H5N1 vaccine was safe and well-tolerated, with the most 
common side effects being pain at the site of vaccination and 
fever.94 The study also found the vaccine to be immunogenic, 
with two doses generating high levels of neutralizing antibo-
dies. Supporting this finding, a separate study showed that 
a single dose of a non-adjuvanted whole-virus H5N1 vaccine 
generated a seroconversion rate (SCR) exceeding 90%.95 Phase 
2/3 trials with inactivated whole-virus adjuvanted H5N1 vac-
cines in adults demonstrated good tolerability with mild 
adverse effects, and antibody titers greater than 1:40 after 
vaccination indicated protection.96 For H7N9, an alum- 

adjuvanted H7N9 whole virus inactivated vaccine was safe 
and immunogenic in healthy adults, with two doses inducing 
an HI titer above 40 in 98.2% of participants.97 Researchers 
have also evaluated inactivated whole-virus H9N2 influenza 
vaccines in clinical trials.98 A phase 1/2 randomized study 
assessed a nonadjuvanted, whole-virus H9N2 vaccine in 
healthy adults. The vaccine was found to be safe and well- 
tolerated, and 52.8% to 88.9% of participants developed anti-
body levels predictive of protection, indicating 
immunogenicity.98 Another phase 1 randomized study com-
pared whole virus and subunit H9N2 vaccines in adults. Both 
vaccines were well-tolerated, and antibody levels were similar 
between the two groups.99

While undergoing testing in both animal models and 
human trials, inactivated whole virus vaccines are known for 
their increased reactogenicity compared to other options like 
split virus or subunit vaccines.50 As a result, these latter types 
are preferred for humans due to their reduced tendency to 
cause side effects.100 The United States Food and Drug 
Administration (FDA) has licensed three H5N1 vaccines: two 
split virus vaccines and one subunit vaccine. These vaccines 
meet the FDA’s criteria for safety, purity, and potency. 
Specifically, they demonstrate sufficient immunogenicity, as 
measured by HI assay, with pre-defined success thresholds. 
The FDA requires that the lower limit of the 95% confidence 
interval for SCR must be at least 40% and that 70% or more of 
subjects must achieve an HI titer of at least 40 (seroprotection 
rate).101 Several studies analyzed the safety and immunogeni-
city of split-virus H5N1 vaccines in healthy adults.102,103 

Overall, the vaccine was considered well-tolerated and induced 
an immune response, reflected by high levels of neutralizing 
antibodies detected after vaccination.102 Additionally, other 
studies found the vaccine to be well-tolerated and immuno-
genic in all age groups, including young and elderly adults and 
children, leading to its approval by the FDA in 2007.104–106 

Similarly, phases 1/2, 3, and 4 studies have been conducted 
with a split virus AS03-adjuvanted H5N1 vaccine.107 In adults, 
the vaccine was immunogenic and elicited robust antibody 
responses against different strains.108,109 The AS03- 
adjuvanted H5N1 vaccine has been extensively studied in 
clinical trials across continents and various age groups (chil-
dren, adults, and elderly), and induced broad and persistent 
immune responses with no reported safety concerns, leading 
to its approval by the FDA in 2013.107,108,110 In 2020, an MF59- 
adjuvanted, cell culture-derived H5N1 subunit vaccine was 
licensed in the United States.111 Overall, clinical trials demon-
strated the vaccine’s safety and tolerability across various age 
groups. In addition, the vaccine also induced neutralizing 
antibodies and HI titers, resulting in high SCRs.112–114 

Additional information on subunit vaccines for H7N9 and 
H9N2 is provided in Table 2. Research has also explored the 
safety and effectiveness of split virus H7N9 vaccines, both 
alone and with adjuvants, through clinical trials.115 

A randomized phase 1 study investigated a split virus H7N9 
vaccine alone and in combination with an oil-in-water 
adjuvant.115 As anticipated, adjuvanted formulations elicited 
a significantly greater increase in antibody titers. Notably, the 
vaccine was well-tolerated in healthy adults, with pain at the 
injection site and headache being the most frequent side 
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effects.115 Similar findings emerged from studies using AS03 
adjuvant, where enhanced immune responses and good toler-
ability were observed compared to unadjuvanted or alum- 
adjuvanted H7N9 vaccine formulations in healthy 
adults.97,116,117 A phase 1/2 study analyzed an H9N2 split- 
virus vaccine with and without an adjuvant (AS03).118,119 

The adjuvanted vaccine generated protective levels of antibo-
dies in 100% of individuals and a SCR of ≥98.1%, both higher 
than the unadjuvanted vaccine. Notably, the safety profile of 
both vaccines was acceptable.118,119 Overall, these clinical trials 
suggest that inactivated vaccines have potential for pandemic 
preparedness, although further research is needed to optimize 
their immunogenicity and duration of protection.

Two distinct approaches have been explored for developing 
H5N1 LAIVs in humans. A phase 1 study in healthy adults 
investigated the safety and immunogenicity of an H5N1 LAIV 
lacking the interferon antagonist NS1.120 Delivered intrana-
sally, the vaccine was safe and well-tolerated, inducing signifi-
cant antibody titers and local IgA responses.120 Furthermore, 
several studies tested cold-adapted H5N1 LAIVs in humans. 
A phase 1/2 trial demonstrated safety and immunogenicity 
after two intranasal doses, with robust neutralizing antibody 
and antigen-specific IgA responses.121 However, another trial 
showed no HI or neutralizing antibody responses, although 
IgA and IgG were detected by ELISA in the serum.122 Despite 
this, another study using a cold-adapted H5N1 vaccine found 
long-lasting memory responses and strong B- and T-cell 
immunity,123,124 highlighting potential advantages over inacti-
vated vaccines.

A phase 1 trial in healthy adults evaluated the immunogeni-
city and safety of two doses of a cold-adapted H7N9 LAIV 
administered intranasally.125 No serious adverse effects were 
observed, and the vaccine was considered safe and well- 
tolerated. Importantly, the vaccine induced a robust immune 
response, as evidenced by the increase in levels of neutralizing 
antibodies, serum IgG and IgA, mucosal IgA, CD4+, and CD8+ 

virus-specific T cells.125 Supporting these findings, similar 
studies also reported increased mucosal and cell-mediated 
immunity upon vaccination with an H7N9 cold-adapted 
vaccine.126 Additionally, another H7N9 cold-adapted vaccine 
was safe and increased levels of H7-specific antibody- 
dependent cellular cytotoxicity mediating antibodies in 
healthy adults.127

In a human open-label study, healthy adults received an 
H9N2 cold-adapted vaccine via nasal drops.128 The vaccine 
was well-tolerated, exhibiting an attenuated phenotype in 
humans. Following two doses, 92% of participants showed 
greater than a 4-fold increase in HI titers, with 79% having 
a similar increase in neutralizing antibody titers. This suggests 
that two doses of the vaccine effectively induced immune 
responses in humans.

Beyond traditional approaches: exploring alternative 
vaccine platforms for H5N1, H7N9, and H9N2 avian 
influenza viruses

A major research effort is underway to develop a universal 
influenza vaccine. These vaccines target conserved viral epi-
topes, aiming to overcome the challenges posed by the highly 

mutable nature of influenza viruses.129 By targeting these con-
served regions, the vaccines elicit cross-protective, broadly 
neutralizing immunity, offering protection against a wider 
range of influenza strains.130 Several vaccine platforms hold 
promise as a universal vaccine, including vectored, nucleic 
acid-based, protein-based, virus-like particle (VLP), and even 
LAIVs.50 While this discussion focuses on VLP and messenger 
RNA (mRNA) vaccines due to their current advancements in 
avian influenza research, it is crucial to acknowledge the 
potential of other platforms and not discount their contribu-
tions. Several of these platforms are listed in Table 2.

VLPs hold promise for influenza vaccines due to their 
ability to incorporate multiple HA subtypes into their 
envelopes, potentially inducing broader immunity against 
several subtypes and leading to more effective 
vaccines.131,132 Mice immunized intramuscularly with an 
H5N1 VLP expressing the HA, NA, and M1 exhibited 
stronger humoral and cellular immune responses, which 
translated to improved survival after a lethal challenge.133 

A similar approach also conferred protection in mice, evi-
denced by decreased virus shedding and milder pulmonary 
lesions after H7N9 challenge.134 Similarly, mice and ferrets 
were vaccinated intramuscularly with a VLP expressing the 
HA, NA, and M of an H9N2 virus, with or without an 
adjuvant.135 The H9N2 VLP-induced antibody levels that 
correlated with reduced virus replication in both species 
after challenge.135 Notably, the adjuvant enhanced immu-
nogenicity and protective efficacy.136 Another study 
explored the potential of VLPs co-expressing H5, H7, and 
H9 HAs.137 Ferrets immunized intranasally with these 
VLPs showed the highest levels of virus-neutralizing anti-
bodies against the H9 subtype. Furthermore, vaccinated 
animals exhibited less weight loss and lower viral titers 
compared to the control group.137

Although extensively tested in humans for seasonal influ-
enza viruses with proven safety and immunogenicity, includ-
ing both humoral and cellular immune responses,138,139 VLPs 
have limited clinical trial data regarding their immunogenicity 
against avian influenza strains. A phase 1 study investigated 
the safety and immunogenicity of an alum-adjuvanted plant- 
derived H5N1 VLP vaccine in healthy adults.140 The vaccine 
was remarkably well-tolerated at all doses, and nearly 96% of 
individuals in the higher dose groups developed neutralizing 
antibody responses.140 Consistent with these findings, another 
phase 1 trial demonstrated that subjects vaccinated with an 
adjuvanted H7N9 VLP vaccine mounted robust HI and neu-
tralizing antibody responses.141 Additionally, compared to the 
unadjuvanted group, these participants exhibited significantly 
higher total binding antibody levels and enhanced antibody 
affinity maturation.

The remarkable success of mRNA vaccines in tackling the 
COVID-19 pandemic has sparked their exploration for other 
infectious diseases, including influenza.142 An mRNA encap-
sulated in lipid nanoparticles (LNP) against clade 2.3.4.4b H5 
viruses was developed and tested in mice and ferrets.143 The 
mRNA vaccine induced high levels of neutralizing antibodies 
and HA-specific CD8+ T cell responses in mice, and protected 
ferrets from lethal challenge with an H5N1 virus.143 Similarly, 
an mRNA-LNP H7N9 vaccine generated a rapid and strong 
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immune response in mice and ferrets, and a single dose pro-
tected against lethal challenge and reduced virus replication in 
the lungs compared to mock.144 Another study explored an 
mRNA-LNP multi-antigen vaccine targeting three conserved 
influenza antigens (M2 ion channel, alpha helix of the HA stalk 
region, and the nucleoprotein).145 Administered intramuscu-
larly, this H9N2 vaccine induced neutralizing antibodies and 
cross-reactive CD8+ T cells in mice, ultimately protecting 
them against an H9N2 virus challenge.145

While data on mRNA vaccines for avian influenza in 
humans is scarce, a phase 1 study has shed light on their 
potential.146 This study assessed the safety and immunogeni-
city of an H7N9 mRNA vaccine in healthy humans. The 
results were encouraging: the vaccine generated a robust pro-
tective immune response, adverse effects were mostly mild or 
moderate, and 100% of participants achieved seroconversion 
against the H7N9 strain.146 These early findings highlight the 
exciting potential of mRNA vaccines in the fight against 
influenza. Their ability to trigger diverse immune responses 
paves the way for developing universal influenza vaccines, 
a long-sought goal in public health.

Conclusion

The H5N1, H7N9, and H9N2 subtypes of avian influenza 
virus pose a dual threat, not only causing significant eco-
nomic losses to the global poultry industry but also pre-
senting a pressing public health concern due to 
documented spillover events and human cases. 
Vaccination remains the primary defense against the spread 
of these viruses. This review delves deep into the landscape 
of avian influenza vaccines for humans, exploring both 
established platforms and promising new directions. 
Inactivated and LAIVs have been the standard platforms, 
tested in animal models and humans. Inactivated vaccines, 
while safe and cost-effective, elicit primarily humoral 
immunity. LAIVs, on the other hand, induce a broader 
immune response, encompassing humoral, mucosal, and 
cell-mediated immunity. This makes them potentially 
more protective, despite concerns about their safety. More 
recently, promising alternatives such as VLPs and mRNA- 
LNP vaccines have emerged. Exploring and employing 
a diverse range of vaccine platforms is crucial for enhan-
cing pandemic preparedness and mitigating the threat of 
avian influenza viruses.
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