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Editorial on the Research Topic

Zoonotic negative-sense RNA viruses

Zoonotic negative-sense RNA viruses pose a major threat to animal and human

health and have caused numerous significant outbreaks, including the 1918 Spanish

influenza pandemic (1), the 2009 swine influenza pandemic (2), Ebola virus outbreaks

(3), Rift Valley fever virus outbreaks (4), and the H5 highly pathogenic avian influenza

virus (HPAIV) panzootic (5). The World Health Organization list of priority pathogens

includes numerous negative-sense viruses that pose a significant public health threat due

to their epidemic potential and lack of medical countermeasures. As part of outbreak

preparedness frameworks, it is crucial to understand factors that contribute to the

emergence, maintenance, infection, and spill-over of zoonotic negative-sense viruses.

The aim of this Research Topic was to provide novel insights into zoonotic

negative-sense RNA virus biology, disease pathogenesis, host response to infection and

countermeasures to mitigate the impact of these viruses.

Currently, H5 goose/Guangdong (gs/Gd)-lineage subclade 2.3.4.4b HPAIVs are

causing widespread outbreaks globally. Concerningly, mammal-to-mammal transmission

was reported in late 2022 (6). A well-known mammalian adaption of avian influenza

viruses (AIVs) is the polymerase basic 2 E627K which enables AIV polymerases to

use human ANP32 proteins to replicate (7–9). Briggs and Kapczynski performed a

comparative analysis of PB2 E627K/V in H5 AIVs and described low prevalence of E627K

in non-gs/Gd-lineages (American, 0.25%; Eurasian 1.03%) and a higher prevalence in

the gs/Gd-lineage (range: 0.0–11.7%). In the evolutionary successful H5 gs/Gd-lineage

HPAIV subclade 2.3.4.4b, E627K prevalence is 1.0%, suggesting the majority of subclade

2.3.4.4b H5 HPAIVs detected remain adapted to replication in avian species. Notably,

E627K was present in 39.1% of human origin H5 AIV sequences, suggesting a non-

exclusive requirement.

Vaccination of poultry is considered crucial to protect both animal and public health

(10). Park et al. characterized the immunogenicity of a chimeric virus-like particle

(VLP) vaccine co-expressing haemagglutinin from gs/Gd-lineage H5 clade 1 and clade

2 (subclade 2.3.2.1c) HPAIVs. The chimeric VLP vaccine elicited a broader antibody

response compared to the monovalent VLP vaccine in chickens and ducks. Overall,

the VLP vaccine elicited higher and broader serum HI responses in chickens compared

to ducks. This VLP vaccine platform enables differentiating infected from vaccinated

individuals, making it a valuable tool for the eradication of AIV in poultry whilst
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ensuring food security. Importantly, vaccination of older ducks

will be crucial for HPAIV control, as Lee et al. demonstrated that,

whilst young ducks are highly susceptible to severe HPAIV disease

and shed higher titres of virus, older ducks do not display clinical

disease signs or mortality despite shedding high titres of virus. This

highlights the potential for older ducks to maintain and spread

HPAIV in the absence of clinical disease signs and suggests that

vaccination programs should be targeted toward older ducks.

Another critical area of pandemic preparedness is the

development of H5 vaccines for public health. Nuñez et al.

demonstrated that immune imprinting with group 1 influenza A

viruses (IAVs) (H1N1, H2N3), but not group 2 (H3N2), elicited

complete protection following challenge with group 1 H5N1

HPAIV. H3 (group 2) infection of H1 (group 1)-imprinted ferrets

did not abrogate protection fromH5HPAIV challenge. Conversely,

H5 Hu-COBRA 2 VLP or H5 recombinant HA vaccination of H3

imprinted ferrets afforded protection against H5 HPAIV challenge.

Group 1 pdmH1N1 recombinant HA vaccination of H3 pre-

immune ferrets elicited partial protection against H5 HPAIV

challenge. This study describes group 1 IAVs eliciting cross-reactive

protection against heterologous H5 HPAIV challenge and can

inform public health vaccination strategies. Complementary to this,

the review by Jang et al. of oral mucosal immunity discusses the

importance of eliciting sterilizing immunity at the oral mucosa to

control transmission of respiratory viruses of pandemic concern.

Strategies to improve the induction of sterilizing oral mucosal

immunity, including novel mucosal vaccines and adjuvants

and delivery systems, were reviewed with current barriers and

opportunities described.

Avian influenza viruses are maintained in wild birds and

continue to evolve and spread globally. Kim et al. described the

detection of Eurasian H6 viruses in South Korea that harbor

North American-lineage internal genes, highlighting continual

intercontinental spread of AIVs and the need for continued

surveillance. The wild bird origin H6 viruses displayed minimal

infectivity in chickens, suggesting they were poorly adapted to

chickens. Interestingly, Ferreri et al. demonstrated that wild

bird-origin H4N2 AIV minimally passaged in chickens acquired

increased fitness as evidenced by wider tissue tropism and

longer duration of shedding in experimentally infected chickens.

This highlights the continued evolution and adaptation potential

of AIVs.

Swine IAVs (sIAVs) pose a significant threat to human and

swine populations globally. Notably, the pdmH1N1 sIAV emerged

in swine from a reassortment event between a triple reassortant

sIAV (harboring gene segments from human IAV, sIAV, and

AIV) and a Eurasian avian-like sIAV (2). Zeller et al. developed

classLog, a general-purpose machine learning classifier to assign

taxonomic classifications to virus sequence data without the need

to infer evolutionary history. sIAV H1N1 haemagglutinin and

Porcine Reproductive and Respiratory Syndrome virus ORF5

datasets were used to validate the classifiers. A classLog classifier

trained on a sIAV dataset with 12 features (0.5% of features)

and 0% sequence degradation (perfect sequence quality) was

100% accurate. At 10% sequence degradation, 121 features (5%

of features) were needed to achieve 100% accuracy. At 20 and

30% sequence degradation, 243 features (10% of features) resulted

in 100 and 93% accuracy, respectively. Uncoupling of inference

of viral evolutionary history and virus classification increases

the rapidity of classification with high accuracy. Importantly,

this pipeline can be applied to real time genomic classification

in the field. Neasham et al. developed an immortalized swine

bronchial respiratory cell line for characterization and risk

assessment of sIAVs in a relevant host cell line. The immortalized

respiratory cell line was primarily of epithelial origin and

maintained epithelial morphology, expressed a-2,3- and a-2,6-

linked sialic acid receptors, was permissible to sIAVs and human

IAVs, and was functionally immunocompetent, as evidenced by

cytokine production.

Finally, Xu et al. undertook a review of Rift Valley fever

phlebovirus (RVFV) with a focus on natural hosts and the

pathogenesis of RVFV in animal models of infection.

Collectively, this Research Topic highlighted current research

activities on zoonotic negative-sense RNA viruses. It is critical

to understand viral evolution, infection dynamics, and the

host response to infection to inform pandemic preparedness

frameworks and develop effective diagnostic tools and

countermeasures to combat these viruses.
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South American H4N2 influenza A 
virus improved replication in 
chicken trachea after low number 
of passages
Lucas M. Ferreri 1,2†, Silvia Carnaccini 1, Valeria Olivera 2, 
Ariel Pereda 3, Daniela Rajao 1 and Daniel R. Perez 1*
1 Department of Population Health, Poultry Diagnostic and Research Center, College of Veterinary 
Medicine, University of Georgia, Athens, GA, United States, 2 Instituto de Virologia CICVyA, Instituto 
Nacional de Technologia Agropecuaria (INTA), Castelar, Buenos Aires, Argentina, 3 Programa Nacional 
de Sanidad Animal, Instituto Nacional de Technología Agropecuária (INTA), Castelar, Buenos Aires, 
Argentina

Introduction of influenza A viruses (FLUAV) into poultry from waterfowl is 
frequent, producing economic burden and increasing the probability of human 
infections. We have previously described the presence of FLUAV in wild birds in 
Argentina with unique evolutionary trajectories belonging to a South American 
lineage different from the North American and Eurasian lineages. Adaptability of 
this South American lineage FLUAV to poultry species is still poorly understood. In 
the present report, we evaluated the capacity of an H4N2 FLUAV from the South 
American lineage to adapt to chickens after low number of passages. We found 
that five mutations were acquired after five passages in 3-days-old chickens. 
These mutations produced a virus with better infectivity in ex vivo trachea explants 
but overall lower infection in lung explants. Infection of 3-week-old chickens 
persisted for a longer period and was detected in more tissues than the parental 
virus, suggesting adaptation of the H4N2 influenza A virus to chicken.

KEYWORDS

influenza A virus, adaptation, subtype H4N2, poultry, waterfowl

Introduction

Influenza A viruses (FLUAV) from waterfowl are of global concern. Multiple pandemics 
have occurred as the product of genetic exchange between FLUAV circulating in humans and 
the avian reservoir (1). FLUAV contains eight gene segments, two of which encode for the 
surface glycoproteins hemagglutinin and neuraminidase (HA and NA, respectively). The other 
six for the internal gene cassette, comprised by the set of polymerases, PB2, PB1 and PA, the 
nucleoprotein NP, the matrix segment M and NS, which encodes for nonstructural proteins. 
While HA and NA are responsible for the entrance to and exit from the cell, the internal genes 
perform replication, innate immune evasion, and physical support among other functions. The 
18 HA and 11 NA subtypes of FLUAV are classified by their antigenic properties whereas the 
internal gene cassettes are divided by their origin. Three major lineages of avian FLAUV internal 
genes have been described: Eurasian, North American, and South American lineages (2).

Among the most prevalent FLUAV circulating in waterfowls, the H4 subtype has been 
detected frequently in domestic avian species across Asia, Europe, and North America since it 
was first isolated from a duck in 1956, highlighting its wide distribution (3). Furthermore, some 
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H4s have been shown to infect mice (4–6), pigs (7), and marine 
mammals (8) without prior adaptation, indicating ability to switch 
hosts between avian and mammalian species.

Chicken (Gallus gallus domesticus) meat and eggs are among the 
most consumed animal-based proteins, making this species widely 
distributed worldwide. Chickens are risen in large numbers and found 
at high densities within commercial farms, a scenario that increases 
the probability of virus transmission and adaptation upon new 
introductions. Chickens can be infected with a broad range of FLUAV 
and can act as intermediate species between waterfowl and 
mammalian hosts (9, 10). Studies showed that farmers, workers, and 
veterinarians in the poultry industry are at higher risk of infection 
with zoonotic FLUAVs, including H4 viruses (11, 12).

In the present work, we  evaluated the adaptability of a H4N2 
influenza A virus, from the South American lineage isolated from silver 
teal (Anas versicolor) in Argentina. We  found that mutations were 
acquired after five passages, and that, even though absent or at low 
frequency in nature, they conferred better replication in vivo. 
Furthermore, we show fitness improvement in the trachea but not in the 
lungs, suggesting that the acquired substitutions were positively selected. 
Overall, we show that the H4 subtype from the South American lineage 
isolated from wild birds requires only a few passages to adapt to chicken.

Materials and methods

Viruses and cells

The isolation of the duck A/silver teal/Argentina/CIP051-32/2011 
(H4N2) virus (32/H4N2) has been previously described (2). The 
P5Ch32/H4N2 virus was sequenced from lung and trachea 
homogenates after five passages of 32/H4N2 in 3-days-old chickens. 
Viruses 32/H4N2 and P5Ch32/H4N2 were produced by reverse 
genetics as previously described (13) and stocks were generated in 
10-day-old embryonated chicken eggs. Madin-Darby canine kidney 
cells (MDCK cells) were used for either titration by tissue culture 
infectious dose 50 (TCID50) or plaque assay. Read out for TCID50 was 
performed by Reed and Muench as previously described (14).

Chickens and housing

Specific-pathogen-free (SPF) White Leghorn (Gallus gallus 
domesticus) embryonated eggs (Rosenbusch S.A. CABA, Argentina) 
were purchased, incubated, and hatched in an automatic incubator 
(Yonar, CABA, Argentina). Groups were housed separately in 
sterilized isolators for chickens under negative pressure conditions 
(Allentown CH8ISOL) with food and water ad libitum throughout the 
experiments. Animal care was performed in accordance with the 
approved protocols of the National Institute of Agricultural 
Technology Ethics Committee (INTA, Argentina; protocols numbers 
26/2013 and 44/2014).

Serial lung passages in 3-days-old chicken

Serial lung passages started with the infection of three 3-days-old 
chicken inoculated intratracheally with 1 × 10^6 TCID50/bird of 
allantoid fluid in PBS. At 3 dpi, the chickens were sacrificed, whole 

lungs were collected; lung homogenates were prepared with a mortar 
and sterile sea sand. The pool of lung homogenates from passage 1 was 
used to infected animals in passage 2. From passage 2 to 4, the lung 
homogenate with the lowest Ct value was used to inoculate the next 
group of chickens. The homogenates were resuspended in 5 mL of PBS 
with antibiotics penicillin 10,000 IU/mL, streptomycin 5 mg/mL, 
gentamicin Sulfate 1 mg/mL, kanamycin sulfate 700 μg/mL and 
amphotericin B 10 μg/mL (Sigma Chemical Co, St. Louis, MO, 
United States), clarified by centrifugation at 1,500 rpm for 20 min at 
4°C and store at – 80°C until used. Inoculum for serial passages were 
obtained using 100 μL of clarified lung homogenates from the bird 
with lowest Ct values. The number of birds per group varied from 3 to 
5 based on availability of SPF embryonated eggs at the time of the 
experiments. Birds were observed daily for clinical signs of infection 
and general well-being. Experiments were carried out under BSL-3 
conditions with investigators wearing appropriate protective 
equipment and compliant with animal care approved protocols of the 
National Institute of Agricultural Technology Ethics Committee 
(INTA, Argentina; protocols numbers 26/2013 and 44/2014).

Infection of 3-weeks old chicken

To assess infectivity of the 32/H4N2 virus, two experiments of 
four 3-week-old chickens were performed. Chickens were inoculated 
with 1 × 10 ^ 6 TCID50/bird of allantoid fluid diluted in PBS. Sampling 
was performed by swabbing trachea and cloaca at 2, 3 and 4 dpi. Two 
chickens were euthanized at 3 and 4 dpi for lung tissue collection. 
Lung homogenates for virus detection were prepared as described 
above. For inoculation with the P5Ch32/H4N2 virus, we performed 
one experiment with eight chickens. Chickens were also inoculated 
with 1 × 10 ^ 6 TCID50/bird of allantoid fluid diluted in PBS. Sampling 
was performed by swabbing trachea and cloaca at 2, 3 and 4 dpi. Four 
chickens were euthanized at 3 and 4 dpi for lung tissue collection. 
Lung homogenates for virus detection were prepared as 
described above.

Detection by qRT-PCR

The viral RNA was extracted from 140 μL of either lung 
homogenates or tracheal swabs using a QIAamp Viral RNA Mini Kit 
(Qiagen Inc.). Viral cDNA was prepared with random hexamers using 
a High Capacity cDNA Archive kit (Applied Biosystems, Foster City, 
CA, United States). FLUAV detection was done by real-time reverse 
transcriptase PCR (RT-qPCR) using TaqMan Universal PCR Master 
Mix (Applied Biosystems) directed to the matrix (M) gene described 
elsewhere (15). The PCR reaction was performed on an ABI Prism 
7,500 SDS (Applied Biosystems). Samples with a CT value of less than 
or equals to 38 were considered positives.

Sequencing

Total RNA was extracted using the QIAamp viral RNA, Mini kit 
(Qiagen, Valencia, CA, United States) according to manufacturer’s 
instructions. Reverse transcription was carried out with the uni-12 
primer (5′-AGCAAAAGCAAAGG-3′) and AMV reverse 
transcriptase (Promega, Madison, WI, United  States). PCR 
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amplification was performed using specific primers. The PCR 
products were sequenced using BigDye-Terminator protocol V3.1 
(Applied Biosystems, Foster City, CA, United States).

Plaque assay and plaque size measurement

Six-well plates with confluent Madin-Darby canine kidney cells 
were infected with either 32/H4N2 or P5Ch32/H4N2 in PBS. After 1 h 
of adsorption, the monolayer was washed twice and overlay with agar 
media (2 × MEM media, Gibco, ThermoFisher Scientific, Waltham, 
MA, United  States), L-glutamine (4 mM; VWR, Radnor, PA, 
United States), sodium bicarbonate (0.3%; VWR), BSA (0.5%; Sigma), 
HEPES (30 mM; Lonza, Basel, Switzerland), 0.8% agar (Oxoid, 
ThermoFisher Scientific), 1% DEAE dextran [ThermoFisher Scientific, 
1 μg/ml TPCK-treated trypsin (Sigma)]. After 48 h, cells were fixed 
with 4% formaldehyde and stained with crystal violet (Sigma). Size of 
plaques were manually measure using Fiji ImageJ2 version 2.9.0/1.53 t.

Lung and trachea explants

Lungs and tracheas were used for explant studies (16, 17). Tissues 
were obtained from 3-weeks old SPF White Leghorn chickens. Using 
aseptic technique, the tracheas were dissected from the animal, and 
washed with wash media (PBS containing Penicillin (200 U/mL), 
Streptomycin (200 μg/mL), Amphotericin B (25 μg/mL)). Tracheal 
rings of equal width (0.5 cm of length) were infected with 10 ^ 4 
TCID50/mL of virus for 1 h at 37°C and 5% CO2. Afterwards, explants 
were washed 5 × in wash media. Trachea explants were placed on an 
air-liquid interface supported by a gauze pedestal of approximately 
1 cm2 embedded in Trachea explant media 250 mL DMEM/F12, no 
phenol, 250 mL RPMI, no phenol, Penicillin (200 U/mL), Streptomycin 
(200 μg/mL), Amphotericin B (0.1 μg/mL), Gentamicin (0.2 μg/mL), 
Glutamine (0.3 ng/mL), 5 mL 100  × amino acids (ThermoFisher 
Scientific) in 12-well plates (ThermoFisher Scientific), and incubated 
for 72 h at 37°C and 5% CO2.

For lung explants, the desired lobes were dissected from the birds 
and washed 5 × with Lung explant media (500 mL M199, no phenol), 
Penicillin (200 U/mL), Streptomycin (200 μg/mL), Amphotericin B 
(0.1 μg/mL), Gentamicin (0.2 μg/mL), 5 mL Vitamin supplement 
(ATCC), 5 mL 100 × amino acids (ThermoFisher Scientific), 5 mL ITS 
100  × (Insulin, Transferrin, Selenium; ThermoFisher Scientific), 
Hydrocortisone (0.5 μg/ml). Pieces of lungs were obtained using 4 mm 
biopsy punches (VWR). Infection and cultivation of lung explants was 
done as with trachea explants. Collection of supernatants from kinetic 
growth experiments in both types of explants was done adding 200 μL 
of tissue-specific media before collecting 200 μL of media containing 
the virus. Titration was performed by TCID50 as described above.

Statistical methods

Plaque size comparison between the 32/H4N2 virus and the 
P5Ch32/H4N2 virus was done by two sample unpaired t-test. For 
evaluating significance for growth kinetics in explants, Welch two 
sample t-test was used. All tests were performed in rstatix (version 
0.7.2), from R version 4.1.3.

Results

Low fitness of 32/H4N2 in 3-weeks-old 
chickens

We evaluated infection capacity of the duck isolate A/silver teal/
Argentina/CIP051-32/2011(H4N2; 32/H4N2) in 3-weeks-old 
chickens (Gallus gallus domesticus). Two groups of four chickens 
produced infection detectable only at 2 days post inoculation (dpi; 
Table 1).

Low number of passages of the 32/H4N2 
virus in chickens resulted in mutations with 
differential fitness

To evaluate the adaptability of the 32/H4N2 virus to chicken, 
we  performed five passages of lung homogenates in 3-days-old 
chickens (18). Initially, three chickens were inoculated with 1 × 10 ^ 6 
TCID50. Lung homogenates from the bird with the lowest Ct value 
were used to perform the serial passages (Figure 1). No overt clinical 
signs were observed. We characterized phenotypically and genetically 
the virus from the bird with the lowest Ct value in the passage 5 group 
(P5Ch32/H4N2 virus).

Sequencing the P5Ch32/H4N2 virus from lung and trachea 
homogenates revealed the same amino acid substitutions in both 
organs: NA N402K, PB2 K663E, PA V432I, NP L226I, and M1 V80I 
(Figure 2). We then evaluated the presence of these molecular markers 
in nature, which would help understanding their fitness in different 
hosts. We  evaluated internal genes from all subtypes and N2 NA 
regardless of its HA subtype association. The PA V432I mutation was 
present at ~ 8% of FLUAV sequences detected in avian hosts and at 1% 
in mammalian hosts. The NA N402K mutation was detected at 
~ 0.05% of N2 FLUAV sequences detected in mammalian hosts and 
the M1 V80I mutation was present at > 5% of FLUAV sequences in 
mammalian species (Figure 3).

The size of a plaque produced by cytopathic effect is a direct 
measurement of fitness in vitro. We compared the size of plaques to 
evaluate whether the mutations acquired after passages in young 
chickens resulted in fitness differences (Figure 4). While the wild type 

TABLE 1 The P5Ch32/H4N2 virus is detected for longer and in more 
tissues in 3-weeks old chicken than the parental 32/H4N2 virus.

Tissue Virus Days post infection

2 3 4

Trachea
32/H4N2 33.1 (4) 31.5 (4) bld (4/4) bld (2/2)

P5Ch32/H4N2 31.75 (8) 28.78 (8) 26.67 (4)

Cloaca
32/H4N2 bld (4/4) bld (4/4) bld (2/2)

P5Ch32/H4N2 bld (8) 28.34 (8) 31.2 (4)

Lung
32/H4N2 na bld (2/2) bld (2/2)

P5Ch32/H4N2 na 30.35 (4) bld (4)

Values for the infection with the 32/H4N2 virus represent two experiments of four chickens 
whereas values for the infection with the P5Ch32/H4N2 virus represent one experiment of 
eight chickens. Numbers show mean Ct values from samples whereas values between 
brackets show number of birds from which the mean Ct values were calculated. Trachea and 
cloaca were sampled by swabbing whereas lungs represent homogenates. “bld” = below limit 
of detection. “na” = not assessed.
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32/H4N2 virus produced large plaques, the P5Ch32/H4N2 virus 
produced pinpoint plaques, demonstrating that the mutations 
associated with the P5Ch32/H4N2 virus had impacted its fitness 
in vitro.

The P5Ch32/H4N2 virus improved fitness 
in trachea

We infected trachea and lung explants, to evaluate whether the 
mutations present in the P5Ch32/H4N2 virus confer differential 
replication in these tissues. For the P5Ch32/H4N2 virus, replication 
in the lung decreased compared to the 32/H4N2 virus, but the 

differences did not reach statistical significance (Figure  5). In the 
trachea, overall replication was improved for the P5Ch32/H4N2 virus, 
reaching statistical significance at 12 h post-infection (hpi). Even 
though between 24 and 36 hpi both viruses replicated at similar titers, 
at 48 and 72 hpi the P5Ch32/H4N2 virus maintained higher titers than 
the 32/H4N2 virus. Overall, these data suggest that the acquisition of 
the mutations after the passages conferred a replicative improvement 
in the trachea.

The P5Ch32/H4N2 virus improved fitness 
In vivo

Since the 32/H4N2 virus showed to be deficient to replicate in 
3-week-old chickens, we assessed the capacity of the P5Ch32/H4N2 
virus to produce infection in chickens of the same age. The group of 
birds infected with the P5Ch32/H4N2 virus tested positive for virus 
shedding until the last day evaluated, 4 dpi. Furthermore, virus was 
also detected in cloacal swabs at 3 and 4 dpi as well as in lung 
homogenates at 3 dpi (Table 1; Supplementary Table 1). Overall, these 
data showed that the P5Ch32/H4N2 virus had improved shedding 
and extended tissue tropism compared to its ancestral 32/H4N2 virus.

Discussion

Introduction and adaptation of viruses from their natural hosts are 
key for the establishment of novel viruses into new species. Wild 
waterfowls, from the order Anseriformes and Charadriiforms, are the 
natural host for FLUAV. Close contact of poultry with species from 
these two orders has been reported (22), helping disseminate FLUAV 
to domestic avian species and the consequent host switch for low and 
high pathogenicity FLUAV. In the present work, we aimed to evaluate 

FIGURE 1

Passages of A/silver teal/Argentina/CIP051-32/2011(H4N2; 32/H4N2) 
in 3-days old chickens. Adaptation was attempted by serially 
passaging the 32/H4N2 virus in specified pathogen-free chickens. In 
passage 1, the pool of lung homogenates were utilized as inoculum 
for passage 2. Afterwards, the lung homogenate with the lowest Ct 
value within the group (red dots) was utilized as inoculum for the 
next group. The green dot represents the chicken from which the 
P5Ch32/H4N2 virus was characterized.

FIGURE 2

Amino acid substitutions present in P5Ch32/H4N2. (A) Substitution NA N402K (N2 numbering; in red) acquired after passaging in chickens disrupts a 
putative N-glycosylation site (green). From the canonical sialic acid recognition site, the tyrosine at position 406 is highlighted in red. In purple, sites 
corresponding to the secondary binding site (19). (B) Amino acid substitutions in proteins involved in the ribonucleoprotein complex. This figure is an 
adaptation from Boulo et al. and Naffakh et al. (20, 21).
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the adaptation of a H4N2 avian influenza virus from the South 
American lineage isolated from a wild bird. After five passages in young 
chickens, we found that the mutations acquired conferred a replicative 
advantage in 3-weeks-old chicken and in trachea explants suggesting 
that the passages promoted selection for infection in chicken.

The South American lineage represents a unique evolutionary 
clade with little information about its adaptability (2, 23, 24). Rimondi 
et al. (23) recently showed that 20 passages in 3-weeks old chickens 
produced 13 amino acid substitutions that conferred a South 
American H6N2 capacity to increase replication in chickens. Here, 
we  found that five amino acid substitutions arose after only five 
passages in 3-days old chickens. This experimental setup allowed us 
to make the process of adaptation more efficient because young 
chickens do not have their innate immunity fully developed, lowering 
innate immune pressure (25). Moreover, a high number of passages 
increases the probability of mutations being fixed by chance interfering 
with the process of positive selection.

The mutations acquired after passages were present in NA, PB2, 
PA, NP, and M1 proteins. Even though at low frequency, NA N402K, 
PA V432I, and M1 V80I were found in viruses isolated from mammals 
suggesting that these viruses are capable of infecting species other 
than avian hosts. Conversely, the PA V432I mutation was found in 
~ 8% of the avian and 1% in mammalian FLUAV sequences deposited 
in public databases. This reflects the capacity of viruses with the PA 
V432I substitution to infect mammals and birds.

The fact that 3 out of 5 mutations are present in the 
ribonucleoproteins is indicative of a process of adaptation that 
involves the replicative machinery of the virus. The mutation PB2 
K663E falls in the 627 domain—a distinctive domain protruding from 
the polymerase core. The domain 627 was previously shown to play a 
role in the adaptation of avian viruses to mammals (26). Differences 
in the biology of infection from waterfowl to chicken is likely one of 
the main host restrictions since FLUAV replicate in the gastrointestinal 
tract in waterfowl whereas is mainly a respiratory infection in poultry. 

FIGURE 3

Absence of molecular markers from P5Ch32/H4N2 suggest fitness cost in nature. NCBI database was searched for NA N403K, PB2 K663E, PA V432I, 
NP L226I and, M1 V80I. Numbers between title of the panel and bar plots show the total number of sequences analyzed.

FIGURE 4

In vitro fitness differences conferred by mutations in P5Ch32/H4N2. Plaque size is indicative of fitness differences in vitro. Plaque formation from 
infection in Madin-Darby canine cells was evaluated after crystal violet staining (A). Plaques were manually measured (B) and total area of plaques was 
evaluated (C). Plaque size was statistically significant (***p = 0.000106, two samples unpaired t-test). Bars represent the mean size of the plaques and 
bars, the standard deviation.
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Therefore, the mutations found in the proteins involved in the 
formation of the ribonucleoproteins may moderate efficiency of 
replication under these two different environments.

Another salient mutation is NA N402K. This mutation falls in a 
region of the protein that has the potential to disrupt a putative 
glycosylation site, and/or to modify the secondary binding site (19). 
Furthermore, site 406Y, which forms part of the primary sialic acid 
recognition site, is adjacent. This can have implications in the 
performance of the NA and the sialic acid species it recognizes. It has 
been shown that the epithelial cells from the respiratory tract of 
chickens contain both sialic acid in α2,3 and α2,6 conformation 
whereas the α2,3 conformation is predominant in the gastrointestinal 
tract of waterfowl (9, 27–29). Therefore, mutations in either of the 
proteins involved in the recognition of these ligands are expected to 
change upon host switch. Which of these mutations are the ones 
responsible for the infection improvement in 3-weeks-old chickens and 
whether they confer transmission capacity warrants further research.

It has been shown that selective pressure acts differently across 
various anatomical sites within the infected individuals (30). In our 
experiment of adaptation, we  utilized lung homogenates to make 
serial passages but, in the ex vivo infection, fitness gain was only 
detected in the trachea. This can be  attributed to the use of 
intratracheal inoculation during the passages. We argue that even 
though viruses were homogenized and collected from the lungs, 
intratracheal inoculation allowed the virus populations produced in 
the lungs to be selected in the trachea. Furthermore, the P5Ch32/
H4N2 virus was mainly detected in the trachea of infected chicken 
and its robust infection in the trachea explants further support the 
notion that the trachea acted as a compartment where selection 
occurred, creating fit populations therein (31, 32).

Poultry species have been proposed as intermediate hosts between 
waterfowl and humans (9, 10). Even though human infections by H4 
subtypes of FLUAV are still limited, the fact that FLUAV evolve rapidly in 
poultry (33) in addition to the close contact of the human population with 
these birds, sets the conditions for spillovers, increasing the probability of 
the establishment of new viruses in the human population.
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FIGURE 5

Trend of higher replication in chicken trachea upon infection with P5Ch32/H4N2 virus. While in lung explants the P5Ch32/H4N2 virus seemed to have 
a cost early in the infection at 12 h post infection (No statistical significance), passages conferred better replication in trachea with statistical significance 
at 12 hpi (*p = 0.02082; Welch two sample t-test). Data represents two independent experiments with three replicates each. Dots represent the mean 
titer and bars represent their standard deviations.
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Detection of intercontinental 
reassortant H6 avian influenza 
viruses from wild birds in South 
Korea, 2015 and 2017
Ji-Yun Kim 1†, Sun-Hak Lee 2†, Da-Won Kim 1, Dong-Wook Lee 1, 
Chang-Seon Song 2, Dong-Hun Lee 3* and Jung-Hoon Kwon 1*
1 College of Veterinary Medicine, Kyungpook National University, Daegu, Republic of Korea, 2 Avian 
Disease Laboratory, College of Veterinary Medicine, Konkuk University, Seoul, Republic of Korea, 
3 Wildlife Health Laboratory, College of Veterinary Medicine, Konkuk University, Seoul, Republic of Korea

Avian influenza viruses (AIVs) in wild birds are phylogenetically separated in Eurasian 
and North American lineages due to the separated distribution and migration of 
wild birds. However, AIVs are occasionally dispersed between two continents by 
migratory wild birds flying across the Bering Strait. In this study, we isolated three 
AIVs from wild bird feces collected in South Korea that contain gene segments 
derived from American lineage AIVs, including an H6N2 isolated in 2015 and two 
H6N1 in 2017. Phylogenetic analysis suggests that the H6N2 virus had American 
lineage matrix gene and the H6N1 viruses had American lineage nucleoprotein and 
non-structural genes. These results highlight that novel AIVs have continuously 
emerged by reassortment between viruses from the two continents. Therefore, 
continuous monitoring for the emergence and intercontinental spread of novel 
reassortant AIV is required to prepare for a possible future outbreak.

KEYWORDS

influenza virus, reassortment, phylogenetic analysis, wild bird, South Korea

1. Introduction

Wild waterfowl are the natural hosts of avian influenza viruses (AIVs) (1) Because of the 
geographical barrier, AIVs are separated into two phylogenetic lineages, the Eurasian and 
American lineages (2). However, some migratory waterfowl (e.g., the Northern Pintail duck; 
Anas acuta and Greater White-fronted goose; Anser albifrons) move intercontinentally, causing 
genetic mixing between the two lineages of AIVs (3–8).

Previous surveillance studies on AIVs in wild birds provide evidence for the intercontinental 
exchange of AIVs. For example, the Eurasian H6 subtype AIV has been reported in North 
America since the 1990s and it replaced the prevailing North American H6 AIV (8). AIVs 
subtype H9N2, which contains six genes originating from North America, were simultaneously 
isolated in South Korea, China, and Alaska (5–7). In 2019, subtype H6N5 AIV carrying all eight 
gene segments from North American ancestors was detected in Mandarin duck in South Korea 
(4). In addition, the intercontinental spread of the highly pathogenic avian influenza (HPAI) 
virus from Eurasia to North America was detected in 2014 and 2021 (9, 10). Western Alaska, 
where migratory flyways of waterfowl overlap, is the location to encounter AIVs from Eurasian 
and North American lineages (3).
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In the current study, we  report three reassortant H6 viruses 
containing gene segments originating from North America. Complete 
genome sequencing and phylogenetic analysis were used to find the 
origin of each gene segment.

2. Materials and methods

We collected fresh fecal samples from wild bird habitats in South 
Korea for routine AIV surveillance during the fall migration and 
wintering seasons of wild waterfowl. In the 2015–2016 winter, 
we collected total of 1,896 fecal samples and in the 2016–2017 winter, 
we collected total of 8,096 fecal samples. Following as the previous 
study, fecal samples were examined for influenza A virus by real-time 
reverse transcription polymerase chain reaction (rRT-PCR) targeting 
the matrix (M) gene (11). Virus isolation was done using embryonated 
SPF chicken eggs. We found three reassortant H6 viruses containing 
gene segments originating from the American continent: A/Mandarin 
duck/Korea/K15-68/2015 (H6N2), A/Greater White-fronted goose/
Korea/K16-727-5/2017 (H6N1), and A/Greater White-fronted goose/
Korea/K16-738/2017 (H6N1) (designated as K15-68, K16-727-5, and 
K16-738, respectively). The date and location information of the 
isolated viruses is shown in Table  1. We  sequenced full-length 
genomes of the isolates using the Illumina MiSeq system. We deposited 
the nucleotide sequences of each virus into the Global Initiative for 
Sharing All Influenza Data (GISAID) database (accession nos. EPI_
ISL_11110143, EPI_ISL_11112483, and EPI_ISL_11112543, 
respectively). The host of each fecal sample positive for AIV was 
identified using a DNA barcoding technique, as previously 
described (12).

Comparative phylogenetic analysis of each gene was conducted to 
trace their origin. For phylogenetic analysis, all available sequences 
collected between 2010 and 2021 were downloaded from GISAID. To 
prevent the omission of intercontinental spread viruses during the 
subsampling process, we classified all downloaded sequences into two 
groups before subsampling: one containing the viruses isolated from 
Asia, Africa, and Europe and the other containing the viruses isolated 
from South and North America. We reduced the number of sequences 
in each gene segment of each group based on sequence identities of 
97 ~ 99% using the program CD-HIT (13). Maximum-likelihood 
(ML) phylogenetic trees were constructed using a general time 
reversible (GTR) substitution model with 500 bootstrap replications 
in RAxML version 8.2.11 (14). We  used BLAST1 to search for 

1 https:///blast.ncbi.nlm.nih.gov/Blast.cgi

sequences with the highest identity to each virus for each 
gene segment.

To verify the result of the phylogenetic tree, we constructed time-
scaled phylogenetic trees using BEAST version 1.10.4 (15). The GTR 
nucleotide substitution model and uncorrelated lognormal relaxed 
molecular clock model were used for constructing a time-scaled 
maximum clade credibility (MCC) tree. MCC trees were visualized 
using FigTree 1.4.2.2

To evaluate the pathogenicity of the viruses in chickens, a total of 
15 three-week-old SPF chickens (Namdeok SPF, Korea) were divided 
into 3 groups (5 chickens/group). The chickens were inoculated with 
H6 LPAI viruses at 106.0 EID50 in a volume of 100ul by intranasal route. 
At 2-, 3-, 5-, and 7-days post-infection (dpi), oropharyngeal (OP) and 
cloacal (CL) swabs were collected from all chickens and examined for 
virus shedding using a quantitative real-time reverse transcription 
polymerase chain reaction (rRT-PCR) targeting the matrix gene, as 
described previously (11). For each virus, the standard curve was used 
to convert the Ct values into equivalent EID50 titer. All chickens were 
monitored daily for clinical signs and mortality. Serum samples were 
collected for serological investigations including anti-NP ELISA 
(Bionote, Inc., Korea) and Hemagglutination inhibition (HI) testing 
for homologous HA-specific antibodies.

3. Results

We successfully obtained complete genome sequences of the 
K15-68, K16-727-5, and K16-738 viruses. Host species of K15-68 was 
identified as Mandarin duck, and K16-727-5 and K16-738 viruses’ 
host were identified as Greater White-fronted goose using DNA 
barcoding. The genome sequences of K16-727-5 and K16-738 which 
were isolated on the same sample collection day were almost identical 
(NP: 99.936%, NS: 99.944%, and other 6 genes: 100%).

BLAST research indicated that the matrix (M) gene of K15-68 
strain shared >99% nucleotide identity with the Guatemalan origin 
H14N3 subtype AIV. The nucleoprotein (NP) gene of K16-727-5 and 
K16-738 strains sharing 99.94% nucleotide identity with H9N6 
subtype AIV isolated from Missouri, United  States, and the 
nonstructural (NS) gene shared 98.31% nucleotide identity with Ohio, 
USA isolate (Table 2). All other segments showed >98% identity with 
the low-pathogenicity AIVs (LPAI) identified in South Korea, Japan, 
China, and Mongolia. Corresponding to the BLAST results, the ML 
and Bayesian phylogenetic analysis showed that the M gene of K15-68 

2 http://tree.bio.ed.ac.uk/software/figtree/

TABLE 1 Summary of viruses used in this study.

Virus name GISAID accession # Collection date Province Location coordinate

A/Mandarin duck/Korea/K15-

68/2015(H6N2)
EPI_ISL_11110143 2015-11-11 Cheonsu bay 36°36’21’’N 126°25’9’’E

A/Greater white-fronted goose/

Korea/K16-727-5/2017(H6N1)
EPI_ISL_11112483 2017-03-14 Ganghwa-gun 37°44′50″N 126°29′8″E

A/Greater white-fronted goose/

Korea/K16-738/2017(H6N1)
EPI_ISL_11112543 2017-03-14 Ganghwa-gun 37°44′50″N 126°29′8″E
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and the NP and NS gene of K16-727-5 and K16-738 clustered with the 
American lineage wild bird AIVs and the rest of the gene segments 
were clustered with the Eurasian lineage wild bird AIVs (Figure 1; 
Supplementary Figures S1, S2). These results demonstrate that the 
three viruses were generated by reassortment between Eurasian and 
American AIVs.

The HA genes from H6N1 and H6N2 AIVs have some 
phylogenetic distance. Eurasian lineage H6 genes are divided into 
seven groups; ST339-like, W312-like, ST2853-like, HN573-like,  
South African-like, Taiwan-like, and Europe (Figure 1) (16). HN573-
like is divided into three subgroups, subgroup 1 (mixed group), 2 
(Eurasian group), and 3 (American group). All three isolates cluster 
with HN573-like, but with different subgroups 
(Supplementary Figure S1D). H6N2 belongs to subgroup 1 and H6N1 
belongs to subgroup 2.

The amino acid changes related to the mammalian adaptation, 
including Q591K, E627K, and D701N mutations in PB2 (17), N137/ 

E190V/ G228S triad, and Q226L mutation in HA (H3 numbering) 
(18, 19), were not detected in the viruses isolated in this study. The NA 
stalk deletion, which has been associated with adaptation to 
gallinaceous hosts (20), was also not detected.

Three-week-old SPF chickens were inoculated with the H6 viruses 
to study their infectivity and virulence. During the 14-day experiment, 
no obvious clinical signs and no mortality were observed. Virus 
shedding through the OP and CL routes was detected during 3–7 dpi, 
but the detected amount of viruses was very low (<103.5 EID50) 
(Table 2). For the chickens inoculated with K15-68 and K16-727-5 
virus, mean shedding titers for both routes did not exceed 101.0EID50 
throughout the whole period of the experiment. Chickens inoculated 
with K16-738 showed a peak of OP shedding at 3 dpi and a peak of CL 
shedding at 7 dpi, with mean shedding titers of 101.85 EID50 and 101.84 
EID50, respectively. Both HI and NP-specific antibodies were detected 
in two of five, one of five, and one of five chickens inoculated with 
K15-68, K16-727-5, and K16-768, respectively (Table 3).

TABLE 2 BLAST results of 8 gene segments of three viruses isolated in this study.

Virus Gene BLAST results

Strain % Genetic identity GenBank accession 
#

K15-68

PB2 A/duck/Hokkaido/201/2014(H1N1) 99.01% LC339528.1

PB1 A/waterfowl/Korea/S353/2016(H11N9) 99.83% KX703017.1

PA A/waterfowl/Korea/S245/2016(H6N2) 99.60% KX761368.1

HA A/wild bird/Jiangxi/P419/2016(H6N8) 98.34% KX867857.1

NP A/waterfowl/Korea/S245/2016(H6N2) 99.74% KX761370.1

N2 A/duck/Miyazaki/CAD-1/2016(H4N2) 99.38% LC415036.1

M
A/blue-winged teal/Guatemala/CIP049H105–

15/2011(H14N3)
99.42% KJ195679.1

NS A/waterfowl/Korea/S245/2016(H6N2) 99.44% KX761373.1

K16-727-5

PB2 A/waterfowl/Korea/S245/2016(H6N2) 99.36% KX761366.1

PB1 A/duck/Akita/51019/2017(H5N3) 98.88% MK592459.1

PA A/Duck/Mongolia/782/2017(H7N3) 99.01% MH744642.1

HA A/duck/Hunan/10.27_YYGK57B2-O/2016(mixed) 99.42% MW108112.1

NP A/northern shoveler/Missouri/17OS4858/2017(H6N2) 99.94% MK237594.1

N1 A/wild waterfowl/Korea/F14-5/2016(H6N1) 99.65% MH130116.1

M A/mallard/Netherlands/89/2017(H4N6) 99.42% MK192396.1

NS A/Mallard/Ohio/18OS1894/2018(mixed) 98.31% MT565511.1

K16-738

PB2 A/waterfowl/Korea/S245/2016(H6N2) 99.36% KX761366.1

PB1 A/duck/Akita/51019/2017(H5N3) 98.88% MK592459.1

PA A/Duck/Mongolia/782/2017(H7N3) 99.01% MH744642.1

HA A/duck/Hunan/10.27_YYGK57B2-O/2016(mixed) 99.42% MW108112.1

NP A/northern shoveler/Missouri/17OS4858/2017(H6N2) 99.94% MK237594.1

N1 A/wild waterfowl/Korea/F14-5/2016(H6N1) 99.65% MH130116.1

M A/mallard/Netherlands/89/2017(H4N6) 99.42% MK192396.1

NS A/Mallard/Ohio/18OS1894/2018(mixed) 98.31% MT565511.1

The American lineage strains were highlighted in bold.
K15-68, A/Mandarin duck/Korea/K15-68/2015(H6N2); K16-727-5, A/Greater white-fronted goose/Korea/K16-727-5/2017 (H6N1); K16-738, A/Greater white-fronted goose/Korea/K16-
738/2017(H6N1). PB, polymerase basic protein polymerase basic gene; PA, polymerase acidic gene; HA, hemagglutinin gene; NP, nucleoprotein gene; NA, neuraminidase gene; M, matrix 
protein; NS, nonstructural protein.
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4. Discussion

In the current study, we  report American-Eurasian 
reassortants H6N1 and H6N2 viruses isolated from two wild bird 
species, the Greater White-fronted goose and Mandarin duck. 
Since the first report of North American-Eurasian reassortant 

AIVs detected from wild birds in South Korea in 2010 (21), North 
American lineage AIV gene segments have been detected 
continuously in South Korea (4, 21–23). Previous studies also 
detected multiple Eurasian lineage AIV genes in Alaska, indicating 
the bi-directional flow of AIV exchange between East Asia and 
North America (24).

FIGURE 1

Maximum-likelihood phylogenetic trees of each gene segment of avian influenza virus including Eurasian lineage and American lineage genome 
sequences. Red and blue circles indicate lineages of Eurasia and America, respectively. Green circles indicate genome sequences of novel viruses 
which isolated in this study; K15-68, K16-727-5, K16-738. Maximum-likelihood phylogenetic trees for each gene segment are shown in 
Supplementary Figure S1.

TABLE 3 Viral shedding and antibody responses of chickens inoculated with H6 avian influenza viruses.

viruses No. of positive chickens/total chickens (Mean viral titer, log10 EID50/ml ± SD)c Serology, no. of 
positive/totalf

OPa CLb NP-
ELISAd

HI Assaye

2 dpi 3 dpi 5dpi 7 dpi 2 dpi 3 dpi 5dpi 7 dpi (Mean PI) (Mean 
Titer)

K15-68 

(H6N2)
0/5 3/5 (0.8 ± 0.2) 4/5 (0.8 ± 0.2) 5/5 (0.6 ± 0.4) 0/5 0/5 3/5 (0.6 ± 0.2) 2/5 (0.7 ± 0.0) 2/5 (40.0) 2/5 (24)

K16-727-5 

(H6N1)
0/5 1/5 (1.5) 2/5 (0.9 ± 0.2) 5/5 (0.5 ± 0.0) 0/5 0/5 2/5 (0.7 ± 0.1) 4/5 (1.0 ± 0.3) 1/5 (11.6) 1/5 (23)

K16-738 

(H6N1)
0/5 4/5 (2.0 ± 0.3) 3/5 (1.8 ± 0.5) 4/5 (1.5 ± 0.0) 1/5 (1.8) 2/5 (1.3 ± 0.1) 3/5 (2.1 ± 0.8) 3/5 (2.2 ± 1.0) 1/5 (23.4) 1/5 (27)

aOP: Oropharyngeal swab.
bCL: Cloacal swab.
cPostive birds were indicated by real-time RT-PCR. Ct-value < 36 was considered as positive. Mean viral titer and standard deviation were calculated after converting the Ct values into 
equivalent EID50 titer by using the standard curves for each virus.
dAnti-influenza A nucleoprotein (NP)-specific antibody was analyzed using the commercially available multispecies competitive NP-ELISA Kit (Bionote, Korea). A percent inhibition (PI) 
value >50 was regarded as positive.
eHI assay: hemagglutination inhibition assay. An HI titer ≥4 was regarded as positive.
fSerum samples were collected from the birds at 14 days after the infection.
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Recently, intercontinental reassortants AIVs have been 
frequently detected (4, 6, 9, 21–23, 25, 26). The reason for the 
frequent discovery of intercontinental reassortants is not fully 
determined yet. We assume that climate change can be a factor in 
contributing to frequent exchange of AIVs between two continents. 
A previous study indicated that an abnormal climate in Africa 
might have contributed to the trans-continental introduction of 
HPAI H5Nx in Africa by migratory birds (27). The temperature of 
Alaska has increased since 2014 and it might affect the migration 
pattern of migratory birds and the ecology of AIVs in wild birds 
(28). On the other hand, Next-Generation Sequencing techniques 
have been widely used for AIV sequencing (23), and this high-
throughput sequencing system would also contribute to the 
frequent detections of novel reassortants.

The reassortment of AIVs causes rapid changes in the 
biological characteristics of viruses and it could be a considerable 
threat to the poultry industry and public health (29). In 2014, in 
China, for example, human infection of AIV subtype H7N9 
occurred by reassortment of AIVs in poultry and wild birds (30). 
In 2013, a case of human infection with subtype H6N1, AIV 
generated by reassortment carrying N137/E190V/G228S triad 
amino acid changes in HA, was reported in Taiwan (31). Although 
no mammalian adaptation mutation was detected in this study, the 
emergence of novel AIVs reassortants and the detection of 
mutation related to mammalian adaptation highlights the 
importance of wild bird surveillance in terms of the ‘One Health’ 
concept.

The viruses isolated in this study showed limited infectivity in 
chickens similar to other wild bird-origin H6 viruses tested in 
previous studies (32–35). These H6 viruses may be poorly adapted 
to chickens, but we assume that they possibly replicate in domestic 
waterfowl without prior adaptation which could lead to the spread 
and maintenance of H6 viruses in land-based poultry. Bahl et al. 
showed that the introduction and establishment of Eurasian H6 
viruses in North America dramatically changed the evolutionary 
dynamics of the influenza virus in wild birds (36). Thus, genomic 
surveillance and in vivo pathobiology studies should be continued 
to monitor the evolution of reassortant H6 viruses and their 
host ranges.

Constant monitoring for AIVs in wild birds is essential to detect 
the introduction of new viruses and trace the dispersion path. 
Particularly, as a major wintering site for various wild birds (37), South 
Korea would be  an important location for monitoring the 
intercontinental exchange of AIVs. Combined with recently developed 
sequencing technology, continuing monitoring of the intercontinental 
dispersion of AIVs would expand our knowledge of AIV ecology 
and epidemiology.
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Chimeric H5 influenza virus-like 
particle vaccine elicits broader 
cross-clade antibody responses in 
chickens than in ducks
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Eurasian-lineage highly pathogenic avian influenza (HPAI) H5 viruses have spread 
throughout Asia, the Middle East, Europe, Africa, and most recently, North and 
South America. These viruses are independently evolving into genetically and 
antigenically divergent clades, and broad-spectrum vaccines protecting against 
these divergent clades are needed. In this study, we  developed a chimeric 
virus-like particle (VLP) vaccine co-expressing hemagglutinins from two clades 
(clades 1 and 2.3.2.1) of HPAI H5 viruses and performed comparative cross-clade 
hemagglutination inhibition (HI) analysis in chickens and ducks. The chimeric 
VLP immunization induced a significantly broader spectrum of antibodies against 
various clades of HPAI H5 viruses than monovalent VLPs both in chickens and 
ducks. While the chimeric VLP led to broadened antibody responses in both 
species, significantly lower levels of HI antibodies were elicited in ducks than in 
chickens. Moreover, boost immunization failed to increase antibody responses 
in ducks regardless of the VLPs used, in contrast to chickens that showed 
significantly enhanced antibody responses upon boost immunization. These 
results suggest (1) the potential application of the chimeric VLP technology in 
poultry to help control HPAI H5 viruses by offering broader antibody responses 
against antigenically different strains and (2) possible obstacles in generating high 
levels of antibody responses against HPAI H5 viruses in ducks via vaccination, 
implying the need for advanced vaccination strategies for ducks.

KEYWORDS

highly pathogenic avian influenza virus, vaccine, virus like particle, insect cell, poultry, 
chicken, duck

1. Introduction

Highly pathogenic avian influenza (HPAI) viruses cause high mortality in Gallinaceous bird 
species. Since 1996, the Eurasian-origin A/goose/Guangdong/1/1996 (Gs/GD) lineage of HPAI 
H5Nx has caused outbreaks in poultry and wild birds around the world except for Antarctica and 
Australia (1). The Gs/GD lineage HPAI virus has evolved independently into 10 genetically and 
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antigenically distinct clades (from clades 0 to 9) and their subclades (2, 
3), making it difficult to control them with vaccination in poultry. 
While the clade 2 viruses have widely spread and predominated in 
poultry residing in most parts of the world since 2005, the clade 1 
viruses remained predominant in Southeast Asia (4, 5). Moreover, 
continuous human infections with the Gs/GD lineage HPAI H5 viruses 
in enzootic regions have often been fatal and raised concerns about 
potential human pandemics (6, 7).

To reduce economic losses in the poultry industry and the risk of 
human infection, vaccination of domestic poultry against HPAI H5 
has been extensively utilized in various enzootic regions, including 
China, Egypt, Indonesia, and Vietnam (8). However, current vaccines 
have a critical limitation in that they cannot elicit broad-spectrum 
antibody responses against diverse clades of HPAI H5 viruses (9). 
Antigenic match between the vaccine strain and the locally circulating 
virus is thus a critical factor in achieving optimal vaccine efficacy and 
controlling the spread of HPAI H5 viruses. Indeed, an outbreak of 
antigenically distinct HPAI H5 strains in vaccinated poultry was 
reported to cause significant morbidity and mortality despite of 
vaccination (10). The decrease in vaccine efficacy is also experimentally 
demonstrated in heterologous challenge studies using chickens (11, 
12) and domestic ducks (11, 13), necessitating the development of 
vaccines offering broad protection against different clades of 
H5 viruses.

Domestic ducks play a critical role in maintaining and 
transmitting HPAI H5 viruses to various host species, including 
poultry and wild birds (14, 15). Given their significant 
contribution to the epidemiology of HPAI, it is imperative to 
mitigate the risk of virus infection in domestic ducks through 
vaccination in order to control the spread of HPAI. Antigenically-
matching vaccination has proven effective in protecting domestic 
ducks against infection and clinical signs following a homologous 
HPAI H5 virus challenge (16). Currently developed vaccines, 
however, have shown suboptimal protective efficacy in domestic 
ducks, allowing morbidity, mortality, and prolonged viral 
shedding upon challenges with antigenically distant HPAI H5 
viruses (11, 13). Despite its importance, there has been a lack of 
development in vaccines aimed at providing broader immunity to 
domestic ducks against antigenically distant clades of HPAI H5 
viruses. Virus-like particles (VLPs), which resemble infectious 
virus particles in structure and morphology, have been suggested 
as the new generation of vaccines against various viruses, 
including various influenza A viruses (17–20). In particular, 
chimeric influenza VLPs containing hemagglutinins (HAs) 
derived from multiple subtypes of influenza viruses were shown 
to provide protection from multiple subtypes of influenza viruses 
in ferrets (21). Recently, Kang et  al. also demonstrated the 
protective efficacy of chimeric influenza VLPs expressing HAs of 
clade 2.3.2.1c and clade 2.3.4.4cHPAI H5 viruses in chickens (22). 
However, the potential of chimeric influenza VLPs has not been 
demonstrated in domestic ducks.

In this study, we  generated chimeric VLPs simultaneously 
expressing antigenically remote HAs from clades 1 and 2 HPAI H5 
viruses using the baculovirus expression vector system (BEVS). Our 
objective was to investigate the enhanced antibody responses elicited 
by the chimeric VLPs against four antigenically distant clades of HPAI 
H5N1 viruses. We conducted our investigations in two major poultry 
species: chickens and domestic ducks.

2. Materials and methods

2.1. Generation of recombinant 
baculoviruses

For cloning the full-length HA gene of clade 1 H5N1 virus, the 
HA gene of A/Vietnam/1194/2004 (H5N1) virus was chemically 
synthesized (Bioneer, Republic of Korea) without the multi-basic 
cleavage site (MBCS) sequence. For cloning the full-length HA gene 
of clade 2 H5N1 virus, viral RNA was extracted from A/mandarin 
duck/K10-483/2010 (H5N1, clade 2.3.2.1), the HA gene was amplified 
(23), and the MBCS was removed as previously described (24). The 
amplified HA gene from clade 1 or clade 2 virus was cloned into the 
vector pFastBac1 (Thermo Fisher, United States), and the resulting 
plasmids were designated as pFast_clade1 and pFast_clade2, 
respectively. The other pFastBac1 simultaneously containing both HA 
genes of clade 1 and clade 2 H5N1 viruses was constructed by cloning 
a SnaBI/HpaI-digested fragment from pFast_clade 2 into the HpaI-
digested site of pFast_clade 1, and the resulting plasmid was 
designated as pFast_clade1 + 2. A plasmid containing an influenza 
matrix1 (M1) gene, designated as pFast_M1, was constructed by 
cloning the full-length M1 gene of A/Puerto Rico/8/1934 (H1N1) into 
the empty vector pFastBac1 (25). Using pFast_clade 1, pFast_clade 2, 
pFast_clade 1 + 2, and pFast_M1, recombinant baculovirus (rBV) 
encoding clade 1 HA gene, clade 2 HA gene, clade 1 and clade 2 HA 
genes, or influenza M1 gene was generated using a Bac-to-Bac BEVS 
(Thermo Fisher), and the resulting rBVs were designated as rBV_clade 
1, rBV_clade 2, rBV_clade 1 + 2, or rBV_M1, respectively (Figure 1A). 
The titers of rBVs were measured by standard plaque assay using 
Spodoptera frugiperda (Sf9) insect cells.

2.2. Production and characterization of H5 
VLPs and preparation of VLPs vaccines

For clade 1 H5 VLPs production, Sf9 cells were co-infected with 
rBV_clade1 and rBV_M1, both at a multiplicity of infection (MOI) of 
5. For clade 2 H5 VLPs production, Sf9 cells were co-infected with 
rBV_clade2 and rBV_M1, both at an MOI of 5. For chimeric H5 VLPs 
production, Sf9 cells were co-infected with rBV_clade 1 + 2 and rBV_
M1, both at an MOI of 5. After 72 h of infection, the culture medium 
containing VLPs (Figure 1B) was collected and clarified by low-speed 
centrifugation (2,000 × g, 30 min, 4°C) to remove large cell debris, and 
VLPs from the clarified supernatants were pelleted (30,000 × g, 1.5 h, 
4°C). The pellet was resuspended in phosphate-buffered saline (PBS; 
pH 7.2), loaded onto a 20–50% (w/v) discontinuous sucrose density 
gradient, and ultra-centrifuged (150,000 × g, 1.5 h, 4°C) for 
purification. The bands positioned above the 50% sucrose density 
were collected. The total protein concentration of each H5 VLPs 
preparation was quantified using the Bradford protein assay kit 
(Pierce, United States) according to the manufacturer’s instructions. 
Expression of the clade 1 and 2 HA as well as M1 proteins in each 
VLPs preparation was detected by Western blotting using mouse anti-
clade 1 H5 monoclonal antibody (Median Diagnostics, Republic of 
Korea), mouse anti-clade 2 H5 monoclonal antibody (Bionote, 
Republic of Korea), and rabbit anti-M1 polyclonal antibodies 
(Immune Technology, United States), followed by incubation with 
horseradish peroxidase (HRP)-conjugated goat anti-mouse or 
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anti-rabbit IgG (AbD Serotec, United Kingdom). Four micrograms of 
each VLPs preparation were used per well for Western blotting. The 
presence of VLPs was observed by transmission electron microscopy 
(TEM; Tecnai G2 Spirit, FEI, Netherlands, installed at Korea Basic 
Science Institute) using a negative staining method. The H5 VLPs 
vaccines with final concentrations of 40 μg of VLPs/0.5 mL·dose were 
prepared by emulsifying each H5 VLPs collection in the oil adjuvant 
Montanide ISA70 (SEPPIC, France) at a ratio of 30:70 (v/v).

2.3. Immunization of animals and 
determination of serological immune 
responses

A total of 30 6-week-old SPF white leghorn chickens (Namduck 
Sanitec, Republic of Korea) and 30 5-week-old commercially available 
Pekin ducks (kindly provided by the Moran Food & Breeding 
Company, Republic of Korea) were divided into respective 3 groups 
(10 chickens per group and 9–10 ducks per group). Each group of 
chickens or ducks was intramuscularly immunized twice (three weeks 
apart) with clade 1, clade 2, or chimeric H5 VLPs vaccines (0.5 mL 
per animal). All the animals were confirmed for seronegativity before 
immunization using the hemagglutination inhibition (HI) test against 
different clades of H5N1 viruses as described below.

To determine the seronegativity of the animals before immunization 
and seroconversion after immunization, sera were collected from VLPs-
vaccinated chickens and ducks before immunization and at 3 weeks after 
each immunization for cross-clade HI test using H5N1 viruses from 
different clades. H5N1 viruses containing HA genes, without MBCS 

sequences, of A/Vietnam/1194/2004 (clade 1), A/Indonesia/5/2005 
(clade 2.1), A/mandarin duck/K10-483/2010 (clade 2.3.2.1), or 
A/ chicken/Korea/ES/2003 (clade 2.5) were generated using reverse 
genetics (RG) system as previously described (26). HI tests were 
performed according to the OIE standard method using 4 HA units of 
H5N1 viruses. To eliminate non-specific HI factors, 1 volume of duck 
serum was treated with 3 volumes of receptor-destroying enzyme 
(Denka Seiken Co., JAPAN) at 37°C for 16 h followed by heat 
inactivation for 30 min at 56°C.

2.4. Statistical analysis

Dunn’s multiple comparison test was used following Kruskal–
Wallis test (non-parametric one-way ANOVA) to compare HI titers 
between groups (i.e., clade 1 VLPs vs. clade 2 VLPs vs. chimeric 
VLPs). A two-tailed non-parametric Mann–Whitney test was used to 
compare HI titers between two groups (i.e., prime vs. boost or chicken 
vs. duck). An HI titer of 2 was assigned to samples with undetected HI 
activity for statistical analyses. Log-transformed (base 2) HI titers were 
used for statistical analysis. Results with p-values <0.05 were 
considered statistically significant.

2.5. Ethics statement

All animal procedures performed in this study were reviewed and 
approved by the Institutional Animal Care and Use Committee 
(IACUC) of Konkuk University.

FIGURE 1

Preparation and characterization of chimeric H5 VLP vaccine containing hemagglutinin (HA) proteins from different clades of highly pathogenic avian 
influenza (HPAI) H5 viruses. (A) Recombinant baculoviruses (rBV) encoding clade 1 HA, clade 2 HA, or both clade 1 HA and clade 2 HA were used to 
infect Sf9 cells. Sf9 cells were co-infected with rBV encoding HA gene and rBV encoding influenza matrix 1 (M1) gene to generate (B) clade 1, clade 2, 
or clade 1 + 2 VLPs. Four micrograms of clade 1 VLP (lane 1), clade 2 VLP (lane 2), and chimeric VLP (lane 3) were characterized by Western blotting 
using (C) anti-clade 1 HA monoclonal antibody with anti-influenza M1 antibody or (D) anti-clade 2 monoclonal antibody with anti-influenza M1 
antibody. HA and M1 are expected to be 68 kDa and 28 kDa, respectively. (E) Transmission electron microscope was used to take images of negative 
staining for the chimeric VLPs. Scale bar represents 100 nm.
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3. Results

3.1. Generation and characterization of 
chimeric H5 VLPs

The chimeric H5 VLPs containing both clade 1 and clade 2 HA 
were observed to be  released into the culture supernatants 
(Figures 1C–E). Western blotting analysis showed the presence of both 
clade 1 (Figure 1C) and clade 2 (Figure 1D) H5 HAs from the chimeric 
VLP, while standard VLPs only possessed either clade 1 HA or clade 
2 HA as expected. Matrix proteins were detected at comparable levels 
between VLPs (Figures  1C,D). The size of VLP particles was 
approximately 100 nm in diameter, while the morphology resembled 
influenza virion with spikes on the surface (Figure 1E). These results 
confirm the successful generation of the chimeric VLPs.

3.2. Antibody responses in chickens

The chimeric VLPs elicited broader antibody responses against 
multiple HPAI H5 viruses from different clades compared to the 
monovalent VLPs (Figures 2A,F). Both prime and boost immunization 
of chimeric VLPs induced significantly higher HI antibodies against 
clade 1 (Figures 2B,G) and clade 2.3.2 (Figures 2D,I) H5N1 viruses 
compared to each standard VLPs. For example, the levels of anti-clade 
1 antibodies elicited by chimeric VLPs were significantly higher than 

those induced by the monovalent clade 2.3.2 VLPs and comparable to 
those induced by monovalent clade 1 VLPs (Figures 2B,G). While the 
antibody response was moderate against the clade 2.1 (Figures 2C,H) 
and clade 2.5 viruses (Figures 2E,J) which are different from the HA 
clades incorporated in the chimeric VLPs, the chimeric VLP induced 
significantly higher anti-clade 2.5 antibodies compared to that 
induced by monovalent clade 2.3.2 VLP both after prime and boost 
immunization. These data show that the chimeric VLPs induce 
broader antibody responses against multiple HPAI H5 viruses from 
various clades compared to the monovalent VLPs.

3.3. Antibody responses in ducks

Similar to the results from chickens, the chimeric VLPs elicited 
broader antibody responses in ducks against multiple HPAI H5 
viruses compared to the monovalent VLPs (Figures 3A,F). After both 
prime and boost immunization, the chimeric VLPs induced 
significantly higher HI antibody titers against clade 1 (Figures 3B,G) 
and clade 2.3.2 (Figures  3D,I) H5N1 viruses compared to each 
monovalent VLPs. For example, the levels of anti-clade 1 antibodies 
elicited by the chimeric VLPs were significantly higher than those 
induced by the monovalent clade 2.3.2 VLPs and comparable to those 
induced by the monovalent clade 1 VLPs (Figures 3B,G). The chimeric 
VLPs induced higher mean HI antibody titers against clade 2.1 
(Figures 3C,H) and clade 2.5 (Figures 3E,J) H5N1 viruses compared 

FIGURE 2

Antibody responses against chimeric H5 VLP vaccines in chickens. 6-week-old SPF chickens (n = 10 per group) were immunized with clade 1, clade 2, 
or chimeric H5 VLP vaccines (40 μg of VLP/0.5 mL·dose). Serum HI titers against different clades of HPAI H5N1 viruses were determined using 
antigenically different H5N1 viruses 3 weeks after priming (A–E) and boosting (F–J). Radar charts show geometric mean serum HI titers (log2) from 
chickens immunized with clade 1 (blue), clade 2 (purple), or chimeric (red) H5 VLP vaccines against clade 1, 2.1, 2.3.2.1, and 2.5 H5N1 viruses. Each 
symbol in dot plots represents an individual animal. Horizontal lines and error bars in dot plots represent geometric mean serum HI titers and standard 
deviations, respectively. Dashed lines show the detection limit of the HAI assay. An HI titer of 2 was assigned to samples with undetected HI activity for 
generating graphs and statistical analyses. Dunn’s multiple comparison test was used following Kruskal–Wallis test (non-parametric one-way ANOVA) 
to compare HI titers between groups (*p < 0.05, **p < 0.01, ***p < 0.001, n.s. = not significant).
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to each monovalent VLPs. Particularly, the chimeric VLPs induced 
significantly higher anti-clade 2.1 as well as anti-clade 2.5 antibodies 
compared to the monovalent clade 1 VLPs after the boost 
immunization (Figures 3H,J). These data suggest that the chimeric 
VLPs can induce broader antibody responses compared to the 
monovalent VLPs in ducks, in correspondence with the results from 
chickens. However, the induction of cross-reactive antibodies against 
heterologous HAs (i.e., clade 2.1 and clade 2.5) was lower than what 
was observed in chickens.

3.4. Comparison of antibody responses in 
chickens and ducks

The antibody responses in ducks were significantly narrower and 
lower than those in chickens throughout the study, regardless of the 
VLPs used and the number of immunizations. Except for the HI 
antibodies against the clade 2.5 HA, ducks generated significantly 
lower levels of antibody responses than chickens following the prime 
immunization with either monovalent clade 1 or clade 2 VLPs 
(Figures 4A,B) and the chimeric VLPs (Figure 4C). The differences 
were even greater following the boost immunization. Across all four 
clades of HAs, ducks generated significantly lower levels of antibody 
responses compared to chickens regardless of the VLPs used 
(Figures 4D–F). While boost immunization significantly broadened 
cross-clade antibody responses in chickens (Figures 5A–C), this effect 

was not observed in ducks which did not show any increase in 
antibody responses upon the boost immunization (Figures 5D–F).

4. Discussion

In this study, we developed the chimeric influenza VLP vaccine 
containing HAs from two different clades of HPAI H5 viruses and 
performed a comparative evaluation of the vaccine’s potential uses in 
chickens and ducks against the globally circulating Eurasian-lineage 
H5 HPAI viruses. Our chimeric H5 VLP vaccine incorporating HAs 
from clades 1 and 2 HPAI H5N1 viruses induced broader HI 
antibodies than monovalent VLPs in chickens and domestic ducks, 
indicating the potential for a broad protective efficacy against different 
clades of HPAI H5 viruses. We also showed that antibody responses 
to the VLPs in ducks were significantly narrower and lower than those 
in chickens, regardless of the type of antigens used and the number of 
immunizations, suggesting that more advanced vaccine or vaccination 
strategies would be  required to elicit broad and robust antibody 
responses in ducks.

Although this study successfully demonstrated the potential of 
chimeric VLP technology to broaden antibody responses to multiple 
clades of HPAI H5 viruses in chickens and ducks, there are several 
limitations. Firstly, our comparison of antibody breadth between 
chickens and ducks was based solely on HI assays. Although HI titers 
generally correlate well with neutralizing titers and are widely accepted 

FIGURE 3

Antibody responses against chimeric H5 VLP vaccines in ducks. 5-week-old commercial ducks (n = 9–10 per group) were immunized with clade 1, 
clade 2, or chimeric H5 VLP vaccines (40 μg of VLP/0.5 mL·dose). Serum HI titers against different clades of HPAI H5N1 viruses were determined using 
antigenically different H5N1 viruses 3 weeks after priming (A–E) and boosting (F–J). Radar charts show geometric mean serum HI titers (log2) from 
chickens immunized with clade 1 (blue), clade 2 (purple), or chimeric (red) H5 VLP vaccines against clade 1, 2.1, 2.3.2.1, and 2.5 H5N1 viruses. Each 
symbol in dot plots represents an individual animal. Horizontal lines and error bars in dot plots represent geometric mean serum HI titers and standard 
deviations, respectively. Dashed lines show the detection limit of the HAI assay. An HI titer of 2 was assigned to samples with undetected HI activity for 
generating graphs and statistical analyses. Dunn’s multiple comparison test was used following Kruskal–Wallis test (non-parametric one-way ANOVA) 
to compare HI titers between groups (*p < 0.05, **p < 0.01, ***p < 0.001, n.s. = not significant).
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as indicators of influenza protection (27, 28), it is important to 
consider that different species may exhibit varying levels of 
neutralizing antibodies despite similar HI titers. While this study did 
not include neutralization assays, it is possible that such assays could 
provide higher sensitivity in assessing the level of protective antibodies 
in immunized animals and serve as better predictors of the broadened 
protective efficacy of the chimeric VLPs compared to HI assays. 
Secondly, the lack of challenge experiments in this study prevents us 
from determining whether the relatively low titers of HI antibodies in 
ducks would result in lower levels of protection against HPAI H5 
viruses in ducks compared to chickens. Protection from viral 
infections is not solely determined by pre-existing immunity but is 
also influenced by host anti-viral responses and the susceptibility of 
hosts to different viral strains, which are factors that evolutionarily 
differentiate chickens and ducks. For example, RIG-I in ducks was 
shown to play a suppressive role in viral replication and initiate 
pro-inflammatory pathways involving type I interferon signals at the 
sites of infection and was suggested as one of the key pathways causing 
the differences in susceptibilities to avian influenza viruses between 
chickens and ducks (29). Therefore, it remains uncertain whether the 
generally lower HI titers following VLP immunization in ducks 
relative to chickens would result in lower levels of protection in ducks. 
In fact, studies by Webster et  al. have demonstrated complete 
protection from HPAI H5N1 virus challenges in vaccinated ducks 
with HI titers much lower than those observed in chickens (30), 

indicating that low HI antibody titers may not necessarily predict a 
lack of protection against HPAI viruses in domestic ducks. Ultimately, 
it is crucial to conduct challenge studies in both chickens and ducks, 
using multiple clades of HPAI H5 viruses, to confirm the broadened 
protective efficacy of the chimeric VLPs and to determine whether the 
lower HI titers in ducks correspond to a decrease in protective efficacy.

Both current and previous studies have demonstrated the 
chimeric VLPs as a promising vaccine platform to provoke enhanced 
protective efficacy against antigenically distant influenza viruses in 
chickens (22). While the effectiveness of chimeric VLPs may vary 
across poultry species against HPAI, the chimeric VLP vaccine 
platform remains a promising approach for controlling HPAI 
epidemics. Future studies will include comparative viral challenge 
experiments in order to gain further insights into broadly-protective 
vaccination, host species immunity, and the varying pathogenic 
mechanisms of AIVs in different poultry species.

The chimeric VLP vaccine developed in this study demonstrated 
the induction of a high level of broadly reacting HI antibodies against 
various H5 viruses in immunized chickens and similar but relatively 
lower responses in ducks. These findings suggest that the chimeric 
VLP technology holds promise as a platform for controlling the Gs/
GD-lineage HPAI H5 viruses in poultry. In addition, since the VLPs 
have only HA and M1 proteins, it will allow differentiation of virus-
infected birds from vaccinated birds by detecting antibodies to viral 
nucleocapsid, as we showed in our previous studies (17–19), which 

FIGURE 4

Comparison of the effect of VLP immunization on serum HI titers between chickens and ducks. The effect of VLP immunization on serum HI titers 
were compared between chickens and ducks using data from Figures 2, 3. The HI titers elicited by (A) clade 1, (B) clade 2, or (C) chimeric H5 VLP 
vaccines (40 μg of VLP/0.5 mL·dose) in SPF chickens (green) and commercial ducks (purple) were compared 3-weeks after priming. Similarly, the HI 
titers elicited by (D) clade 1, (E) clade 2, or (F) chimeric H5 VLP vaccines (40 μg of VLP/0.5 mL·dose) in SPF chickens (green) and commercial ducks 
(purple) were compared 3-weeks after boosting. HI titers against clade 1, 2.1, 2.3.2.1, and 2.5 H5N1 viruses were measured. Horizontal lines and error 
bars in dot plots represent geometric mean serum HI titers and standard deviations, respectively. Dashed lines show the detection limit of the HAI 
assay. An HI titer of 2 was assigned to samples with undetected HI activity for generating graphs and statistical analyses. A two-tailed nonparametric 
Mann–Whitney test was used for the comparison (*p < 0.05, **p < 0.01, ***p < 0.001, n.s. = not significant).
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offers a promising strategy for differentiating infected from 
vaccinated animals.
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FIGURE 5

Boost-immunization significantly increased antibody responses in chickens but not in ducks. The effect of boost immunization on serum HI titers in 
chickens and ducks were investigated using data from Figures 2, 3. The boosting effect of (A) clade 1, (B) clade 2, or (C) chimeric H5 VLP vaccines 
(40 μg of VLP/0.5 mL·dose) in SPF chickens was investigated by comparing the serum HI titers between the primed and boosted serum HI titers against 
clade 1, 2.1, 2.3.2.1, and 2.5 H5N1 viruses. Similarly, the boosting effect of (D) clade 1, (E) clade 2, or (F) chimeric H5 VLP vaccines (40 μg of 
VLP/0.5 mL·dose) in commercial ducks was investigated by comparing the serum HI titers against different H5N1 viruses. Horizontal lines and error bars 
in dot plots represent geometric mean serum HI titers and standard deviations, respectively. Dashed lines show the detection limit of the HAI assay. An 
HI titer of 2 was assigned to samples with undetected HI activity for generating graphs and statistical analyses. A two-tailed nonparametric Mann–
Whitney test was used for the comparison (*p < 0.05, **p < 0.01, ***p < 0.001, n.s. = not significant).
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High pathogenicity avian influenza (HPAI) is a viral disease with devastating 
consequences for the poultry industry worldwide. Domestic ducks are a 
major source of HPAI viruses in many Eurasian countries. The infectivity and 
pathogenicity of HPAI viruses in ducks vary depending on host and viral factors. 
To assess the factors influencing the infectivity and pathogenicity of HPAI viruses 
in ducks, we compared the pathobiology of two HPAI viruses (H5N1 clade 2.3.2.1c 
and H5N6 clade 2.3.4.4e) in 5- and 25-week-old ducks. Both HPAI viruses caused 
mortality in a dose-dependent manner (104, 106, and 108 EID50) in young ducks. By 
contrast, adult ducks were infected but exhibited no mortality due to either virus. 
Viral excretion was higher in young ducks than in adults, regardless of the HPAI 
strain. These findings demonstrate the age-dependent mortality of clade 2.3.2.1c 
and clade 2.3.4.4e H5 HPAI viruses in ducks.

KEYWORDS

high pathogenicity avian influenza, clade 2.3.2.1c H5N1, clade 2.3.4.4e H5N6, 
age-related pathogenicity, duck

1. Introduction

Avian influenza viruses (AIVs), members of the genus Influenza virus A of the family 
Orthomyxoviridae, are divided into subtypes based on the surface glycoproteins hemagglutinin 
(HA, H1-H16) and neuraminidase (NA, N1–N9) (1). The natural reservoirs of most AIVs are 
wild aquatic birds, especially those of the orders Anseriformes (ducks, geese, and swans) and 
Charadriiformes (gulls, terns, and waders). They play a major role in the evolution, maintenance, 
and dissemination of AIVs (2). Most AIVs in natural hosts are low-pathogenic avian influenza 
(LPAI) viruses that cause little or no disease in natural hosts and Gallinaceous poultry (3). 
However, novel high pathogenicity avian influenza (HPAI) viruses arise following the adaptation 
of the H5 and H7 subtypes in domestic poultry and cause significant illness or death (4). Since 
the detection of A/Goose/Guangdong/1/1996(H5N1) (Gs/GD) in domestic poultry in southern 
China, the descendant viruses have evolved into 10 genetically distinct hemagglutinin (HA) 
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clades (0–9) (5). Along with prolonged circulation in poultry, the 
predominant subclades of clade 2 H5 viruses were replaced by an 
antigenically distinct subclade, followed by 2.2 (6) and 2.3.2.1 (7), and 
further evolved into three subclades, 2.3.2.1a, 2.3.2.1b, and 2.3.2.1c 
(8), mainly in China and Southeast Asia. Various HPAI subtypes 
bearing the genetic backbone of the Gs/GD lineage H5 clade 2.3.4.4 
have been identified in domestic ducks since 2008 and have 
subsequently evolved into different subclades (9). Among them, clades 
2.3.2.1c H5N1 and 2.3.4.4b H5NX HPAI spread intercontinentally via 
wild migratory birds, causing earlier intercontinental waves (waves 2 
and 3a) and subsequent waves (waves 3b and 4), respectively (10).

Domestic ducks play a substantial role in the evolution, 
maintenance, and spread of Gs/GD HPAI. For example, novel 
genotypes of HPAI H5N1  in Bangladesh and HPAI H5N5 and 
H5N8 in China have been reported in domestic ducks, highlighting 
the role of domestic ducks as reassortment vessels for creating new 
genotypes of influenza viruses (11). Some studies have emphasized 
that domestic duck populations and transport could affect the 
prevalence and distribution of HPAI viruses, particularly in countries 
where ducks are the main food source. During the HPAI H5N1 
outbreaks from 2007 to 2009  in South and Southeast Asia, the 
population of domestic ducks was the main factor delineating areas at 
risk of HPAI H5N1 spreading in domestic poultry (12). For the novel 
introduction of clade 2.3.4.4 H5N8 viruses that occurred in South 
Korea in 2014, wild waterfowl migration and domestic duck density 
have shaped the epidemiology of H5N8 viruses (13). Under the 
unique fattening duck production system known as ‘foie gras’ in 
southwest France, the trade-related transport of fattening ducks 
contributed to the 2016–2017 epizootic of HPAI H5N8 in France (14).

The clinical signs and mortality of HPAI viruses vary. In ducks, 
depending on various factors, including viral strains and pre-immune 
status. Some strains of HPAI viruses induce subclinical infection that 
can facilitate the spread and persistence of HPAI viruses (15–19) 
Mortality among ducks naturally infected with the HPAI virus was 
first reported in Italy (20), and Asian-origin H5N1 viruses have caused 
mortality in wild and domestic ducks (21). In contrast, different 
pathogenicities in ducks have been observed between distinct strains 
of HPAI viruses in several previous studies. The Hong Kong H5N1 
HPAI isolates in 1997 caused limited pathogenicity in ducks (22), but 
the 2002 HPAI isolates caused increased mortality and systemic 
infections in ducks (23). Comparison studies showed differences in 
pathogenicity between two H5N1 HPAI isolates from Egypt in 2007 
and 2008 (24) and two H5N6 HPAI isolates from Korea in 2016. 
However, host factors, especially age at infection, which possibly 
affects pathogenicity, have not been fully understood in recent clades 
of the HPAI virus. This study aimed to assess the factors influencing 
the infectivity and pathogenicity of HPAI viruses in ducks. 
We compared the pathobiology of two HPAI viruses (H5N1 clade 
2.3.2.1c and H5N6 clade 2.3.4.4e) in 5- and 25-week-old ducks.

2. Materials and methods

2.1. Viruses

We used two HPAI viruses, A/duck/Korea/ES2/2016 (H5N6, ES2) 
clade 2.3.4.4e and A/chicken/Vietnam/NCVD-KA435/2013 (H5N1, 
KA435) clade 2.3.2.1c, for experimental infection. The viruses were 

kindly provided by the Animal and Plant Quarantine Agency of Korea. 
Viruses were inoculated into 9–11 days old specific-pathogen-free 
embryonated chicken eggs, and allantoic fluids were harvested after 
2–3 days of incubation at 37°C. The virus was aliquoted and stored in 
a −70°C deep freezer for further experiments. The titration endpoints 
for each virus were calculated using standard methods (25).

2.2. Animals

We used 37 five-week-old domestic ducks and 40 25-week-old 
domestic ducks obtained from the Moran Food & Breeding Company 
(Eum-Seong, Republic of Korea). All oropharyngeal and cloacal swabs 
were negative for influenza virus infection based on the real-time 
reverse transcription-polymerase chain reaction (rRT-PCR) (25). 
Before the viral challenge, all ducks were confirmed to be seronegative 
for anti-AIV antibodies using a commercial emzyme-linked 
immunosorbent assay (ELISA) kit (Bionote, Korea). All ducks used in 
this study were housed in self-contained isolation cages in a controlled 
environment at the ABSL-3 facility at Konkuk University to maintain 
biosafety and biosecurity barriers. All animal procedures were 
reviewed, approved, and supervised by the Institutional Animal Care 
and Use Committee (IACUC) (no. KU1840, KU18193), and the 
Institutional Biosafety Committee (No. KUIBC-2018-10, KUIBC-
2019-05) at Konkuk University.

2.3. Experimental design

Five-week-old (n = 27) and 25-week-old (n = 36) ducks were 
divided into two groups. Each group was inoculated with the ES2 
virus (n = 13 for younger ducks and n = 14 for older ducks) or the 
KA435 virus (n = 18 for each age group). Six 5-week-old and eight 
25-week-old ducks were used as negative controls. To evaluate the 
mean bird infectious dose (BID50) and mean bird lethal dose (BLD50), 
we divided each age group into three groups (4–6 ducks). Ducks were 
inoculated intranasally with 104, 106, or 108 50% egg infective doses 
(EID50) of the viruses, hereafter referred to as low, medium, and high 
doses, respectively. Ducks were observed daily for clinical signs and 
mortality after the challenge for 14 days. To detect and quantify viral 
shedding, oropharyngeal and cloacal swabs were collected at 3, 5, 7, 
10, and 14 day-post-challenge (dpc) and submerged in 1.5 ml PBS. Sera 
were collected from the birds 14 d after infection to verify 
seroconversion. A commercial competitive ELISA kit (Bionote, Korea) 
was used to detect anti-AIV antibodies targeting nucleocapsid protein 
(NP) according to the manufacturer’s instructions. Ducks were 
considered infected if they were seroconverted by 14 dpc or had 
detectable viruses, along with clinical signs and mortality.

2.4. Clinical scoring

Clinical scores were determined by applying the IVPI scoring 
system on ducks (26, 27). Ducks were observed daily for 14 days post 
infection. Birds were scored 0 if healthy, 1 if sick, 2 if severely sick, and 
3 if dead. Birds were considered ‘sick’ if one of the following signs was 
observed and considered ‘severely sick’ if more than one of the 
following signs were observed: respiratory involvement, depression, 
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diarrhea, cyanosis of the feet or mucosa, edema of face or head, and 
nervous signs. Clinical scores were calculated per group with an 
observation period of 10 days. When ducks were too sick or could not 
be urged to move, they were killed humanely and scored as dead.

2.5. Viral RNA quantification

Viral RNA from oropharyngeal and cloacal swabs was extracted 
from 200 μL of the supernatant using the MagNA Pure 96 extraction 
system (Roche, Manheim, Germany) according to the manufacturer’s 
instructions. The extracted RNA was quantified by real-time reverse 
transcription-polymerase chain reaction using previously described 
protocols (28). The Ct values were converted into infectious units 
equivalent to EID50/ml using a standard curve.

2.6. Statistical analysis

The Kaplan–Meier survival curve was constructed, and the 
Mantel–Cox log-rank test was used to compare the survival curves 
between the two age groups. An unpaired t-test was applied for 
normally distributed data; otherwise, the Mann–Whitney U test was 
used. All statistical analyses were performed using GraphPad Prism 
version 8.2.1 (GraphPad Software Inc., CA, USA). Statistical 
significance was set at p ≤ 0.05.

3. Results

3.1. Infectivity, mortality, and clinical signs

None of the negative control ducks of either age exhibited viral 
shedding, seroconversion, or clinical signs (Figure 1). In the groups 
inoculated with the KA435 virus, all 5-week-old ducks died, except for 
four out of six ducks challenged with the low dose. None of the 
5-week-old ducks had anti-AIV antibodies. All 5-week-old ducks in 
the medium- and high-dose challenge groups died within 6 days, with 
a mean death time (MDTs) of 3.8 days (Table  1). For the group 
infected with a low dose, two out of six ducks died within 6 days, and 
the MDT was 4 days. Ducks died before 4dpc did not show any clinical 
signs, while torticollis and incoordination started to appear after 4dpc 
on ducks that succumbed to death. The BID50 and BLD50 were 
104.5EID50. In contrast, none of the 25-week-old ducks challenged with 
the KA435 virus died while some ducks showed depression and 
respiratory involvement (Supplementary Figure 1A). Based on the 
serologic examination, all 25-week-old ducks challenged with the 
high-dose virus were seroconverted, followed by four out of six ducks 
in the medium-dose group and one out of six ducks in the low dose 
challenge group, resulting in a BID50 dose of 105.27EID50.

For the ES2 virus, the BLD50 of 5-week-old ducks was 105.26EID50, as 
three out of four ducks (high-dose), three out of five ducks (medium-
dose), and two out of four ducks (low dose) died after the challenge. 
Severe clinical signs, such as incoordination and torticollis, were 
observed in the four out of eight ducks died from the infection 
(Supplementary Figure 1B). A few ducks challenged with the ES2 virus 
survived and seroconverted, resulting in a lower BID50 (< 104.0EID50) 
than the BLD50. The MDTs of the younger ducks challenged with a 

high, medium, and low dose was 3.5, 6.7, and 4.7 days, respectively. 
Consistent with the KA435 virus, none of the 25-week-old ducks 
died after the challenge with the ES2 virus. No ducks showed 
incoordination or nervous signs, while six ducks showed 
depression or mild respiratory involvements. The morbidity rates 
of the high-, medium-, and low-dose challenge groups were 100% 
(five out of five ducks), 66.6% (four out of six ducks), and 16.6% 
(one out of six ducks), respectively, indicating that the BID50 of the 
ES2 virus in 25-week-old ducks was 105.27EID50.

The survival curves of different age groups inoculated with the 
same dose of the virus were compared using the log-rank test 
(Figure 1). The survival curves of the groups inoculated with high and 
medium doses of the KA435 virus showed significant differences 
(p = 0.001 and p = 0.0014, respectively, Figure  1A; 
Supplementary Figure 2) in the survival rate between 5-week-old and 
25-week-old ducks. Adult ducks that received a high-dose of the ES2 
virus were significantly less likely to exhibit mortality than young ducks 
with the same challenge dose and strain (p = 0.0148, 
Supplementary Figure 2). In addition, the survival curves of groups 
inoculated with the same doses of KA435 and ES2 viruses were 
compared (Supplementary Figure  3). These data demonstrated 
significant differences between the two viruses only at medium doses 
using the log-rank test (p = 0.008, Supplementary Figure 3). Young 
ducks inoculated with a medium-dose of the KA435 virus had a 
significantly lower estimate of survival than young ducks inoculated 
with the same dose of the ES2 virus. No statistically significant 
difference was observed between the survival curves for the other 
two doses.

FIGURE 1

Survival curves of 5-week-old ducks challenged with low, medium, 
or high doses of H5N1 2.3.2.1c HPAI virus (A) and H5N6 2.3.4.4e HPAI 
virus (B). The Kaplan–Meier survival curve was constructed using 
Prism 8.2.1, with data from the 63 subjects’ mortality records. The 
Mantel–Cox log-rank test evaluated significance (p  <  0.05).
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3.2. Viral shedding

Oropharyngeal (OP) and cloacal (CL) swabs collected from virus-
inoculated ducks at different time points were analyzed using 
quantitative rRT-PCR to measure viral shedding. The mean viral titer 
of OP swabs on each swab day was consistently higher than that of CL 
swabs for both viruses. In general, virus shedding peaked at 3 dpc and 
then gradually declined, regardless of the dose and virus strain, except 
for the 25-week-old ducks inoculated with a low dose of ES2. For 
high- and medium-dose groups inoculated with KA435, 5-week-old 
ducks shed more virus than 25-week-old ducks in both OP and CL 
routes at 3 dpc (Figure 2, p < 0.001 for OP-high, OP-medium, and 
CL-medium, and p < 0.01 for CL-high). Virus shedding was also 
higher in 5-week-old ducks challenged with high and medium doses 
of ES2 at 3 and 5 dpc (Figure 3; p < 0.001 for OP-high, medium at 3 
dpc, and p < 0.01, for the others). Therefore, for the ducks that were 
confirmed to be infected, 5-week-old ducks shed significantly higher 
amounts of the virus via the OP and CL routes than 25-week-old 
ducks, regardless of the virus strain.

4. Discussion

Previous natural and experimental infection studies have shown 
that HPAI-infected wild and domestic waterfowls present no to mild 
clinical signs (15–19). For example, early Hong Kong H5N1 HPAI 
isolates from 1997 showed limited pathogenicity in ducks (22). 
However, the continuous evolution of HPAI viruses has increased their 
lethality in various bird species, including ducks. Many previous 
studies have demonstrated that HPAI viruses induce varied 
pathogenicities in ducks. Unlike the 1997 H5N1 HPAI isolates, the 
novel 2002 HPAI isolates caused systemic infection in ducks, with high 

virus titers and pathology in multiple organs, causing neurological 
dysfunction and death (23). Mortality in wild and domestic ducks is 
caused by many Asian-origin HPAI H5N1 viruses (21). Recently, mass 
die-off cases of tufted ducks (Aythya fuligula) were reported in the 
Netherlands (29, 30) and Germany (31) from 2016 to 2017, and high 
wild bird mortality was observed in coastal and other water-rich areas 
of the Netherlands between October 2020 and June 2021 (32). In this 
study, the ES2 virus, which belongs to clade 2.3.4.4e, had a lower BID50 
and higher BLD50 in 5-week-old ducks than KA435, which belongs to 
clade 2.3.2.1c HPAI clade. Recent studies have reported that the 
molecular changes associated with the unusual lethality of HPAI 
viruses in ducks are related to the PA and PB1 genes of the H5N1 virus 
(33), PA and NS genes of clade 2.3.4.4 H5N6 virus (34), and PB2, NP, 
and M genes of clade 2.3.4.4 H5N8 virus (35). However, the underlying 
mechanisms have not been identified.

Our data indicate that younger ducks are more susceptible to both 
the 2.3.2.1c and 2.3.4.4e challenge viruses. Our findings are consistent 
with those of other studies by Pantin-Jackwood et al. (36), Jang et al. 
(37), and Londt et al. (38), in that the younger the host age, the more 
severe the clinical signs and higher the mortality were observed, while 
variances existed in the degree of mortality rate and clinical signs in 
accordance with the strain challenge and age at infection. In other 
words, some strains of Gs/GD H5 HPAI viruses, such as A/chicken/
Hong Kong/220/97 (H5N1), A/Egret/HK/757.2/02 (H5N1), A/Duck/
Vietnam/218/05 (H5N1) (36), and A/Waterfowl/Korea/S57/2016 
(H5N6) (37), showed age-dependent pathogenicity in ducks. 
Age-related pathogenicity of HPAI has also been reported in turkeys 
(39), wild ducks (ruddy ducks, lesser scaups) (40), and humans (41), 
but not in broiler chickens (42). In a previous study, the BID50 and 
BLD50 of the ES2 virus in 2-week-old ducks were 103.0EID50 and 104.0 
EID50, supporting the younger the duck is, the more vulnerable it is to 
the HPAI virus (34). The challenged ducks exhibited higher viral titers 

TABLE 1 Mortality, morbidity, mean death time, BID50, and BLD50 of H5N1 clade 2.3.2.1C and H5N6 clade 2.3.4.4e in 5-week-old ducks and 25-week-old 
ducks.

Age Virus strain Dosea Morbidityb Mortalityc MDTd BID50
e BLD50

f

5-week-old 2.3.2.1c

A/chicken/Vietnam/

NCVD-KA435/

2013(H5N1)

High (108.0EID50) 6/6 6/6 3.8 104.5EID50 104.5EID50

Medium (106.0EID50) 6/6 6/6 3.8

Low (104.0EID50) 2/6 2/6 4

2.3.4.4e

A/duck/Korea/ES2/

2016(H5N6)

High (108.0EID50) 4/4 3/4 4.7 <104.0EID50 105.26EID50

Medium (106.0EID50) 5/5 3/5 6.7

Low (104.0EID50) 3/4 2/4 3.5

25-week-old 2.3.2.1c

A/chicken/Vietnam/

NCVD-KA435/

2013(H5N1)

High (108.0EID50) 6/6 0/6 NDg 105.27EID50 >108.0EID50

Medium (106.0EID50) 4/6 0/6 ND

Low (104.0EID50) 1/6 0/6 ND

2.3.4.4e

A/duck/Korea/ES2/

2016(H5N6)

High (108.0EID50) 5/5 0/5 ND <104.0EID50 >108.0EID50

Medium (106.0EID50) 4/5 0/5 ND

Low (104.0EID50) 4/4 0/4 ND

aDucks were inoculated intranasally with each dose of the viruses.
bNumber of infected ducks confirmed with viral shedding or seroconversion/number of inoculated ducks.
cNumber of dead ducks/number of inoculated ducks.
dMean death time in days.
e50% Bird infectious dose.
f50% Bird lethal dose.
gNot detectable.
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in the OP swabs than in the CL swabs in this study, consistent with 
previous studies using other HPAI viruses, including H5N1 viruses 
isolated in 2002 and 2004 (18), and H5N8 and H5N6 viruses isolated 
in South Korea in 2016 and 2017, respectively (19).

No mortality was observed in 25-week-old ducks, even at a high-
dose of inoculation, but excreted viruses, suggesting that adult ducks 
could play a significant role in the maintenance and spread of HPAI 
viruses. Also, ducks that showed viral shedding did not show any 
clinical signs, indicating their role as a silent reservoir of the virus. 
Innate immunity and receptor distribution are suspected to be factors 
affecting age-dependent pathogenicity. Studies on Pekin ducks suggest 
that higher body temperature and upregulation of innate immune-
related genes, including IFN-α, retinoic acid-inducible gene I (RIG-I), 
and IL-6  in spleens, could impact the age-related pathogenicity of 
several H5N1 HPAI viruses (36). In a pathogenicity study of the H5N6 
HPAI virus isolated in South Korea in 2016, cell damage-related genes, 
such as CIDEA and ND2, and the immune response-related gene 

NR4A3 were dramatically induced in the lungs of infected 2-week-old 
ducks compared with those in the lungs of 4-week-old ducks (37). 
Age-dependent α-2,6 sialic acid expression variations among minor 
poultry species have been observed in ducks, geese, and turkeys (43). In 
turkeys, sialic acid receptor patterns change with age, which can result 
in variations in viral replication and tissue tropism. As poultry species 
age, the migration of lymphocytes to peripheral mucosa-associated 
lymphoid tissue (MALT) increases (44), which could lead to mortality 
in younger ducks and a higher inflammatory response against HPAI 
viral replication. Based on these studies, it is reasonable to hypothesize 
that variations in viral pathogenicity may arise from differences in 
innate immunity, immune response-related gene expression, and 
receptor expression according to age. Consequently, analyzing these 
factors in poultry, including ducks of different ages, can provide crucial 
data for comprehending the responses to viral infections.

Other host and environmental factors can also affect duck 
pathogenicity. In the case of host factors, as presented in this study, 

FIGURE 2

Oropharyngeal (OP) and cloacal (CL) virus shedding in 5- and 25-week-old ducks challenged with low, medium, or high doses of H5N1 2.3.2.1c HPAI 
virus. The dotted line indicates the detection limit (100.8345 EID50 equivalent/0.1  ml). The middle line among circles indicates the mean value and error 
bars indicate standard deviation. The black asterisks indicate that statistical analyses were conducted using an independent samples t-test. The grey 
asterisks indicated that statistical analyses were conducted using a Mann–Whitney U Test (**p  <  0.01; ***p  <  0.001).
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age at infection is a determinant factor for some strains in certain 
species; consistently, younger groups showed high pathogenicity (18, 
36–40). The presentation of the disease also varied by virus strain 
and duck species, with Muscovy ducks being more vulnerable than 
Pekin ducks (45), and pre-existing immunity by commercial 
vaccination (46) or immunosuppressive viral infections (47). 
Co-infections with other respiratory pathogens could influence the 
outcome of infection, as seen in previous studies using the duck 
hepatitis virus (48) and other subtypes of LPAI viruses (49). 
Infections and pathogenicity could also be  influenced by 
environmental factors, leading to higher virus concentrations and 
persistence, such as elevated virus levels due to ventilation and 
longer virus survival under favorable environmental conditions (50). 
Altogether, the pathogenicity of HPAI viruses depends on many 
factors, which could raise various patterns of disease, including the 
diverse onset of infections, clinical signs, and mortality. Further 

studies should be conducted to investigate the pathogenicity and 
related factors of recently circulating viruses to understand the 
mechanisms of the disease.

The pathogenicity of HPAI can be influenced by a range of factors, 
including viral characteristics and environmental conditions, as well 
as host physiology and immune response. In this study, we investigated 
the impact of age on the pathogenicity of two clades of HPAI viruses 
in ducks, in terms of mortality, infectivity, and level of virus shedding. 
Our results showed that younger ducks exhibited higher pathogenicity, 
as evidenced by increased mortality rates and viral shedding, 
compared to older ducks. The results obtained in this study may help 
gain insight into age-related differences in the transmission dynamics 
and disease patterns of viruses. The contrasting survival between 
younger and older ducks suggests that silent infection and 
transmission can occur in older ducks, indicating that active 
surveillance and risk assessment should be carefully implemented in 

FIGURE 3

Oropharyngeal (OP) and cloacal (CL) virus shedding in 5- and 25-week-old ducks challenged with low, medium, or high doses of H5N6 2.3.4.4e HPAI 
virus. The dotted line indicates the detection limit (100.8345 EID50 equivalent/0.1  ml). The middle line among circles indicates the mean value and error 
bars indicate standard deviation. The black asterisks indicated that statistical analyses were conducted using an independent samples t-test. The grey 
asterisks indicated that statistical analyses were conducted using a Mann–Whitney U Test (**p  <  0.01; ***p  <  0.001).
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aged ducks in the earlier stages of HPAI outbreaks to prevent them 
from spreading. In addition, since ducks can host a variety of avian 
influenza viruses as a natural reservoir species, older ducks with 
asymptomatic or mild infections can play a role in evolution of 
HPAIVs, potentially giving rise to new strains with altered 
pathogenicity or increased zoonotic potential. The precise mechanisms 
causing the higher virulence in young ducks remain unknown and 
warrant further investigation.
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Avian influenza viruses (AIVs) are naturally found inwild birds, primarily inmigratory

waterfowl. Although species barriers exist, many AIVs have demonstrated the

ability to jump from bird species to mammalian species. A key contributor to

this jump is the adaption of the viral RNA polymerase complex to a new host for

e�cient replication of its RNA genome. The AIV PB2 gene appears to be essential

in this conversion, as key residues have been discovered at amino acid position 627

that interact with the host cellular protein, acidic nuclear phosphoprotein 32 family

member A (ANP32A). In particular, the conversion of glutamic acid (E) to lysine (K)

is frequently observed at this position following isolation in mammals. The focus

of this report was to compare the distribution of PB2 627 residues from di�erent

lineages and origins of H5 AIV, determine the prevalence between historical

and contemporary sequences, and investigate the ratio of amino acids in avian

vs. mammalian AIV sequences. Results demonstrate a low prevalence of E627K

in H5 non-Goose/Guangdong/1996-lineage (Gs/GD) AIV samples, with a low

number of mammalian sequences in general. In contrast, the H5-Gs/GD lineage

sequences had an increased prevalence of the E627K mutation and contained

more mammalian sequences. An approximate 40% conversion of E to K was

observed in human sequences of H5 AIV, suggesting a non-exclusive requirement.

Taken together, these results expand our understanding of the distribution of

these residues within di�erent subtypes of AIV and aid in our knowledge of PB2

mutations in di�erent species.

KEYWORDS

avian influenza virus, PB2, ANP32A, virus replication, wild birds, poultry

Introduction

Highly pathogenic (HP) avian influenza virus (AIV) outbreaks in domesticated poultry

were rare prior to the 1990’s (1, 2). However, in 1996, an HPAIV H5N1 was detected in

a domesticated goose (A/Goose/Guangdong/1/1996) that crossed species barriers and was

detected in humans in 1997 (3, 4). This AIV lineage created what we now know as the

H5-Gs/GD lineage and is responsible for mortality in wild birds, poultry, mammals, and

humans. The H5-Gs/GD lineage viruses have become adapted and distributed across the

world via migratory waterfowl. This lineage has evolved into 10 genetically distinct clades

(0–9) (1). Clade 2 versions of this lineage have become the most successful in terms of viral

fitness and global distribution (1, 5, 6). The subclade 2.3.4 was first detected in 2008 in China

and has continued to evolve into the current 2.3.4.4a-h viruses (1). The United States (U.S.)

saw its first incursion of H5-Gs/GD lineage clade 2.3.4.4c viruses in 2014, which resulted

in the deaths of over 47 million poultry, resulting in an estimated loss of 3.3 billion dollars
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(1, 7). Many countries, including the U.S., are experiencing large-

scale outbreaks from clade 2.3.4.4b viruses, which appear very

adapted to migratory waterfowl based on their global spread over

the past few years (8, 9).

One interest of this subclade is the adaption to other species

(10–14). A well-described avian-to-mammalian genetic adaptation

is an amino acid change in the PB2 protein at residue 627.

Traditionally, avian sequences contain glutamate (E) at this

position, while mammalian/human sequences contain a lysine (K)

(15). It was originally thought that this residue played a role in

the ability of PB2 to replicate at lower temperatures and provided

an explanation for the inefficient replication of AIV in non-avian

hosts (16). While the temperature may still play a role, more

recent structural studies have determined that PB2 interacts with

host protein acidic nuclear phosphoprotein 32 family member A

(ANP32A) at residue 627, and this interaction is the driving force

behind the E627K mutation (17, 18). The interaction is critical for

the stabilization of the AIV polymerase complex (vPol), and the

amino acid composition of ANP32A that surrounds residue 627

plays a major role in supporting AIV replication (18). However,

other PB2 mutations have been found to support AIV replication

in the absence of E627K, namely at positions 271, 590, and

591 (19–21).

Most avian ANP32A proteins encode an additional 33 amino

acids (ANP32A33) in between the two domains that are critical

for AIV polymerase activity (22). The first four amino acids of

the insert are a SUMO interacting motif (SIM) site that has been

shown to increase the binding efficiency of ANP32A33 with the

vPol and is located directly above the PB2 627 residue (18, 23).

The SIM site contains a mixture of acidic and basic residues, which

provides the stabilization of the complex, and likely allows for

replication with either a PB2 627E or K. The other 27 additional

amino acids duplicated from exon 4 (amino acid residues 149–

175) are believed to strengthen the interaction between vPol and

ANP32A. Humans, mammals, and ratite species lack the 33 amino

acid insertion (ANP32A1), which results in a weaker interaction

between ANP32A and the vPol leading to lower polymerase activity

(17, 18, 23). The E627K mutation appears to compensate for the

weaker interaction and helps to restore the vPol activity of AIV in

hosts lacking ANP32A33 (18, 23).

Avian ANP32A contains natural variations in splicing patterns

that result in three major isoforms of the protein, whereas humans

only carry the ANP32A1 isotype (22, 24). Chicken, turkey,

and duck produce all three transcripts of ANP32A (ANP32A33,

ANP3229 (lacking SIM), and ANP32A1), but the ANP32A33

isotype is the preferentially expressed isoform (approximately

65%). However, some species of wild waterfowl and other

migratory birds express higher proportions of the human-like

ANP32A (ANP32A1) and the partial insertion that lacks the SIM

site (ANP3229), indicating that ANP32A expression is strongly

associated with host range (22–24).

In this study, we investigate the number of submitted sequences

containing PB2 627E, K, or V from H5 AIV. We compare the

prevalence of sequences with 627K between non-Gs/GD and

Gs/GD lineages and examine the ratio of sequences within the

Gs/GD lineage. Finally, we examine residue specificity within

the broad host range of clade 2 AIV, including current global

2.3.4.4 viruses.

Methods

Sequence analysis

All sequences were obtained from the Global Initiative on

Sharing All Influenza Data (GISAID EPIFLUTM) database (25). The

search parameters on GISAID always included type A, H5, and

required a complete segment of PB2. Other parameters, such as

host(s) and clade(s) were chosen as needed. Downloaded datasets

were aligned in Geneious Prime (Boston, MA) using a MUSCLE

alignment. Only complete and correct PB2 protein sequences with

coverage over residue 627 were used for analysis. Sequences that

did not meet this criterion were discarded. Tables were created

based on the number of PB2 sequences that matched the criteria set,

such as host species, total number, amino acid residue, and clade.

Totals were calculated by adding up each group in the table, and

in some cases, the total does not represent the entire dataset. Very

few sequences had 627 residues that were not glutamate (E), lysine

(K), or valine (V), so they were not included in the analysis total.

The percentage of K residues was obtained by dividing the number

of K residues by the total of that group and then multiplying by

100. When a clade or subclade was chosen in the “clade” search

panel, all subclades were included in the analysis, unless otherwise

noted. Tables including a species section were chicken/turkey only,

all other avian species (in addition to chicken/turkey), mammals

(not including humans), and humans. It is important to note that

all timespans listed in this report are based on the dataset used for

analysis. They do not represent the exact circulation of those virus

clades. The findings of this study are based on data from 125,996

PB2 sequences available on GISAID as of March 2023.

Results

Prevalence of 627K in non-A/Gs/GD/96
lineage H5Nx viruses

Using the GISAID “clade” search panel, we examined sequences

that were not classified as part of the Gs/Gd lineage (25).

The American-non-Gs/GD/96 (Am_non-GsGD) lineage had 789

complete PB2 sequences with 627 coverages, and the earliest viruses

in the dataset were fromWisconsin, USA, in 1975. The subtypes in

1975 included H5N2, H5N6, and H5N1. The species in this lineage

consisted of chicken/turkey (220), all other avian (567), mammalian

(2), and human (0). Of the 789 sequences examined, only two

had PB2 627K, the animals were a rhea and an emu (both from

Texas, USA, 1993, H5N2). The percent of PB2 627K sequences for

the Am_non-GsGD lineage was 0.25%. Unexpectedly, there were

17 chicken sequences with a V at position 627, which accounted

for 2.15% of the total. They originated from an H5N2 isolation in

Mexico in 2019 (Table 1, top).

For the Eurasian-non-Gs/GD/96 (Ea_non-GsGD) lineage,

390 sequences were examined. The earliest sequences were

from Scotland in 1959 (H5N1). In this lineage, there were 46

chicken/turkey, 342 other avian, 2 mammals, and 0 human

sequences. Of the 390 sequences, four had PB2 627K. All four

sequences came from ostriches in South Africa in 2011 and 2015.

The percentage of PB2 627K sequences from the Ea_non-GsGD
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TABLE 1 Prevalence of PB2 627 E/K/V in non-A/Gs/GD/96 H5 lineage viruses.

Lineage Species Total numbers 627E 627K 627V Percent 627E Percent 627K

American-non-Gs/GD/96 (1975-present) Chicken/Turkey 220 203 0 17 92.3 0

Other Avian 567 564 2a 0 99.5 0.4

Mammalian 2 2 0 0 100.0 0

Human 0 0 0 0 0 0

Total 789 769 2 17 97.3 0.25

Eurasian-non-Gs/GD/96 (1959-present) Chicken/Turkey 46 0 0 0 0 0

Other Avian 342 338 4b 0 98.8 1.2

Mammalian 2 2 0 0 100.0 0

Human 0 0 0 0 0 0

Total 390 2 4 0 99.4 1.03

a1 rhea and 1 emu.
b4 Four ostriches.

lineage was 1.03% (Table 1, bottom). Interestingly, there were only

four mammalian sequences in the dataset within the two lineages.

All four were H5N2 sequences from swine, two were from Mexico

in 2014/2015, and two were from Korea in 2008 (Table 1). Based

on the available data, the American and Eurasian lineages appear to

have low mammalian/human spillover events and a low percentage

of PB2 627K adaptations.

Prevalence of PB2 627K in A/Gs/GD/96 H5
lineage clades 0–9

Next, we examined the percentage of PB2 627K residues in

clades 0–9 of the Gs/GD lineage, which began in 1996. PB2

sequence availability ranged from 17 to 10,734 sequences between

the clades (Table 2). Clade 0 had 11.7% (7/60) PB2 sequences with

627K, which included an ostrich and six human samples. The

dataset contained sequences from 1996 to 2008 (Table 2). Clade 1

had 395 sequences available, 39 of which had PB2 627K (9.9 %),

which consisted of 14 avian species, 24 mammalian/human species,

and 1 unknown, and were sequenced from 1996 to 2014 (Table 2).

Clade 2 had the most sequences available (10,734); of those, 738

contained PB2 627K and 16 contained a 627V. Clade 2 had 6.9%

of total sequences with 627K; of those, 608 were avian and 130

were mammalian/human. Available clade 2 sequences ranged from

1996 to the present (Table 2). Clade 3 sequences contained 2.9%

PB2 627K residues (6/206), 1 was from the environment and 5

were human cases. The sequences were collected from 1997 to 2015

(Table 2). Clade 6 (2002–2022) had two human cases with PB2 627K

out of 33 total, making the percentage 6.1% (Table 2). Clade 7 had

2.5% sequences with PB2 627K, there were 2 avian samples out of

80 from 2002 to 2015 (Table 2). Clade 9 sequences ranged from

1997 to 2006; only 2 avian sequences had PB2 627K out of 49 total

(4.1%) (Table 2). Clades 4, 5, and 8 had no sequences containing

PB2 627K (Table 2). The overall average of PB2 627K in the Gs/GD

lineage was 4.9%, which is 13x more than the Am_non-GsGd and

4.8x more than the Ea_non-GsGd lineages.

Prevalence of PB2 627K in A/Gs/GD/96 H5
lineage clade 2

To examine clade 2 more thoroughly, we determined the

percent PB2 627K in subclades 2.1–2.5, based on available GISAID

sequences (25). Clade 2.1 had a low proportion of avian sequences

(34.6%) available compared to mammalian/human sequences

(65.4%). All 19 (8.3%) sequences with PB2 627K in clade 2.1 were

mammalian/human in origin (Table 3, top). The sequences from

clade 2.1 were obtained between 2003 and 2015. Clade 2.2 was

previously shown to have a high incidence of PB2 627K residues

(20). We found that 92.1% of available PB2 sequences classified

as clade 2.2 had 627K residue. Unexpectedly, 578 sequences

with PB2 627K were from avian species, and only 36 were

mammalian/human. Clade 2.2 sequences ranged from 1997 to 2017

in the dataset (Table 3, top). Clade 2.2 contributed to 83% (614/738)

of the total clade 2 PB2 627K population (Table 2). Clade 2.3 (2003–

present) has the largest total number of sequences available (9,797),

although only 105 of them had PB2 627K. Of the sequences with

627K, 75 were mammalian/human and 30 were of avian origin.

The total percentage of PB2 627K sequences for clade 2.3 was

1.1% (Table 3, top). Of note, only clade 2.3 contained PB2 627V

sequences. The species containing PB2 627V were mixed, eight

chickens, two other avians, three red foxes, one tiger, and one

human. Clades 2.4 and 2.5 had low sample sizes, and none of the

sequences contained PB2 627K residue. Additionally, the sequences

available were only from 2003 to 2004 to 2003–2006, respectively

(Table 3, top). The data indicate that the majority of PB2 627K

sequences are from clade 2.2, not 2.3.

The most current and prevalent Gs/GD lineage viruses belong

to clade 2.3.4.4 (1). We wanted to examine which species in

subclades 2.3.4.4a-h had PB2 627K residue. Because the subclades

2.3.4.4d and 2.3.4.4f did not have “clade” options in the GISAID

database, they were not included in the analysis (25). Clade 2.3.4.4a

contained 1.2% (6/502) sequences with PB2 627K, including two

avians and four humans among the species. Sequences in this

clade were collected between 2012 and 2018 (Table 3, bottom).

The 2.3.4.4b viruses are responsible for the current outbreak in

the U.S. and have been reported in many countries (12, 25).
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TABLE 2 Prevalence of PB2 627 E/K/V in A/Gs/GD/96 H5 lineage clades 0–9.

Clade Total numbers 627E 627K 627V Percent 627E Percent 627K

0 60 53 7a 0 88.3 11.7

1 395 356 39b 0 90.1 9.9

2 10,734 9,996 738c 15 93.1 6.9

3 206 200 6d 0 97.1 2.9

4 18 18 0 0 100.0 0.0

5 22 22 0 0 100.0 0.0

6 33 31 2e 0 93.9 6.1

7 80 78 2f 0 97.5 2.5

8 17 17 0 0 100.0 0.0

9 49 47 2g 0 95.9 4.1

aClade 0−1 avian (ostrich) and 6 humans.
bClade 1−14 avians (1 ostrich), 24 mammalians/humans, 1 unknown.
cClade 2−608 avian, 130 mammalians/humans.
dClade 3−1 environment, 5 humans.
eClade 6−2 humans.
fClade 7−2 avians.
gClade 9−2 avians.

Of the 5,311 sequences analyzed from 2003 to the present, 53

had PB2 627K making the percentage only 1.0%. However, 48 of

the 53 sequences were from 2021 to the present. Bird sequences

containing 627K accounted for 23 of the 53 sequences and included

chickens/turkeys, ducks, ratites, and common terns. There was a

higher diversity of mammalian species containing PB2 627K in

the 2.3.4.4b viruses, compared to all other groups analyzed. Most

of the mammalian/human sequences in clades 2.1 and 2.2 were

human, whereas the 2.3.4.4b sequences included 1 bear, 2 skunks,

3 cats, 2 ferrets, 1 raccoon, 14 foxes, 4 seals, 1 otter, and 2 humans

(Tables 2, 3, bottom). Of note, the 2.3.4.4c sequences, which were

responsible for the first outbreak of a Gs/GD lineage H5Nx virus

in the U.S., did not have any sequences with PB2 627K (8). The

dataset contained 1,056 samples and included sequences from 2014

to 2020 (Table 3, bottom). Three human samples (3/551) from

2.3.4.4e had PB2 627K from 2014 to 2018 (Table 3, bottom). Clade

2.3.4.4g (2014–2020) had the smallest sample size (84), and none

of the sequences contained PB2 627K (Table 3, bottom). Finally,

2.3.4.4h had the highest percentage of PB2 627K sequences at

4.02% (15/373), spanning from 2014 to 2021. The sequences were

from two chickens/turkeys, four minks, and nine humans (Table 3,

bottom). Taken together, the data indicate that the current 2.3.4.4b

viruses have a low overall percentage of PB2 627K sequences, but

an increased propensity to infect multiple species.

Prevalence of PB2 627E/K/V in human
sequences from di�erent hemagglutinin
subtypes

Finally, we examined the prevalence of PB2 627K in human

AIV sequences with more common HA subtypes (26). First, the

percent of PB2 627K in human sequences in subtypes (H1–H3)

was examined. Interestingly, 95% of the H1 sequences sequenced

contained the avian-like PB2 627E. We only observed 4.7% of

all H1 sequences demonstrating the PB2 627K residue. However,

the majority of the 39,418 sequences examined were from the

pandemic H1N1 (pdm09) lineage, which began in 2009 and

was known to contain a PB2 segment from an avian North

American virus (Table 4) (27). As expected, both the H2 and H3

sequences contained higher percentages of PB2 627K residues, with

prevalence rates of 91.9% and 99.4%, respectively (Table 4). Next,

we examined the proportion of PB2 627K in avian-adapted AIV

subtypes (H5, H7, and H9). H5 viruses obtained from human

samples contained 39.1% PB2 627K sequences (Table 4). Of the

1,207 human sequences classified as subtype H7, 851, or 70.4%

contained a K at position 627 (Table 4). Finally, the H9 subtype

contained only two human sequences with PB2 627K (Table 4).

Interestingly, the H7 and H9 viruses contained a higher proportion

of 627V residues, 2.7% and 36%, respectively. Apart from the

pdm09 H1N1 viruses, the data illustrate that human-adapted

viruses typically contain PB2 627K.

Discussion

This research aimed to compare the distribution of PB2 627

residues between avian and mammalian sequences in H5 from

non-Gs/GD and Gs/GD lineages and determine the prevalence

between previous subclades and current ones. The current clade

2.3.4.4b H5Nx AIVs have a global distribution and raise concerns

about mammalian adaptations as recent isolations have occurred

in domestic and peridomestic mammals (12, 28). In this study, we

focused on one well-known avian-to-mammalian adaption residue,

E627K/V, to determine if the 2.3.4.4 viruses have an increased

propensity to mutate in that direction.

All sequences were obtained from GISAID, so the number

of sequences was limited to what was available in the database.

We chose GISAID because it contained the most sequences of
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TABLE 3 Comparative prevalence of PB2 E/K/V in Gs/GD/96 H5 lineage clades 2.1–2.5 (Top) and distribution within various species in subclade 2.3.4.4

(Bottom).

Clade Total numbers Percent Avian
sample

627E 627K 627V Percent 627E Percent 627K

2.1a 228 34.6 209 19d 0 91.7 8.3

2.2b 667 94.2 53e 614f 0 7.9 92.1

2.3c 9,797 92.4 9,672 105g 15 98.7 1.1

2.4 16 100.0 16 0 0 100.0 0.0

2.5 26 100.0 26 0 0 100.0 0.0

Species 2.3.4.4a (502)l 2.3.4.4b (5,311) 2.3.4.4c (1,056) 2.3.4.4e (551) 2.3.4.4g (84) 2.3.4.4h (373)

Chicken/Turkey 0 16 0 0 0 2

Other Avian 2h 7i 0 0 0 0

Mammalian 0 28j 0 0 0 4k

Human 4 2 0 3 0 9

Percent 627E 98.8 99.0 100.0 99.5 100.0 96.0

Total with 627K 6 53 0 3 0 15

Percent 627K 1.2 1.0 0.0 0.5 0.0 4.0

a2.1 includes 2.1.1, 2.1.2, 2.1.3, 2.1.3.1, 2.1.3.2, 2.1.3.2a, 2.1.3.2b, 2.1.3.3.
b2.2 includes 2.2, 2.2.1, 2.2.1.1, 2.2.1.1a, 2.2.1.2, 2.2.2, 2.2.2.1.
c2.3 includes 2.3.1, 2.3.2, 2.3.2.1, 2.3.2.1a, 2.3.2.1b, 2.3.2.1c, 2.3.3, 2.3.4, 2.3.4.1, 2.3.4.2, 2.3.4.3, 2.3.4.4, 2.3.4.4b, 2.3.4.4c, 2.3.4.4e, 2.3.4.4g, 2.3.4.4h.
d19 mammalians/humans. Of mammalians/humans (149), 12.8% have 627K.
e3 mammalians and 50 avian.
f36 mammalians/humans and 578 avians (4 ostriches).
g75 mammalians/humans and 30 avians (1 emu, 2 rhea).
h1 cormorant and 1 pheasant.
i2 rhea, 1 emu, 1 duck, 2 common terns, and 1 unknown avian.
j1 bear, 2 skunks, 3 cats, 2 ferrets, 1 raccoon, 14 foxes, 4 seals, and 1 otter.
k4 minks.
lTotal number of samples per 2.3.4.4 subclade.

TABLE 4 Prevalence of PB2 627 E/K/V from human sequences among di�erent influenza hemagglutinin subtypes.

HxNx Total numbers 627E 627K 627V Percent 627E Percent 627K

H1 39,418 37,559 1,855 4 95.3 4.7a

H2 123 10 113 0 8.1 91.9

H3 71,994 419 71,560 15 0.6 99.4

H5 402 244 157 1 60.7 39.1

H7 1,207 323 851 33 26.8 70.4b

H9 59 36 2 21 61.0 3.4

aPandemic H1N1 (pdm09) contained PB2 from an avian North American virus.
bRecent H7N9 cases predominate sequences in this subtype.

current (2021–present) AIV, but it is possible that older strains were

missed in the analysis because they were not added retroactively

(prior to 2008) (25). AIV surveillance and reporting are not a

standard practice in all countries; consequently, samples are limited

to countries that do report, and this may contribute to the low

dataset numbers and sample bias in some clades. Obtaining samples

from only dead birds may also result in sampling bias, but it is

not possible to tell whether samples were taken during active or

passive surveillance.

In the non-Gs/GD lineage, the majority of sequences contained

the 627E residue. We observed only six avian sequences that

contained PB2 627K and they belonged to the Ratite family

(Ostrich, Rhea, Emu, Cassowary, and Kiwi) of birds (Table 1).

Ratites were the only species of birds that contained PB2 627K

residues in this group. Phylogenetic analysis of the ANP32A

gene demonstrates that the Ratite family lacks the 33 amino

acid insertion in exon 5 that most other avian species have,

which presumably makes it more mammalian-like, and may

explain why viruses isolated from these species select for 627K

during replication (14, 22). Of further note is that both rhea

and emu sequences from the Am_non-GsGD lineage contained

multiple polybasic residues at the HA cleavage site, suggesting

that they were HPAI viruses. In the EA_non-GsGD lineage,

the two ostriches from 2011 contained an HPAI cleavage
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sequence, whereas the two ostriches from 2015 contained an

LPAI sequence.

Clade 2 is the most evolutionarily successful clade from the

Gs/GD lineage of AIV based on the sample size and the number

of subclades (Tables 2, 3) (1, 29). Within subclade 2, the proportion

of avian and mammalian samples in clade 2.1 was unexpected. The

largest portion of samples was human sequences from Indonesia,

ranging from 2003 to 2015 (Table 3). Of note is the observation that

most of the sequences in clade 2.2 containing 627K were of avian

origin (Table 3). Clade 2.2 viruses were shown to be shed via the

respiratory route in waterfowl rather than the typical cloacal route;

therefore, it was proposed that clade 2.2 viruses maintained the

627K to compensate for the cooler temperature of the respiratory

tract (20, 30, 31). Recently, a study using RNA-seq showed that

some waterfowl, land fowl, and pelicans preferentially express a

human-like ANP32A, which could also have contributed to a larger

proportion of avian species containing 627K in clade 2.2, as there

was no selective pressure to maintain 627E (22). Additionally, Long

et al. found that the PB2 627K mutation did not affect pathogenesis

or transmission in ducks, suggesting that mammalian adaption

could be maintained in an avian species, which also supports the

notion that there is little selection pressure to go from K627E (20).

The clade 2.3 dataset was comprised of 17 subclades, including

the current 2.3.4.4b viruses. Interestingly, 98.7% (9,672) of the 2.3

sequences contained a 627E residue despite only 92.4% (9,052)

being of avian origin, demonstrating that non-avian species also

maintained the 627E residue. This observation went both ways in

that of the 105 clade 2.3 sequences demonstrating 627K, only 71.4%

(75) were mammalian (Table 3).

Within clade 2.3.4, more than half of the PB2 627K sequences

were in the clade 2.3.4.4b subclade (Tables 2, 3). There were 16

chicken/turkey species and 7 other avians that contained PB2 627K

in clade 2.3.4.4b, this may indicate that the virus is spilling over

from mammals into avians and maintaining the residue at the time

of isolation. Several accounts of mammalian spillover events have

occurred since the 2.3.4.4b viruses have become predominant and

the diversity of species being infected is unprecedented (Table 3)

(9, 12, 13, 32). Nevertheless, based on our data, the number of

2.3.4.4b mammalian sequences with PB2 627K is still lower than

the sequences with a 627E. Interestingly, we found that five sea

mammals (four seals and one otter) contained PB2 627K, whereas

a recent study examined dolphin and sea lion sequences from

Peru and found they contained a 627E. Leguia et al. also proposed

that transmission between sea lions off the coast of Peru could be

occurring rather than independent avian spillover events because

of the massive die-offs being observed (28). More investigation is

required to determine if mammal-to-mammal and mammal-to-

avian transmission are occurring, and which residues are allowing

for efficient replication of the virus.

Despite the fact that residue PB2 627 is almost exclusively a K

or E in all influenza A viruses, a small portion contains a valine

(V). A study by Chin et al. found that inducing random mutations

at position 627 allowed for the 627V mutation when purified in

a mammalian system but not in an avian system (33). This may

indicate that the 627V mutations observed in all avian species

were transmitted from a mammalian host (Tables 1–4). The study

observed a slight reduction in replication compared to the 627K

mutation using the culture-adapted A/Puerto Rico/8/34 (H1N1)

virus (33). However, a more recent study used the polymerase genes

from an avian H5N1 (A/Muscovy duck/Vietnam/TY93/2007; clade

2.3.4) to rescue a virus containing the PB2 627V mutation. Taft

et al. found that the 627Vmutation had significantly increased viral

replication in mammalian cell culture and virulence in mice that

was comparable to the 627K virus (34). Additionally, Luk et al.

found that an H7N9 virus containing PB2 627V was extremely

fit and transmissible between chickens and mammals (35). The

number of V residues in H5 sequences remains low; however, the

H7 and H9 human cases had a considerable number of sequences

containing a 627V, many of which are from recent years (Table 4).

The dependency of viral polymerases on host ANP32A is

one factor in crossing host barriers exemplified by the propensity

for AIV sequences to mutate to 627K in mammalian sequences

(Tables 1–4) (23). The Gs/GD lineage viruses are commonly found

in wild waterfowl and appear to transcribe higher rates of the

human-like ANP32A, which may account for shifts in 627 residue

specificity (23, 32). While PB2 627K is an established marker for

mammalian adaption, it is not solely responsible for it (15, 27, 33).

The pdm09 H1N1 viruses contained a PB2 627E, due to the avian

origin of the segment but had other compensatory mutations that

allowed for efficient replication in mammals and humans (19, 20,

36). As more mammalian species become infected by 2.3.4.4b AIV

additional residues may yet be identified. It is known that efficient

replication in a certain host requires adaption to the machinery

within, and that adaption from one host species to another requires

mutation and selection. In this study, we performed a differential

analysis of PB2 residue 627 and demonstrated a non-exclusive

requirement for conversion.
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Rift Valley fever phlebovirus (RVFV) is a zoonotic mosquito-transmitted arbovirus, 
presenting a serious threat to humans and animals. Susceptible hosts are of great 
significance for the prevention of RVFV. Appropriate animal models are helpful to 
better understand the onset and development of diseases, as well as the control 
measures and vaccine research. This review focuses on the role of animal hosts 
in the maintenance of the virus, and summarizes the host range of RVFV. We list 
some common animal models in the process of RVFV research, which would 
provide some important insights into the prevention and treatment of RVFV, as 
well as the study of Rift Valley fever (RVF) pathogenesis and vaccines.
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1. Introduction

Rift Valley fever phlebovirus (RVFV) was initially isolated from ruminants in the Rift Valley 
region of Kenya in 1930 (1), and since then, it has been known to cause periodic outbreaks in 
Africa. In September 2000, RVF spread to Saudi Arabia and Yemen through the trade of RVFV-
infected animals. Subsequently, from 2007 to 2022, RVF outbreaks were reported in over 20 
countries, including Tanzania, Kenya, South Africa, Madagascar, and Mauritania, spanning a 
period of 15 years.1

RVFV belongs to the Phlebovirus genus in the Phenuiviridae family of Bunyavirales. It is an 
enveloped virus with a spherical shape (2). Similar to other bunyaviruses, RVFV possesses a 
single-stranded RNA genome that consists of three segments: large (L), medium (M), and small 
(S). The L segment encodes RNA-dependent RNA polymerase, the M segment encodes 
structural glycoproteins Gn and Gc, and the S segment encodes nucleoprotein (N) and a 
non-structural protein called NSs (2). NSs is considered the main virulence factor, and its 
deletion results in decreased infectivity of RVFV (3). The interaction between NSs and the host 
general transcription factor IIH (TFIIH, a multiprotein complex involved in both eukaryotic 
transcription and DNA repair) plays a crucial role in RVFV virulence. TFIIH is composed of 10 
subunits, which can be divided into two functional complexes: the core complex (XPB, XPD, 
p62, p52, p44, p34, and p8/TTD-A) and the CDK-activated kinase (CAK) complex (CDK 7, 

1 https://wahis.woah.org/#/event-management
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cyclin H, and MAT 1) (4). When TFIIH associates with the ΩXaV 
motif in NSs, p62 is degraded, leading to the inhibition of the 
interferon (IFN) response and enhancing RVFV virulence (5). The 
mechanism by which RVFV infection inhibits host RNA synthesis and 
evades viral immune responses involves the competitive binding 
between NSs and p44. This competition prevents the interaction of 
XPD (the natural partner of p44  in TFIIH) with p44, and NSs 
sequesters certain TFIIH subunits within nuclear filamentous 
structures, leading to the segregation of the XPB/p44 complex and 
inhibiting the assembly of TFIIH subunits (6). Additionally, RVFV-
encoded NSs proteins impact cellular fluidity, cell shape, and cell–cell 
adhesion by targeting the expression of Abl2 and the host actin 
cytoskeleton, thereby contributing to RVFV pathogenesis (7).

RVFV is primarily transmitted among animals through mosquito 
bites. However, for humans, RVFV infection can occur through 
contact with the blood of infected animals, inhalation or exposure to 
viral particles, and consumption of raw meat from sick animals (8, 9). 
This virus causes significant damage to ruminant livestock, resulting 
in high mortality rates among young newborn animals, widespread 
abortion in pregnant animals, and severe liver damage, posing a 
significant threat to animal health (8, 10, 11). Throughout history, 
RVFV has inflicted substantial harm on animal husbandry. In humans, 
the initial symptoms of RVFV infection include fever, headache, 
muscle and joint pain, and in some cases, nausea and vomiting. 
Conjunctivitis and photophobia may also occur. Severe cases can lead 
to bleeding, encephalitis, hepatitis, permanent blindness, or even 
death (12). Although there have been no reported cases of human-to-
human transmission of RVFV, it is still considered a highly dangerous 
zoonotic pathogen. Aedes and Culex mosquitoes are the primary 
vectors responsible for the transmission of this disease between 
animals, as documented in the literature (13).

Given the broad host range of RVFV and the diversity of infected 
cells, host proteins play a crucial role in RVFV infection across 
different cell types and species. Identifying the function of these host 
factors is essential for the development of effective antiviral 
therapeutics. A genome-wide CRISPR/Cas9 screen revealed that 
low-density lipoprotein receptor-associated protein 1 (LRP1) is a 
critical host factor for RVFV infection. Heat shock protein (Grp94) 
and receptor-associated protein (RAP) were also found to influence 
RVFV entry by regulating the expression and function of LRP1 (14). 
The biological significance of LRP1 in RVFV infection was further 
demonstrated by inhibiting its interaction, which prevented RVFV 
from entering target cells across various host species. Studies have 
shown significant homology between the LRP1 protein in certain 
livestock species, such as cattle, and humans (15), suggesting that 
LRP1 is highly conserved among different species and may have a 
consistent function. This could potentially explain why humans are 
susceptible to RVFV after coming into contact with infected animals. 
Furthermore, LRP1 is widely expressed, with higher levels observed 
in the liver, placenta, and brain, which correspond to major sites of 
disease manifestation during RVFV infection. This highlights the 
potential of LRP1 as a target for antiviral therapeutics. Interestingly, 
LRP1 also plays a significant role in Oropouche orthobunyavirus 
infection (16), suggesting its potential involvement in the host 
infection process of Bunyaviruses. Further research is needed to 
explore the precise mechanisms underlying this relationship.

The RVF epidemic has had a significant impact on animal 
husbandry in areas where the disease is endemic. Therefore, 

understanding the host range of RVFV is crucial for preventing RVF 
outbreaks. Additionally, there is an urgent need for the research and 
development of effective vaccines and therapeutic drugs. However, the 
occurrence and progression of RVFV-induced diseases in humans are 
complex. It is impractical to deeply explore the pathogenesis and 
efficacy of these diseases in patients, thus biomedical research often 
relies on animal models as an experimental basis for testing 
hypotheses. Currently, laboratory infection models are established 
through virus inoculation, inhalation, or aerosol infection (Table 1). 
Some experiments use footpad infections to simulate the transmission 
mode of mosquito bites under realistic conditions. Different studies 
employ varying infection methods based on their specific research 
objectives. Furthermore, the choice of animal models depends on the 
specific research purposes. This review provides a summary of the 
geographical distribution of natural hosts for RVFV and the 
application and pathological responses of different animal models. 
These models are suitable for studying various pathological 
consequences associated with RVFV infection.

2. Natural hosts

As a zoonotic disease transmitted by animals, extensive research 
has been conducted on the natural hosts of RVFV. Due to common 
host factors, viruses have the ability to cross species barriers. The 
variation in organ damage severity may be attributed to the differential 
distribution of host factors in different organs. This allows RVFV to 
exhibit a broad host range and distinct manifestations of the disease. 
In this review, we have categorized them into rodents, ruminants, 
non-human primates, and other animals. To provide a visual 
representation, we have created a map showing the global distribution 
of RVFV animal hosts (Figure 1). The broad host range of RVFV, 
coupled with its mosquito-borne transmission characteristics, allows 
for viral mutation and sustained transmission over extended periods. 
Although the incidence of RVFV infection varies among different 
animal species, the detection rate of RVFV and the occurrence of 
viremia emphasize the crucial role of natural hosts in the prevalence 
and outbreak of RVFV.

2.1. Rodents

While some studies suggest that wild rodents are not hosts for 
RVFV (41) most research findings indicate that wild rodents, being 
natural hosts, play a crucial role in the maintenance and transmission 
of RVFV. For instance, an ELISA test conducted in Egypt revealed a 
high RVFV positivity rate of 36.36% in rodents (42). Similarly, 
Senegal’s VNT test identified positive results in 4 out of the 14 rodent 
species examined, with the highest positivity rate observed in rodents 
from the low valley region of Senegal (43). It can be inferred that the 
variance in positivity rates is associated with the humidity levels in 
the respective regions where these species are found. This correlation 
is also evident from an ELISA survey conducted in South Africa, 
which showed an increased rate of rodent infection following heavy 
rainfall (44). In addition to the wide variety of rodents susceptible to 
RVFV, their early sexual maturity, rapid reproduction due to large 
litter sizes, and their ability to inhabit areas where humans or 
livestock reside make them potential risk factors for the further 
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spread of RVFV transmission. HI testing conducted in the Sinai 
Peninsula has demonstrated RVFV infection among both rodents 
and local soldiers (45). As human populations expand, areas with 
lower living standards may struggle to maintain adequate health 
conditions, leading to increased contact between humans, livestock, 
and rodents, thereby facilitating virus transmission. A PCR test 
conducted in Egypt revealed significantly higher RVFV-positive rates 
among rats in rural areas compared to urban areas (46), indicating an 
extremely high risk of infection among local rural residents. 
Therefore, in RVFV-endemic regions, in addition to mosquito control 
and treatment of sick animals, controlling rodents is also crucial. 
Recent experimental infections have shown that black rats, despite 
not exhibiting any pathological manifestations following 
subcutaneous infection, develop antibodies and experience long-
term viremia (47). Another investigation indicated that a higher 
concentration of the virus in the blood facilitates its spread (48), 
suggesting that this commonly found rodent species also poses a risk 
as a host for RVFV. The extensive infection of rodents and their 
associated pathological reactions have paved the way for rodents to 

be used as animal models in the development of RVFV vaccines and 
the exploration of pathogenesis (Figure 2).

2.2. Ruminants

Ruminants serve as the primary reservoir of RVFV and have a 
significant impact on economic development following RVFV 
infection. During the RVFV epidemic in Kenya, ruminants had much 
higher positivity rates in both antibody tests conducted compared to 
other wild animals (49, 50). The virus was first isolated from an 
infected flock of sheep during the 1930 RVF outbreak in East Africa 
(1). Various factors such as species differentiation, age of infection, 
and climatic conditions can affect the manifestation of the disease in 
ruminants. Pregnant female ruminants are particularly prone to 
having a “miscarriage storm” after being infected with RVFV. This 
suggests that the virus can cross the placenta and cause an increase in 
inflammatory chemokines and interferon response, leading 
to miscarriage.

TABLE 1 Animal models of RVFV and their pathological manifestations.

Order Genus or Species Disease features Route of exposure References

Rodent Mouse Hepatitis FP (17)

Hepatitis/cerebritis IP/SC/Aerosol (18)

Hepatitis/cerebritis IP/SC (19)

Cerebritis FP (20)

Cerebritis Aerosol (21)

Rat Hepatitis IP/SC/Aerosol (22)

Hepatitis IP/SC/Aerosol (23)

Hepatitis/cerebritis/eye lesions Aerosol (24)

Hepatitis IP (25)

Eye lesions SC/Aerosol (26)

Gerbil Cerebritis SC (27)

Hamster Hepatitis Aerosol (28)

Hepatitis SC (29)

Non-human 

primates

Rhesus monkey Hepatitis/cerebritis/hemorrhage/fever IV/IM (30)

Hepatitis/fever Aerosol/IV (31)

Marmoset Hepatitis/haemorrhag/cerebritis/fever IV/SC/IN (32)

Cerebritis/hemorrhage/fever Aerosol (33)

African green monkeys (AGM) Cerebritis/hemorrhage/fever Aerosol (33)

Cerebritis/hepatitis/hemorrhage/fever Aerosol (34)

Ruminantia Sheep Hepatitis/abortion SC (35)

Fever/abortion Inoculated (36)

Goats Fever/hepatitis SC (37)

Viremia IN/SC (38)

Calves Cerebritis/hepatitis SC (10)

Lambs Fever/hepatitis Aerosol (28)

Hepatitis Inoculated (36)

Cattle Hepatitis/fever IN/ID/IN+ID+SC (39)

Other mammalia Ferret Fever/cerebritis ID/IN (40)

SC, subcutaneous; IP, intraperitoneal; FP, footpad; ID, intradermal; IN, intranasal.
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Female ruminants were found to be  more susceptible 
than males during RVFV outbreaks, as shown by antibody 
testing of rural buffalo in South  Africa and PCR testing 
of cattle in Rwanda (51, 52). However, the exact cause of this 

gender discrepancy is uncertain. RVFV epidemics typically 
occur in autumn and winter, especially following heavy 
rains and floods, which create humid conditions that promote 
mosquito breeding.

FIGURE 1

Worldwide distribution of RVFV hosts. Countries and areas at risk of RVFV transmission are based on reported cases of infected animals or 
corresponding research data that have demonstrated the risk of infection and their distribution. Please note that the absence of certain areas in the 
marking indicates that no study results were retrieved, and it does not necessarily imply the absence of the host in those areas.

FIGURE 2

Transmission of RVFV between hosts. RVFV is transmitted to humans through mosquito bites, as mosquitoes become infected with the virus. 
Additionally, human exposure to infected animal blood or other bodily fluids can also contribute to the spread of RVFV.
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Ruminant reproduction plays a significant role in determining the 
likelihood of a large-scale outbreak following infection, which in turn 
increases the risk of human infections. A Tanzanian study found that 
animal infection rates were closely related to human infection rates 
during epidemics, possibly due to increased local cattle slaughter, 
which is proportional to the human population (53). RVFV induces 
different pathologies in ruminants of different species, with cattle 
having a higher IgG positivity rate than sheep and goats in Cameroon. 
This may be  due to feeding methods as nomadic cattle-raising 
methods increase the risk of cattle exposure to the virus.

IgM-positive samples and samples with successful RVFV RNA 
detected by PCR were only found in sheep and cattle, suggesting that 
goats may have lower susceptibility to the virus (54). A Tunisian 
survey showed higher antibody positivity rates in cattle and sheep 
than goats, providing further evidence for this speculation (55). In 
order to improve the specificity and sensitivity of detection, Gn-based 
ELISA methods are being increasingly applied to investigations (56). 
However, studies have shown that viremia peaks 3–4 days after 
infection in goats to activate innate immunity, and later produces 
neutralizing antibodies for long-term protection. This indicates that 
goats also play a role in RVFV maintenance (37).

Animal vaccination programmes are already in place in some 
areas, and surveys in Egypt have shown lower virus prevalence rates 
on vaccinated farms (57). However, a sample survey conducted in 
Rwanda following the implementation of the vaccine programme 
showed that no animals had been vaccinated, indicating the need for 
increased vaccine coverage (51). Authorities also need to pay attention 
to the risk of re-infection by other viruses to avoid adding to the 
burdens of infected animals (51).

Since researchers re-isolated the virus from camels in 1979, 
serological studies have shown that camels are susceptible hosts of 
RVFV (58). Additionally, serological studies of wild ruminants such 
as giraffes, antelopes, and buffalo have shown their overall 
susceptibility to RVFV, even though reported symptoms of the virus 
pandemic in wild ruminants are rare. It is likely that RVFV causes 
mild subclinical diseases in wild ruminants and maintains long-term 
low viremia, allowing the virus to continue to spread (50). Three 
separate ELISA surveys have revealed that the prevalence range of 
RVFV has expanded to the Middle East through ruminants (Table 2) 
(60–62). The high positive rate of RVFV detection in ruminants, as 
indicated by the EFSA Panel on Animal Health and Welfare (AHAW) 
PCR assay in 2020 on Mayot Island, further demonstrates the 
effectiveness and severity of RVFV infection in this group of animals. 
The region is under the jurisdiction of France and has closer trade ties 
with Europe, which has prompted European countries to be vigilant 
about the risks associated with the movement of goods (71). Although 
the RVFV gene is highly conserved, studies have identified some 
mutated strains in ruminants (72), indicating that ruminants also play 
a role in the evolution of the virus. This poses challenges in controlling 
its spread. Therefore, it is crucial for all countries to strengthen animal 
quarantine efforts at ports in order to effectively prevent the substantial 
losses that can be caused by the introduction of RVFV.

2.3. Non-human primates

Due to limitations in field investigations, studies on primates have 
primarily been conducted in laboratory settings. It was only in 1954 that 

the presence of RVFV positivity in macaques was discovered during 
field investigations (70). Laboratory studies have focused on the 
manifestations of RVFV infection in red monkeys, long-tailed monkeys, 
white-eyebrowed monkeys, and rhesus monkeys. It was found that 
rhesus monkeys could develop viremia for up to 12 days after RVFV 
infection. Baboons infected with RVFV developed fever and viremia for 
several days (73). Intravenous inoculation of RVFV typically leads to 
benign viral infections in most rhesus monkeys. However, approximately 
20% of cases still develop a hemorrhagic fever syndrome, characterized 
by extensive hepatic necrosis, disseminated intravascular coagulation, 
and hemolytic anemia (30). Another experimental infection of rhesus 
monkeys demonstrated that although all monkeys exhibited high levels 
of viral infection, the disease manifestations varied. A small proportion 
of monkeys infected with RVFV showed signs of hemorrhagic fever and 
eventually died. The remaining animals survived RVFV infection, but 
some displayed clinical symptoms such as loss of appetite and skin 
petechiae, while others showed no signs of clinical disease. In deceased 
macaques, abnormal liver function and coagulation markers were 
observed early in the infection, while monkeys without clinical 
manifestations exhibited high levels of IFN, suggesting that early 
morbidity events are critical factors for survival (74). The genes of 
non-human primates and humans exhibit a high degree of homology 
and similarity in terms of morphology and function. As hosts of RVFV, 
non-human primates serve as an alert for potential infections in 
humans. Therefore, during virus epidemics, the possibility of human 
infection should be taken into consideration.

2.4. Other animals

The mammalian host range of RVFV extends beyond ruminants and 
rodents. Serological tests have shown positive results for pigs and 
warthogs (66). RVFV has also been isolated from horses (58). In 1987, the 
virus was isolated from bats in Guinea (67), and in 2021, RVFV infection 
in bats was identified through PCR testing in Egypt (68). RVFV has been 
detected in rhinoceros (69), and serological investigations and PCR 
detection have revealed the infection of zebra, elephants, and rhinos with 
RVFV (50). A special investigation in 1996 focused on the RVFV 
positivity rate in carnivorous mammals such as jackals, wild dogs, 
cheetahs, and lions, and it was found that these animals could serve as 
natural hosts of RVFV (75). There have been no reported cases of RVFV 
infections in domestic pets, such as cats and dogs. However, given that 
many mammals are susceptible to RVFV, it remains uncertain whether 
domestic pets may play a role in the spread of the virus. Therefore, it is still 
important to monitor the infection status of pets. A laboratory study 
conducted in 2018 on North American white-tailed deer found that 
RVFV infection in these deer was associated with fever, hemorrhagic 
hepatic necrosis, and moderate to severe hemorrhagic lymphadenopathy, 
similar to the situation observed in ruminants. However, further attention 
and study are needed to understand the specific lesions, particularly 
moderate to severe diffuse hemorrhagic enteritis (76).

In addition to the natural hosts mentioned earlier, there have been 
studies exploring potential candidates as hosts for RVFV. Some vector 
mosquitoes of RVFV have been found to feed on amphibian blood 
(77), and in vitro studies have demonstrated the sensitivity of Xenopus 
cells and certain reptile cells to RVFV (78, 79). This suggests that 
amphibians or reptiles may potentially serve as natural hosts for 
RVFV. However, it is important to note that although RVFV infection 
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in amphibians and reptiles has not been observed in their natural 
state, these animals are still at risk of RVFV infection, highlighting the 
broad host range of the virus.

3. Animal models

Considering the wide range of hosts for RVFV and the potential 
risk of transmission, further studies are necessary. However, it is 
important to note that different animal models and inoculation routes 
are suitable for studying diverse pathological processes related to 
RVFV. Each animal model possesses its own unique characteristics 
and advantages. Additionally, changes in hemogram parameters in 
each animal model are also worth considering (Table  1). As a 
reference, a summary of animal models for RVFV is provided 
(Table 1), which investigators can use to identify and select appropriate 
models based on their experimental requirements.

3.1. Rodents

Rodents are commonly used as animal models to study 
RVFV. Among rodents, rats, mice, and gerbils are the three main 

categories of animal models used. Gerbils, in particular, have been 
valuable in the study of neurological pathogenesis and can serve as 
effective animal models (27). However, it is important to note that the 
diversity of pathological changes observed in rodents following RVFV 
infection suggests that relying solely on a single rodent species for 
research may not be sufficient to ensure the reliability of experimental 
results or meet all experimental requirements.

Rodents are primarily infected with RVFV through direct 
intranasal injection or aerosol infection (18, 19, 21, 25, 28) (Table 1), 
as they are intranasally susceptible to the virus. Intraperitoneal 
injection can also lead to successful infection, but this method 
differs from the natural transmission route, which involves 
mosquito bites or contact with contaminated tissues. To simulate 
the natural infection process and study the status of human 
infection under more realistic conditions, recent experiments have 
utilized footpad infection in rodents (17). Different strains of 
animals exhibit varying pathological changes following RVFV 
infection, with most rats and mice being suitable for studying liver-
related injuries. However, the most severe reactions observed in 
humans after RVFV infection involve central nervous system (CNS) 
lesions and permanent blindness caused by ocular lesions. 
Consequently, efforts have been made to develop rat and mouse 
models that can be used to study these specific aspects. For instance, 

TABLE 2 Summary of animal hosts for RVFV.

Order Family Detection method Location References

Rodent Muridae HI Zimbabwe, Egypt, Egypt (41, 45, 48)

VNT Senegal (43)

ELISA Egypt, South Africa (42, 44)

PCR Egypt (46)

Sciuridae VNT Senegal (43)

Ruminantia Bovidae HI South Africa (52)

VNT Kenya (50)

ELISA Tanzania, Cameroon, Tunisia, Cameroon (54, 55, 59)

PCR Egypt, Rwanda, Cameroon (51, 54, 57)

Caprinae Virus Isolation East Africa (1)

ELISA Tunisia, Tanzania, Cameroon, Iran, Iraqi, Saudi Arabia (53–55, 60–62)

VNT Mozambique, Senegal, Uganda, Yemen (56)

PCR Zambia, Uganda, Cameroon, The Democratic Republic of the Congo (54, 63–65)

Camelidae ELISA Kenya (49)

Virus Isolation Egypt (58)

Mammalia Suidae VNT South Africa (66)

Elephantidae VNT Kenya (50)

Vespertilionidae Virus isolation Guinea (67)

PCR Egypt (68)

Equidae VNT Kenya (50)

Virus isolation Egypt (58)

Rhinoceros HI Zimbabwe (69)

VNT Kenya (50)

Non-human 

primates

Cercopithecidae / Ghana to Angola (70)

Chimpanzee / Disjunct distribution in western and central Africa (70)

HI, hemagglutination inhibition; VNT, virus neutralization test; ELISA, enzyme-linked immunosorbent assay; PCR, polymerase chain reaction.
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Haley Cartwright et al. found that CC057 strain mice infected via 
footpad can be used to study encephalitis (20). Madeline M. Schwarz 
et al. demonstrated the tropism of RVFV for Lrp1 in the posterior 
eye of Sprague Dawley rats, making them suitable for studying uvea, 
retina, and optic nerve damage (26). Additionally, pregnant rats 
have been found to be  more susceptible to RVFV infection 
compared to non-pregnant rats. RVFV infection in pregnant rats 
can lead to intrauterine fetal death and severe congenital 
abnormalities. During the second trimester, RVFV can directly 
infect placental chorionic villi in human placental tissue. Pregnant 
rats can transmit RVFV directly and vertically through the placenta, 
making them suitable models for studying RVFV-induced abortion, 
which closely mimics the situation in pregnant humans (80). 
During the development of animal models, researchers discovered 
that hamsters can be utilized as an animal model for studying liver 
lesions caused by RVFV infection (29). This finding further expands 
the host range of RVFV in rodents. The use of hamsters as an animal 
model for RVFV research dates back to as early as 1962. 
Subcutaneous infection in hamsters leads to noticeable clinical 
symptoms, indicating that hamsters can be effectively employed in 
the study of RVFV, similar to other rodent models.

3.2. Ruminants

Due to the significant role of ruminants in the maintenance of 
RVFV, these animals serve as ideal animal models in vaccine studies. 
Ruminants, such as sheep, goats, and cattle, are commonly used in 
the development of animal vaccines against RVFV. Given the effects 
of RVFV on pregnant ruminants, such as liver necrosis and abortion 
(8), pregnant ewes or cows are often included as separate populations 
to assess the application range and effects of vaccines during the 
research and development process. Furthermore, the efficacy of 
RVFV infection differs among animals of different ages. Newborn 
sheep or calves are more susceptible to RVFV, emphasizing the need 
to consider the efficacy and safety of vaccines for both the young 
animals and their parents, who may be  infected with 
RVFV. Researchers have investigated the efficacy and safety of the 
four-segmented RVFV (RVFV-4s) vaccine in young sheep, goats, 
and cattle (11). Additionally, the efficacy of the nonspreading RVFV 
(NSR) vaccine has been studied specifically in lambs (81). With the 
vRVFV-4s vaccine, transmission of the virus is not observed in 
vaccinated animals or in the environment, and the virus does not 
regain virulence upon animal passage. This vaccine has proven 
effective in protecting various ruminant species from their 
corresponding RVFV strains (11). It provides some relief from liver 
damage in infected pregnant animals and reduces the risk of 
miscarriage caused by viral infection (36). However, there are 
notable variations among different species, and the immune 
response in young sheep and cattle is not entirely satisfactory. 
Similar to vRVFV-4s, MP-12 does not exhibit viral shedding or 
transmission (82). However, its use during early pregnancy may lead 
to partial abortion (83). NSR can reduce viremia in lambs to a level 
undetectable by viral isolation, thereby protecting them from clinical 
symptoms, although this effect is not long-lasting. High-precision 
detection has shown that RVFV can also be  transmitted from 
pregnant ewes to their fetuses, indicating that the vaccine’s 
immunization efficacy has not met expectations. Different 

inoculation methods in ruminants result in varying clinical 
manifestations. In calves, natural RVFV infection primarily leads to 
liver lesions, while subcutaneous infection tests have revealed 
encephalomyelitis, lymphatic necrosis, and adrenal gland damage 
(10). Studies on different routes of infection in cattle and goats have 
indicated that intranasal infection is more likely to cause 
neurological damage (38, 39). Neuronal infection in goats has been 
observed as early as 1 day after infection (38). Although short-term 
infection is unlikely to be  attributed to high levels of viremia 
breaking through the blood–brain barrier, it is plausible that 
intranasal infection directly affects neurons. This finding offers a 
viable direction for future research on neurological lesions caused 
by RVFV. Furthermore, the immune status of animals after virus 
infection, including changes in interferon levels, pro-inflammatory 
factors, antibodies, etc., also influences clinical symptoms and 
should be given due attention (37). Table 1 provides an overview of 
the main clinical manifestations and experimental infection routes 
observed in these ruminant animal models. This information can 
serve as a valuable reference for future development of 
animal vaccines.

3.3. Non-human primates

Non-human primates are used as animal models to study the 
harm of RVFV to the human body due to their high similarity to 
humans in terms of pathogenesis and clinical manifestations. These 
animal models serve as valuable tools in the development of vaccines 
for human use. Despite being expensive and challenging to obtain 
approval for their use, non-human primates are still essential in 
studying RVFV-induced neurological diseases. This is because stable 
encephalitis models are not commonly observed in rodents such as 
rats, mice, and gerbils, primarily due to age limitations. Rhesus 
monkeys, as long-term non-human primate models widely used in 
various viral studies, exhibit phenotypic similarities to humans after 
RVFV infection. However, due to the low incidence of neurological 
diseases in rhesus monkeys, they may not be the most suitable models 
for RVFV studies (30, 31). Studies have shown that African green 
monkeys and marmosets demonstrate more significant clinical 
manifestations, including neurological symptoms, when establishing 
RVFV infection models (32–34). In non-human primates, the 
varying disease manifestations observed after infection may 
be attributed to differences in host defense status and the distribution 
of host factors. This finding holds significant implications for humans 
as well. Therefore, these non-human primate species are considered 
more suitable for relevant RVFV studies as animal models (Table 1).

3.4. Other animals

Recently, ferrets have emerged as a potential animal model for 
studying RVFV. When inoculated intranasally with RVFV, ferrets have 
shown a high likelihood of developing central nervous system (CNS) 
diseases, characterized by symptoms such as seizures and ataxia (40). 
This model is particularly valuable because the RVFV-induced CNS 
diseases observed in ferrets occur following exposure, thereby 
mimicking the natural exposure pathway seen in humans. 
Consequently, the RVFV ferret model can be utilized to investigate 
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how the virus enters the CNS. In addition, ferrets can also serve as 
animal models for studying mild self-limited febrile illness caused by 
RVFV. Although this may not be the most severe symptom, it is still 
important to consider, as it represents a significant manifestation of 
human RVFV infection and warrants attention. Therefore, ferrets 
provide a valuable tool for studying both the CNS effects and mild 
febrile illness associated with RVFV.

4. Conclusion and prospect

The host range of RVFV infection is determined by host receptors 
and entry factors. It has been discovered that human LRP1 serves as a 
receptor for RVFV. However, the conservation of LRP1 protein 
sequence is relatively low in humans and some RVFV-sensitive 
animals, suggesting the existence of other receptors in these animals. 
In mice, sheep, and Aedes aegypti, homologs of C-type lectin receptors 
(CLRs) have been proposed as potential attachment factors or entry 
receptors in various species (84).

The heterogeneity among hosts in RVFV infection can 
be attributed to factors such as the efficiency of viral replication in the 
host and the survival time of infectious viral particles. Studies on host 
resistance to RVFV have revealed that the viral glycoprotein Gn plays 
a significant role in triggering immune responses on the surface of 
the RVFV viral envelope. Gn-specific antibodies are a major 
component of the RVFV neutralizing antibody response, indicating 
that the entry of RVFV into the host depends on Gn (85). Therefore, 
these two critical molecules, Gn and LRP1, can be potential targets 
for future vaccines and drug development. In addition to inhibiting 
viral entry, translational arrest and autophagy are also considered 
integral components of host defense against RVFV (86, 87). 
Cholesterol can be incorporated into RVFV particles and enhance 
RVFV infectivity in a polyamine-dependent manner (88). Studies 
have found that a high-cholesterol diet can lead to liver cholesterol 
accumulation, and it mainly affects cerebral vessels among the 
vascular effects, with up-regulation of LDLr and LRP1 detected in 
cerebral vessels (89). This finding aligns with the liver and brain 
lesions caused by RVFV infection, but the specific relationship still 
requires further exploration.

Furthermore, local ecological factors, such as the relative 
abundance and feeding preferences of vector hosts, can influence the 
transmission of RVFV among hosts. The prevalence of RVFV is 
closely linked to ecological and climatic conditions (90). Mosquito 
species in North America and European Aedes mosquitoes have been 
found to be capable of infecting and transmitting RVFV (91–95). 
With the impacts of climate change and global trade, these 
mosquitoes have the potential to spread the virus to Europe and the 
Americas, posing a significant risk to animal husbandry. Therefore, 
it is crucial to address and mitigate this risk to prevent irreversible 
damage. The variation in pathological responses to RVFV infection 
among different host species is an important consideration in 
selecting animal models for research. The US Food and Drug 
Administration recommends testing potential vaccines and 
treatments in at least two well-established animal models (96). 
Multiple animal models have been utilized to confirm the efficacy 
and safety of the RVFV-4s and MP-12 vaccines.

In conclusion, this review highlights the risk of RVFV 
transmission by providing an overview of its host range. Although an 

inactivated vaccine has been developed, it has not yet been licensed 
for commercial use. Currently, the vaccine is only administered to 
protect veterinarians and laboratory personnel who may be at high 
risk of exposure to RVFV. However, the infectivity of RVFV to 
humans and its potential to cause severe illness or even death cannot 
be  ignored. Therefore, there is still much research needed in the 
prevention and treatment of RVFV. To provide a reference for future 
research, this review summarizes the commonly used animal models 
in RVFV studies and emphasizes the pathological findings associated 
with RVFV infection in different host models. Presently, the available 
animal models for studying visual impairment and nervous system 
damage caused by RVFV are insufficient to meet the demands of 
scientific research. This poses challenges for the prevention and 
treatment of these two symptoms. Future model development should 
focus on these symptoms, adjust research directions, and address the 
gaps in understanding the immunopathology of such symptoms. 
Furthermore, it is worth noting that different hosts exhibit variations 
in their response to RVFV infection. For instance, some animals may 
develop ocular lesions while others can escape death resulting from 
liver damage but still experience severe encephalitis. The underlying 
reasons for these differences, including the distribution of RVFV host 
factors in various host animals or the existence of alternative antiviral 
pathways, require further investigation and exploration. Additionally, 
attention should be given to the similarities between RVFV and other 
hemorrhagic fever viruses. This includes examining whether there is 
cross-reactivity between factors involved in mediating the infection 
of each virus. Such investigations can shed light on the feasibility of 
combined prevention and treatment strategies.
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Global pandemics aremost likely initiated via zoonotic transmission to humans in

which respiratory viruses infect airways with relevance to mucosal systems. Out

of the known pandemics, five were initiated by respiratory viruses including

current ongoing coronavirus disease 2019 (COVID-19). Striking progress in

vaccine development and therapeutics has helped ameliorate the mortality

and morbidity by infectious agents. Yet, organism replication and virus spread

through mucosal tissues cannot be directly controlled by parenteral vaccines. A

novel mitigation strategy is needed to elicit robust mucosal protection and

broadly neutralizing activities to hamper virus entry mechanisms and inhibit

transmission. This review focuses on the oral mucosa, which is a critical site of

viral transmission and promising target to elicit sterile immunity. In addition to

reviewing historic pandemics initiated by the zoonotic respiratory RNA viruses

and the oral mucosal tissues, we discuss unique features of the oral immune

responses. We address barriers and new prospects related to developing novel

therapeutics to elicit protective immunity at the mucosal level to ultimately

control transmission.

KEYWORDS

oral mucosa, RNA viruses, pandemics, saliva immunity, mucosal vaccine
1 Zoonotic respiratory RNA viruses are linked to
global pandemics

Pandemic refers to the explosive outbreaks of communicable diseases on a global scale (1–

3). The scale, geographic location, and duration of pandemics are unpredictable (4, 5).

Historically, the most devastating pandemics were initiated by cross-species transmission of

pathogens, such as Justinian plague (541-542 AD), the Black Death (1347-1351), flu pandemics

(Spanish flu in 1918, Asian flu in 1957, Hong Kong flu in 1968, Russian flu 1977, Swine flu in

2009), and the ongoing SARS-CoV-2 COVID-19 pandemics (2019-current) (6–9). Since most

human populations are immunologically naive, wildlife pathogens that acquired a susceptibility

to humans can spread rapidly (10). Still, cross-species transmission from animal to human is

not as common and requires successful adaptation to maintain long-term human to human

transmission (11–14). Wolfe et al. summarized five progressive stages of animal microbe’s
frontiersin.org01
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human adaptation: 1) exclusivity to animals; 2) obtaining non-

sustainable animal-to-human transmission; 3) limited human-to-

human transmission; 4) sustained human-to-human transmission

without the need for an intermediate host (influenza A, SARS,

MERS, SARS-CoV-2,Vibrio cholerae, and dengue virus); and 5)

exclusive circulation in humans (15). As humans encroach into the

natural habitats of wildlife and as human population, travel, and trade

increases, so does the risk of spillover events (16). Domestic animals

serve as intermediate hosts to create novel zoonotic pathogens,

increasing the chance of transmission from wildlife (17, 18).

Emergence of the pandemic 2009 H1N1 virus (pdm09 H1N1) serves

as a prime example where the novel virus was created by a triple genetic

reassortment event (influenza genes derived from North American

swine, humans, and birds) which most likely occurred in domesticated

pigs (19–21). Exceptional mutation rates and short generation times

are highly advantageous to RNA viruses, allowing them to adapt to new

host systems and break the species barrier by compatibility to host cell

receptors, cellular enzyme systems, or tissue tropism (22, 23). Mutation

rates of RNA viruses can roughly occur at rates of six orders of

magnitude greater than those of their cellular hosts (23). Across

multiple studies, a critical part of emerging pathogens (25-44%) in

humans is reported to be related to respiratory RNA viruses (24–27).

The global pandemics affecting all five continents almost

simultaneously were initiated by zoonotic respiratory RNA

viruses including influenza and the coronaviruses. Currently,

vaccines are the most efficacious measure to reduce the disease

severity and mortality of respiratory viral diseases (28, 29).

However, due to the biased immunogenicity to elicit systemic

neutralizing antibody response, vaccinations cannot stop the

spread of the virus at mucosal surfaces (30–33). Silent spread of

viruses among asymptomatic patients can further generate novel

escaping mutants (34–37) and impact public health.
2 Salivary droplets as transmission
source of zoonotic respiratory RNA
viruses

Respiratory RNA viruses primarily infect and replicate at

respiratory tracts, and the amplified viruses shed their progeny

into mucosal droplets, often spread by coughing or sneezing (38,

39). Considering the poor stability of RNA and viral envelope

structure, transmission of aerosolized particles had been,

historically, less supported (40). Due to this belief, the efficacy of

facial masks was questioned in preventing transmission of the

respiratory viruses during the initial phase of the COVID-19

pandemic (41). The role of aerosolized particles in transmission

of respiratory particles has been more supported as experiencing

explosive incidence of the COVID-19 cases in indoor environments

that are poorly ventilated, such as meatpacking factories, cruise

ships, and churches (40).

For the transmission of highly attenuated SARS-CoV-2 variant

strains, salivary droplets generated during speech have been

increasingly considered as a major transmission vehicle for the

asymptomatic carriers lacking respiratory symptoms (coughing and
Frontiers in Immunology 02
56
sneezing) (42, 43). While the SARS-CoV-2 virus is considered a

respiratory pathogen, the virus is known to replicate in a variety of

tissues and organs expressing the ACE2/TMPRSS receptors,

including gingival tissues and salivary glands (44).

This is also consistent with human adapted influenza viruses

and oral epithelium. It requires galactose linked to a-2,6-sialic acid,
abundantly expressed on epithelial cells of the upper respiratory

tract, including oropharynx (45). While avian influenza viruses

preferentially bind to the a-2,3-SA expressed in the human lower

respiratory tract, human adapted zoonotic influenza viruses

replicate in the oropharyngeal airway and shed into the salivary

droplets. Responsible for the 2009 pandemic, the A/(H1N1)pdm09

virus has been reported to bind to a-2,6-SA and, to a limited extent,

to a-2,3-SA (45, 46). In the case of the highly pathogenic avian

influenza virus H5N1 viruses, one of the most devastating candidate

pandemic virus strains, can also infect and replicate in cells of the

nasopharyngeal and oropharyngeal epithelia (47). Influenza is also

known to be detected in saliva (48, 49). A recent study showed no

significant difference in detection rate of influenza virus detection

rate between saliva and nasopharyngeal swabs (48).

In the case of small virus-laden droplets (<30mm), highly

sensitive laser light scattering observations have revealed that loud

speech can emit thousands of oral fluid droplets per second (43). In

a closed, stagnant air environment, they disappear from the window

of view with time constants in the range of 8 to 14 min,

corresponding to droplet nuclei of 4mm diameter, or 12 to 21mm
droplets prior to dehydration (43). Virus-laden droplets less than

30mm could even spill over conventional facial masks. Spilled RNA

virus particles maintain infectivity for hours in the air or on surfaces

and infection virus was still detected up to 28 days later (50).The

stability of coronaviruses varied between 1 hour to 24 hours

depending on the humidity and temperature (51–55). In the case

of animal coronavirus porcine enteric diarrhea virus (PEDV), the

viral RNA in air was detectable at 16.1 km (56). Actual evidence of

airborne transmission has also been demonstrated in in vitro and in

vivo models. Kormuth et al. used humidity-controlled chambers

and identified that the 2009 pandemic influenza A (H1N1) virus in

suspended aerosols stationary droplets remain infectious for an

hour across a wide range of humidities (23-98%) (57). Through a

guinea pig model, transmission of influenza A/Panama/2007/1999

(H3N2) (58) virus through the air was measured as efficient as the

fomite transmission (58). Collectively, active shedding of

respiratory RNA viruses in saliva can be a major source of

transmission from asymptomatic carriers lacking respiratory

symptoms. Stability of RNA viruses in the air and potential of

airborne transmission shows the ease of transmission of the

zoonotic respiratory RNA viruses, emphasizing the need for

induction of oral immunity (Figure 1).
3 Induction of oral immunity reduces
respiratory viruses spread

The lack of effective measures to prevent entry of viral particles

at the mucosal surfaces poses a major challenge in controlling
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zoonotic respiratory viruses. Vaccination is the most effective

strategy to control zoonotic respiratory RNA viral disease,

significantly lowering the disease severity and case-fatality rate

(59–61). However, current vaccines administered via parenteral

route cannot directly stimulate the mucosal immune system (29,

62). Systemic antibodies induced by vaccination provide partial

protection to subjects but transportation from blood to mucosal

epithelia surface is highly restricted to confer protection at mucosal

surfaces (63–65). Instead, vaccinated individuals can carry the

viruses without apparent symptoms and serve as asymptomatic

carriers (66). As viruses are more attenuated and sheds easier

without apparent symptoms, vaccination and symptom-based

intervention strategies lose their efficacy and the viruses evolve to

more divergent escaping mutants (67). The ultimate strategy to end

the current pandemic and prevent future pandemics is to control

transmission. Current efforts to control variant viruses are to induce

sterilizing immunity, which in turn provides protective immune

responses at both mucosal and systemic levels (68, 69). In theory,

sterilizing immunity aims to induce neutralizing antibodies at the

viral entry site, differentiated from the protective immunity which

refers to prevention from symptomatic infections. Sterile immunity

prevents the viral transmission, including the asymptomatic and

presymptomatic carriers (68, 70). At the phase when the viruses are

highly attenuated and asymptomatic transmission lacking

respiratory symptoms (e.g., coughing or sneezing) is more

frequent, induction of neutralizing IgA response at oral mucosa

should be considered (43). While the oral immune system is known

to be on the frontline of the gastrointestinal tract (GIT) and

respiratory tract, it has been relatively less investigated (71–74).
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Novel strategies needed to induce oral mucosal immune responses

are particularly scarce due to its unique role in preventing entry of

external pathogens and hyperactivity to diet or to air exposure.
4 The oral mucosal immune system is
driven by a unique features

Oral mucosa is the beginning of the GIT and shares anatomic

and histologic characteristics with GIT (75–77). In addition to

mucus produced by overall GIT, the oral cavity produces saliva

(32, 78). The whole saliva is originally generated from serum

exudates and supplemented with highly diverse molecules from

mucosal cells, immune cells, and microbes (78). Continuous

production and swallowing of saliva provide a mechanical

clearance of pathogens (78). Also, saliva contains host defense

proteins, primarily responsible for both adaptive and innate

humoral immune response at oral mucosa (78).

Oral mucosa, like other mucosal tissues, can be divided into three

major layers, epithelia, lamina propria, and specialized lymphoid

tissues (visual summary in Figure 2) (73, 75). The epithelial layer of

oral mucosa is stratified squamous epithelium, forming a thicker and

denser mechanical barrier than the single layer of GIT epithelia (73,

75). The top portion of the oral epithelial layer forms a level of various

levels of keratinization according to the anatomical location (73, 75).

Some areas, such as pharynx and junctional epithelium at periodontal

space, are non-keratinized and serve as a major point for the innate

defense and homeostasis in oral microenvironments (79–81). Lamina

propria (LP), a loose connective tissue containing blood and
FIGURE 1

Global transmission viral transmission patterns could be interrupted by mucosal immune responses to manage zoonotic RNA respiratory viruses.
Novel viral infections to humans are originated from animals. Especially when zoonotic respiratory RNA viruses gain human-to-human transmission
capabilities, the novel infectious agent can explosively spread through the immunologically naive human population. In the case of human
populations gaining partial immunity to the virus, systemic antibody response reduces the severity of clinical illness and mortality. However, systemic
immune response cannot block the infections/transmission of the viruses at the mucosal surfaces (e.g., upper respiratory tract and oral cavity). In
transmission of asymptomatic infection without respiratory symptoms (sneezing and coughing), virus-laden salivary droplets can act as major source
of viral transmission. Thus, induction of protective immune response at the oral mucosal surface is instrumental to control transmission of the
zoonotic respiratory RNA viruses.
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lymphatic vessels under epithelial layers, is a major inductive and

effector site for immune cells (79). Steady-state dendritic cells (DCs)

reside throughout the lamina propria and often migrate to sample

auto-, and foreign antigens derived from commensal microbes,

dietary components, mastication damage and pathogens (82). The

steady-state DCs in oral tissues are tuned to be tolerogenic to most

stimuli from the oral microenvironment, expressing low levels of

maturation markers (CD80, CD83, and CD86) (83, 84). In certain

conditions, such as invasion of pathogenic microbes, dysbiosis, or

damage associated with molecular patterns (DAMPs), the DCs are

activated andmigrate to lymphoid tissues to induce T activation, such

as buccal mucosa, salivary glands, and waldeyer’s ring, is located and

serves as major site for activation and expansion of lymphocytes (79).

Activated antigen-specific IgA secreting B cells or CD8+ T cells

relocate to the effector site, such as the epithelium, LP, and salivary

glands, to mediate immune response. But mature DCs also limit T

cell activation and promote immune tolerance in specific triggers,

such as IL-27, IL-10, vitamin A, or ligands of the aryl hydrocarbon

receptor (AhR) (85–88).

As the sIgA can block the viral replication cycle at the initial stage,

virus specific sIgAs has been thought to be the most potent target to

induce sterilizing immunity at mucosal surfaces (70). In oral mucosa,
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the sIgA is produced from plasma cells primarily residing in salivary

glands and secreted as two monomers linked by a junctional chain via

polymeric immunoglobulin receptors (pIgR) at the basolateral

membrane of epithelial cells (89–91). In mucosa, the process of class

switching to the IgA producing B cell occurs at the lymphoid tissues,

such as nasopharyngeal-associated lymphoid tissues (NALT), tear duct

associated lymphoid tissue (TALT), and peripheral lymphoid tissues.

To elicit antibodies specific to the viral antigen with high affinity, the

naive B cells go through the class switch recombination (CSR) by

CD40-CD40L ligation in presence of the TGF-b and other co-

stimulatory cytokines (IL-4,IL-5, IL-6, IL-10 and IL-21) mediated by

CD4+ helper T cells (Th) (91, 92). Meanwhile, naive B cells can activate

in response to the continuous stimuli from commensal microbes,

metabolites and dietary antigens without involvement of T cells or

hypersomatic mutations (93, 94). Two types of antigens have been

known to induce the T cell-independent activation (95–97). Type I

antigens are typically microbial products (e.g. bacterial LPS or DNA),

directly activating B cells through the toll-like receptors on the B cell

surface. Type 2 antigens are usually repetitive or highly cross-linked

structures found on the surface of encapsulated bacteria, such as

polysaccharides or glycolipids. Type II antigens do not have intrinsic

activity to stimulate, but accumulation of BCRs and cross-activation of
A

B

FIGURE 2

Comparison between oral vs gastrointestinal mucosal tissues and the cell populations contributing to overall immunity. Oral mucosa is the initial
compartment for gastrointestinal tract (GIT). Overall structure of oral mucosa is like GIT, consisted with the shares common histologic structure;
covered with commensal microbes and saliva filled with diverse antimicrobial, enzymes, and secretory IgAs (sIgAs) (A). The top layer, epithelium,
lamina propria, and specialized lymphoid tissues present distinct cells and functions according to the GI versus Oral tract (B). Oral cavity presents
unique traits (much thicker epithelial layer, presence of keratin layer, and tolerogenic dendritic cells), which can prevent vaccine antigen delivery and
induction of virus-specific immune response at oral mucosal surfaces.
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the receptors can activate B lymphocytes, leading to the production of

various cytokines, including interleukin-6 (IL-6) and tumor necrosis

factor-alpha (TNF-a). Type II antigens can only activatemature B cells.

Due to the lack of CSR, sIgAs produced by T cell independent

processes present low affinity and low specificity to antigens (98).

The source of cytokines involved in T cell independent class-switching

is thought to come from subsets of innate immune cells, such as innate

lymphoid cells (ILCs) (99). In addition to the sIgA response,

commensal microbes are instrumental for the induction and/or

tolerance of local immune responses (100–102). Oral mucosa

possesses the second largest microbial community after the gut (103,

104). The symbiotic interaction between mucosal epithelial linings and

microbes is crucial to maintain steady state of the oral mucosa

(100–102).

Microbial colonies serve as primary barriers to inhibit the

invasion of external microbes (105). Microbes and their

metabolites can also modulate the tone of immune response to

constant stimulation by the dietary and inhaled antigens (100–102).

Metabolites produced from gut microbiota have been shown to

directly influence both inflammatory cells (inflammatory Macs

(iMacs), DCs, CD4 T helper (Th)1, CD4Th2, Th17, natural killer

(NK) T cells, NK cells and neutrophils) and immuno-suppressive

cells (e.g., tolerogenic T cells (Treg), regulatory B cells (Breg) and

innate lymphocytes (ILCs)) (103). Accumulating evidence reveals

that the dysbiosis in oral mucosa also contributes to the disease

pathogenesis, especially for the respiratory viral infection (103, 106,

107). It is important to note that the oropharynx is the primary site

of viral replication and immune induction and major source of the

lung microbiome (103, 108). Also, infection with respiratory

viruses, such as the SARS-CoV-2, impacts on enrichment of

opportunistic pathobionts in the oral cavity (106, 109, 110). A

recent cross-sectional study showed that the COVID-19 patients

presented a distinctive microbiome profile, a decrease in the alpha-

diversity and bacterial species richness in association with symptom

severity (103).

The oral cavity maintains homeostatic inflammatory state,

created by microflora. The local microflora habituated on the oral

cavity is known to be more than 700 species of bacteria, viruses,

fungi, and protozoa (111). The main inhabitants of a healthy oral

cavity are gram positive and negative cocci and rods, such as

Firmicutes, Bacillus, Proteobacteria and Actinomycets (111–113).

In a homeostatic state, the microbial community acts as a barrier

against colonization of foreign agents and aids differentiation/

maturation of the oral immune system (114). For example,

constant production of bacterial products and damage associated

molecular patterns (DAMPs) constantly recruit and stimulate

innate immune cells (eg. neutrophil). Also, bacterial products

(LPS, DNA, or polysaccharides) serve as antigen to induce T cell

independent low affinity sIgA response during normal state. The

sIgAs produced from the healthy state play a pivotal role to prevent

overt growth of microbiome. Another important regulator of the

microbiome is the fibrin (115). Inflammation triggered by the

microbiome results in constant fibrin deposition in oral mucosa.

The fibrin activates neutrophil effector functions, harnessing

overgrowth of bacteria and activating the plasmin-mediated

fibrinolysis. Since the homeostatic inflammation is highly
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orchestrated by complex interaction among oral mucosa,

microbiota, immune cells and clotting factors, dysbiosis and/or

tissue damage created by viral infection can significantly impair the

oral immune system and promote disease progress from local

infection to the systemic illness (103, 115).

5 Induction of protective mucosal
immune response is challenging:
insights on the oral immunology

The oral mucosa is exposed to a variety of environmental

insults, including pathogens, allergens, and toxins (77, 116). The

oral mucosa is also the first line of defense against these insults, and

it is essential that the oral mucosa is able to mount an effective

immune response (77, 116). The immune response at mucosal

surfaces is mediated by a variety of cells, including dendritic cells,

macrophages, neutrophils, and B cells (117). These cells work

together to generate an immune response that is specific to the

pathogen or allergen that is being encountered (117). While the oral

mucosa is constantly stimulated by foreign intakes, the symbiotic

interactions among microbes epithelial cells and immune cells can

also send signals to the system including clotting factors and

microbiome intrusion (83, 84, 115). Due to the complexity,

induction of antigen-specific immune response at the oral

mucosal surface requires alternative approaches differentiated

from conventional parenteral prophylactic or therapeutic

strategies. The induction of mucosal immune responses is a

complex process that is not fully understood, however, it is

known that a number of factors can influence the ability of the

oral mucosa to mount an effective immune response (83, 84, 115).

These factors include: (i) the presence of pathogens or allergens; (ii)

the integrity of the oral mucosa; (ii) the presence of IgA antibodies;

(iii) the presence of cytokines; (iv) the presence of regulatory T cells

(83, 84, 115, 116). Also, the oral mucosa is home to a variety of

commensal bacteria that can interfere with the immune response

(83, 84, 115).

The first challenge for inducing mucosal immune response is the

multiple mechanical and chemical barriers. Specially, the oral cavity is

composed of multiple layers of epithelial cells, most areas covered

with keratinized cells, except the inductive sites (pharynx, tonsil,

hard/soft palate, buccal-, and sublingual mucosa) (81, 83). Also, the

continuous production and swallowing of saliva containing diverse

enzymes interferes with stable delivery of vaccine antigens and

adjuvants (118). To induce protective immune response, the

immunogen needs to overcome such barriers and persist at the site

to initiate cascades of immune responses that lead to protection, such

as homeostasis and maintenance of health.

The second barrier is to elicit protective immune responses by

overcoming oral tolerance without the risk of experiencing

hypersensitivity (83, 119, 120). Oral tolerance refers to the

process in which the immune system does not respond to orally

administered antigens (83, 119). At least two different mechanisms

have been identified to mediate development of oral tolerance (83,

119). One mechanism is the induction of regulatory T cells via

production of TGF-b but that concomitant retinoic acid signaling
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boosted this process by mucosal DCs (119). T cell anergy is another

possible mechanism induced in high-dose oral tolerance. Anergic T

cells are also known to contribute to oral tolerance (83, 119). One

method to circumvent oral tolerance could be to apply antigen in

another mucosal route, such as intranasal or sublingual route.

Additional considerations relate to inducing protective oral

immune response from by influence of commensal microbes and

microbiome derived signals (77, 82). Oral cavity maintains

homeostatic inflammatory status against commensal microbiota

(77, 121, 122). In oral vaccination, depletion of microbiota

significantly reduced Th1 and Th17 response to the heat-labile

enterotoxin of enterotoxigenic Escherichia coli as adjuvant (LT

R192G/L211A) (123). Also, individuals who displayed more diverse

gut microbiota tended to exhibit better response to vaccinations

(124). In contrast, dysbiosis can result in reduction in vaccine

efficacy (125–127). Probiotics have been suggested to enhance IgA

and memory T cell response in COVID-19 management (128).

Above issues are the major barrier in developing prophylactic/

vaccine strategies to induce oral mucosal immune system and stop

the silent spread of the zoonotic respiratory viruses via salivary

droplets. Next, we discuss novel approaches targeting influenza, and

the SARS-CoV-2 viruses, under clinical trials to prove their efficacy

in induction of oral mucosal immunity.
6 Novel approaches inducing mucosal
immune response specific to the
zoonotic respiratory RNA viruses

6.1 Delivery system

6.1.1 Direct sensitization of oral mucosa
Is the most efficient route to activate resident immune cells and

induce antigen-specific IgA response (129). Novel delivery

strategies have been designed to overcome multiple mechanical

barriers (e.g., keratinized epithelium, clearance system), proteolytic

activity of saliva, and tolerogenic mechanism of oral mucosa. A lipid

based delivery system (i.e. liposome, lipid nanoparticles, emulsion

and immunostimulatory complexes (ISCOMs)) is a promising

vehicle, formulating immunogens in water-immiscible lipid,

protecting enzymatic digestion, and enhancing absorption into

the mucosal surfaces (130, 131). For COVID-19, the lipid

nanoparticle-mRNA format was successfully introduced in an

intramuscular injection format. To induce oral mucosal immunity

to influenza and COVID-19, the lipid-based delivery system has

been tested in in vivo studies (132–137).

6.1.2 Polymer-based delivery systems
Can increase the contact time of delivered adjuvant/

immunogen, provide stability, and adjunctive effects (138, 139).

Polymers can be divided into natural (chitosan, gamma

polyglutamic acid, hyaluronic acid, and pullulan) and synthetic

(PLGA, Polyethyleneimine, poly-ϵ-caprolactone, PCL, and

Polypropylene sulfide). For influenza, the polymer-based vaccines

have already been developed and proven their efficacy in animal
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models for the mucosal influenza vaccine development (140–144).

Also, the polymeric-based nanoparticles system is under

development for COVID-19 therapeutics and vaccines (145).

6.1.3 Sublingual vaccination
Is also a method of delivering vaccines directly under the

tongue, absorbed by the mucous membranes (118, 146). Similar

to sublingual vaccination, buccal vaccination is another method of

delivering vaccines directly to the mucous membranes in the mouth

(118, 146). However, instead of placing the vaccine under the

tongue, the vaccine is placed on the inner cheek or buccal

mucosa (118, 146). Both sublingual-, and buccal mucosa contains

high level of antigen presenting cells, T-, and B-cells and attractive

target as vaccine delivery (118, 146, 147). One potential advantage

of buccal vaccination over sublingual vaccination is that it may offer

more flexibility in terms of vaccine design and formulation. The

buccal mucosa has a larger surface area than the sublingual mucosa,

which may allow for the delivery of larger doses of the vaccine or the

use of more complex formulations (148). There are ongoing

research and development efforts to create sublingual vaccines for

influenza and coronavirus (including SARS-CoV-2) (118, 149–151).

Previous preclinical studies in animals have shown promising

results for sublingual vaccines against influenza and

coronaviruses, demonstrating the induction of robust immune

responses and protection against infection. However, to date, no

sublingual vaccine for influenza or coronavirus has been approved

for use in humans. Development of the sublingual vaccines for

influenza and coronaviruses remains an active area of research,

there have been multiple clinical trials (Table 1).

6.1.4 Microbial display system
Microorganisms, such as virus, bacteria or yeast, can be used as

a vaccine delivery system. The microbial display system can leverage

their surface proteins as immunostimulants, enhancing

immunogenicity of weakly immunogenic vaccine antigens. Also,

the in vitro cultivation of vehicle microbes enables mass production

in a cost-effective way. Bacteria, varial, and fungi have been widely

investigated as delivery vehicles. The spore-based system is under

clinical trial for the COVID-19 vaccine. (NCT05239923).
6.2 Mucosal vaccines

6.2.1 Live attenuated vaccines (LAV)
AV promote direct sensitization of the mucosal surface and

have been the most efficacious way to elicit a protective immune

response in the oral mucosa (152, 153). Also, live replicating viruses

in epithelia stimulates innate and cell-mediated immunity, serving

as a self-adjuvant and preserved from the mucosal clearance system.

The LAV can be delivered via a variety of routes, including oral,

nasal, and rectal (154). Oral delivery of live attenuated vaccines is

particularly effective in inducing mucosal immunity (155–158).

This attribute has distinct benefits from the parenterally delivered

injectable vaccines, including, high efficacy at oral mucosa, ease of

administration, and cost effectiveness (28, 159, 160). Also, the LAV
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is free from the issue of delivery since the vaccine virus attaches to

the cellular receptor and is internalized into the mucosal epithelial

surface. Activation of innate intracellular signaling pathways during

internalization can add self-adjuvanting effects, mainly through the

pathogen recognition receptor (PRRs) (161). For seasonal influenza,

for example, FluMist has been used over decades as an intranasal

spray vaccine (162). Also, there have been multiple live vaccine

candidates, such as live attenuated vaccine format and or vector
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vaccines (163). However, the FluMist could not induce salivary IgA

response (164), showing that nasal activation is not always effective.

Multiple live attenuated influenza vaccines have been developed

against pandemic influenza strains H5Nx and H7N9 viruses, which is

under clinical trials (H2N2: NCT01982331; H7N9: NCT02480101;

H5Nx: NCT01841918 and NCT02229357) (165–168). As a next-

generation influenza vaccine, a chimeric hemagglutinine-based

universal influenza vaccine is also under clinical trial
TABLE 1 Clinical Trials, Study Phase, and Types of Investigations Related to Oral Mucosa.

1 Phase Study

Novel delivery system

NCT04334980 Phase I/II phase 1/2 trial evaluating the safety and immunogenicity of a sublingual influenza vaccine

NCT04625972 Phase I phase 1 trial evaluating the safety and immunogenicity of a sublingual COVID-19 vaccine

NCT04563702 Phase I phase 1 trial evaluating the safety and immunogenicity of a buccal COVID-19 vaccine

NCT04644782 Phase II phase 2 trial evaluating the safety and efficacy of a sublingual COVID-19 vaccine

Live attenuated/vector vaccine canddiates

NCT01982331 Phase II phase 2 trial evaluating theReactogenicity, Safety and Immunogenicity of a Live Monovalent A/17/California/66/395 (H2N2)Influenza
Vaccine

NCT02480101 Phase II phase 2 trial evaluating theReactogenicity, Safety and Immunogenicity of a Live Monovalent A/17/Anhui/2013/61 (H7N9) Influenza
Vaccine

NCT01841918 Phase II phase 2 trial evaluating the Safety and Immunogenicity of Live Attenuated Influenza H5 Candidate Vaccine Strain A/17/Turkey/
Turkey/05/133 (H5N2) in Healthy Thai Volunteers

NCT02229357 non-
randominzed
open label

non-randomized open label study evaluating thepriming Effects by Pandemic Live Attenuated Influenza Vaccine (LAIV Candidate
Vaccine Strain A/17/Turkey/Turkey/05/133 (H5N2)) on the Subsequent Response to Inactivated H5N1 Vaccine in Healthy Thai
Volunteers: A Non-Randomized, Open Label Study

NCT03300050 Phase I phase 1 trial evaluating the Reactogenicity, Safety, and Immunogenicity of a Live Attenuated Universal Influenza Vaccine (cH8/1N1
LAIV) Administered as a Single Priming Dose Followed Three Months Later by a Single Booster Dose of an Inactivated Universal
Influenza Vaccine (cH5/1N1 IIV) (Adjuvanted With AS03A or Unadjuvanted) in 18 Through 39 Year-old Healthy Subjects,
Contrasted With a Two Dose Schedule of an Inactivated Universal Influenza Vaccine (cH8/1N1 IIV + AS03A Followed Three Months
Later by cH5/1N1 IIV + AS03A)

NCT04619628 Phase I phase 1 trial evaluating the safety and efficacy of a COVI-VAC COVID-19 vaccine

NCT04871737 Phase I phase 1 trial evaluating the safety and efficacy of a Newcastle disease virus (NDV) vector vaccines expressing the spike protein of
SARS-CoV-2

NCT04816019 Phase I phase 1 trial evaluating the safety and efficacy of a intranasal ChAdOx1 nCoV-19 (AZD1222) COVID-19 vaccine

NCT05007275 Phase I phase 1 trial evaluating the safety and efficacy of a aerosole ChAdOx1 nCoV-19 (AZD1222) COVID-19 vaccine

NCT04839042 Phase I phase 1 trial evaluating the safety and efficacy of SC-Ad6-1 COVID-19 vaccine

Second generation vaccine: Adjuvnat-vaccine complex

NCT05385991 Phase I phase 1 trial evaluating the Safety and Immunogenicity of the ACM-SARS-CoV-2-beta With ACM-CpG Vaccine Candidate (ACM-
001), Administered Intramuscularly or Intranasally as a Booster Dose in Healthy Adults Aged 18 to 55 Years, Who Were Previously
Vaccinated Against SARS-CoV-2.

Oral antivirals/antiseptics

NCT04405570,
NCT04405739

Phase II/III phase 2/3 trial evaluating the ribonucleoside analogue inhibitor of influenza viruses, MK-4482/EIDD-280 for influenza and SARS-
CoV-2 viruses

NCT04405570 Phase Iia phase 2a trial evaluating the Safety, Tolerability and Efficacy of EIDD-2801 to Eliminate SARS-CoV-2RNA Detection in Persons With
COVID-19

NCT04497987 Phase III phase 3 trial evaluating the Efficacy and Safety of LY3819253 Alone and in Combination With LY3832479 in Preventing SARS-CoV-2
Infection and COVID-19
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1220610
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Jang et al. 10.3389/fimmu.2023.1220610
(NCT03300050) (169). Since this novel antigen does not naturally

occur, it can avoid the risk of back-mutation. For COVID-19, the

COVI-VAC is under phase I clinical trial (NCT04619628).

6.2.2 Vector vaccines
Live vaccines can be designed by using viral vectors, such as

Newcastle disease virus (NV), Vestibulo stomatitis virus (VSV), and

adenoviruses (170–172). Viral vectors are genetically engineered to

express novel antigens, such as the spike protein of the SARS-CoV-

2 virus (170–173). As the LAVs, vector viruses attach and replicate

directly on the target mucosal tissue, solving the issues of delivery,

dosage, and deposition (174). Also, the replication of vector virus

triggers the innate and cell-mediated immune system, providing an

adjuvant effect for the vaccine antigen (175). A Newcastle disease

virus (NDV) vector vaccine expressing the spike protein of SARS-

CoV-2 is currently under phase I clinical study (NCT04871737). A

replication-competent chimeric VSV-SARS-CoV-2 vaccine

candidate by replacing the VSV glycoprotein (G) gene with a

coding sequence for the SARS-CoV-2 Spike glycoprotein (S)

(VSVDG-SARS-CoV-2) also has proven efficacy in a hamster

model (176). The ChAdOx1 nCoV-19 (AZD1222), developed by

AstraZeneca and first approved as an intramuscular vaccine, is now

under phase I clinical trial to be applied as intranasal vaccine

(NCT04816019) and aerosols (NCT05007275). The SC-Ad6-1 is

another adenovirus vector vaccine from Tetherex Pharmaceuticals

Corporation also under phase I clinical trial (NCT04839042).

Novel live vaccine candidates under clinical trials are highly

expected to be used to complement limitations of current parenteral

vaccines. Their efficacy on stopping transmission of viruses is still

an emerging topic in the vaccine industry and more accumulated

data will be needed.
6.3 Mucosal adjuvants

Adjuvants are substances an agent that increases specific

immune responses to an antigen (177). Mucosal adjuvants can

enhance the immunogenicity of vaccines at the mucosal surface, as

evidenced in AS03, MF59, and CpG-ODN (178–180). To enhance

the immunogenicity of the vaccines at the mucosal surface, novel

adjuvant strategies have been suggested, especially for the influenza

vaccine (181–186). Novel approaches apply the microbiome and its

byproduct as a source of innate signaling to enhance the antiviral

immune response in mucosal surfaces. For example, PMAPs from

antibiotic-killed bacteria could enhance antiviral-immune response

in intranasal mucosa (187, 188). In a hamster model, Mao et al.

applied antibiotic-killed intranasal and oral microbes to induce

vaccine-specific nasal IgA and serum IgG responses to influenza

and SARS-CoV-2 viruses in a dose-dependent manner (189).

Novel vaccines incorporate adjuvant molecules into vaccine

candidates to enhance immunogenicity and delivery system. As a

second-generation vaccine, the ACM-SARS-CoV-2-beta ACM-

CpG vaccine candidate (ACM-001) is under clinical trial

(ClinicalTrials.gov identifier: NCT05385991). The vaccine consists

of recombinant Beta spike protein co-administered with synthetic
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CpG adjuvant. Both components are encapsulated within artificial

cell membrane (ACM) polymersomes, synthetic nanovesicles

efficiently internalized by antigen-presenting cells, including

dendritic cells, enabling targeted delivery of cargo for enhanced

immune responses. The ACM vaccine has proven enhanced serum

IgG and neutralized response immunogenicity in C57BL/6 mice

and Golden Syrian hamsters. In the oral cavity, the ACM-001

vaccination could not reduce the viral peak titer but shortened

the viral shedding period (190).
6.4 Direct reduction of viral load by using
oral antivirals/antiseptics

While the threat of current and future pandemic respiratory viruses

is still ongoing, there has not been an effective strategy to induce oral

mucosal immunity, especially to novel viruses. Focusing on reducing

transmission of the viral spread through saliva droplets, direct

administration of antivirals on the oral mucosa can be a temporary

alternative strategy to reduce or block viral shedding at oral mucosa.

For example, the ribonucleoside analog inhibitor of influenza viruses,

MK-4482/EIDD-2801, reported the efficacy for both influenza and

SARS-CoV-2 viral infection (currently in phase II/III clinical trials,

NCT04405570 and NCT04405739, respectively). In a ferret model, the

MK-4482/EIDD-2801 significantly reduced the replication level of the

virus at the upper respiratory tract and completely prevented

transmission to the contact controls (191). Molnupiravir is also

antiviral under clinical trial (NCT04405570), which completely

stopped virus shedding from the COVID-19 outpatients by day five

after administration via oral route (192) and also active against other

RNA viruses, such as influenza, SARS, and MERS. Paxlovid is also an

oral antiviral test for COVID-19, reported to shorten the viral shedding

period, but it cannot prevent viral infection (193). Antivirals can also be

used as prophylaxis to prevent viral infection in the population with

high exposure risk. In the case of the influenza virus, antiviral

medications (amantadine and neuraminidase inhibitors) are allowed

to be used as chemoprophylaxis in people at high risk of influenza

complications and people with severe immune deficiencies or receiving

immunosuppressive medications (194).

For SARS-CoV-2, repurposing of antivirals as prophylaxis is

currently under clinical trial (study NCT04497987). In a stochastic

model of early-phase viral infection, the combination of antivirals that

block the viral entry and increase viral clearance was estimated to block

the small load of viral inoculum (195). Still, the use of antivirals is highly

restricted due to their potential side effects and genotoxicity (196). Also,

in a primate model, incomplete use of Remdesivir induced a longer

duration of viral shedding (197). The combination of Bromelain and

Acetylcysteine (BromAc) is under clinical trial to be used as a nebulized

form in Healthy volunteers (198). Bromelain, extracted from the

pineapple plant (Ananas comosus), contains enzymes that hydrolyze

glycosidic bonds in complex carbohydrates and has been shown to

remove the spike and hemagglutinin proteins of Semliki Forest virus,

Sindbis virus, mouse gastrointestinal coronavirus, hemagglutinating

encephalomyelitis virus, and H1N1 influenza viruses (199–201).

Acetylcysteine is known to destabilize virion structures by disulfide

bridge disruption. The combination use of two molecules unfolds the
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molecular structures of complex glycoproteins, thus allowing binding to

occur because of the high affinity between RBD and ACE2 (198).

To directly reduce/remove viral particles from the oral cavity,

antiseptics are also tested under clinical trials and considered to be

used. Povidone Iodine has especially shown its efficacy for the

oropharyngeal infection (202–204). Since Povidone Iodine has not

shown side effects, While hydrogen peroxide can provide an

antiseptic effect plus boost the innate immune response by

stimulating toll-like receptor 3; the results have been conflicting

on the reduction of viral load at the oral mucosal surface (205).
7 Future directions and synergistic
effects from current vaccines and
next-generation vaccines

As COVID-19 pandemic is not considered a “public health

emergency”, the risk of the virus spreading and evolving into new

variant strains persists. Partial immunity provided by parenteral

immunization greatly contributed to reducing the disease severity, but

cannot fully stop the spread of the virus, constantly producing novel

variant viruses. This review summarized unique characteristics of oral

mucosal immunity and discussed strategies currently under clinical trials.

Induction of the “sterilizing immunity” is not yet achieved, but there have

been remarkable advances in understanding of oral mucosal immune

system and vaccine/adjuvants. As a temporary measure to reduce active

viral replication at oral mucosa, direct application of antiseptics/antivirals

are also considered and under clinical trials. Albeit the limitations,

current parenteral vaccines are still the most effective strategy to

control pandemic viruses at this present, and emerging mucosal

strategies are needed. Even though vaccination provides only partial

immunity to mask apparent symptoms and contributes to the silent

evolution of the zoonotic respiratory RNA viruses, vaccine-induced

immunity reduces the viral load and limits the evolution pool of the

viruses, which in turn can hamper transmission. In country-scale

analyses on the SARS-CoV-2 genome, diversity of the SARS-CoV-2

virus showed an inverse correlation with the mass vaccine rate (n = 25

countries, mean correlation coefficient = −0.72, S.D. = 0.20) and viruses

isolated from vaccinated COVID-19 patients presented significantly

lower diversity in known B cell epitopes compared to those from

unvaccinated COVID-19 patients (2.3-fold, 95% C.I. 1.4-3.7) (206).

Also, pre-existing immunity built by parenteral immunization still

provides a booster effect to the mucosal immunization. There have

been multiple studies proving the combination of current parenteral

vaccinations with mucosal vaccines, providinga synergistic effect on both

systemic and mucosal responses (207–209).
Frontiers in Immunology 09
63
Current open questions remaining in the mucosal immune

response are 1) What is the sensitive, specific, and reproducible

analyte to quantify protective mucosal immune response? 2) what is

the complete mechanism involved in oral tolerance and

hyperactivity? 3) the most efficient and safe delivery/adjuvant

system for the oral mucosa, and 4) the oral microbiome which

can contribute elicit protective immune responses. The COVID-19

pandemic has been a unique opportunity to explore diverse

strategies against respiratory pathogens. Our current real

challenge will be a continuous effort and investment in

developing novel strategies to provoke mucosal immunity,

especially at oral mucosal sites at a populational scale.
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Introduction: Sequencing and phylogenetic classification have become a

common task in human and animal diagnostic laboratories. It is routine to

sequence pathogens to identify genetic variations of diagnostic significance

and to use these data in realtime genomic contact tracing and surveillance.

Under this paradigm, unprecedented volumes of data are generated that require

rapid analysis to provide meaningful inference.

Methods: We present a machine learning logistic regression pipeline that can

assign classifications to genetic sequence data. The pipeline implements an

intuitive and customizable approach to developing a trained prediction model

that runs in linear time complexity, generating accurate output rapidly, even with

incomplete data. Our approach was benchmarked against porcine respiratory

and reproductive syndrome virus (PRRSv) and swine H1 influenza A virus (IAV)

datasets. Trained classifiers were tested against sequences and simulated

datasets that artificially degraded sequence quality at 0, 10, 20, 30, and 40%.

Results: When applied to a poor-quality sequence data, the classifier achieved

between >85% to 95% accuracy for the PRRSv and the swine H1 IAV HA dataset

and this increased to near perfect accuracy when using the full dataset. The

model also identifies amino acid positions used to determine genetic clade

identity through a feature selection ranking within the model. These positions

can be mapped onto a maximum-likelihood phylogenetic tree, allowing for the

inference of clade defining mutations.

Discussion: Our approach is implemented as a python package with code

available at https://github.com/flu-crew/classLog.
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classification, machine learning, logistic regression, taxonomy, automation
frontiersin.org01
69

https://www.frontiersin.org/articles/10.3389/fviro.2023.1215012/full
https://www.frontiersin.org/articles/10.3389/fviro.2023.1215012/full
https://www.frontiersin.org/articles/10.3389/fviro.2023.1215012/full
https://github.com/flu-crew/classLog
https://www.frontiersin.org/journals/virology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fviro.2023.1215012&domain=pdf&date_stamp=2023-12-04
mailto:tavis.anderson@usda.gov
https://doi.org/10.3389/fviro.2023.1215012
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/virology#editorial-board
https://www.frontiersin.org/journals/virology#editorial-board
https://doi.org/10.3389/fviro.2023.1215012
https://www.frontiersin.org/journals/virology


Zeller et al. 10.3389/fviro.2023.1215012
1 Introduction

Classification of pathogens has become a routine task in modern

veterinary diagnostics (1). Classification of the infectious agent is a

critical diagnostic step that allows for an informed decision on

vaccination regimens and biosecurity measures that may be

considered to clear a pathogen outbreak (2–4). Currently genetic

classification is performed using phylogenetic methods such as

maximum-likelihood and neighbor joining (2, 5, 6). These methods

are effective at classifying sequences and inferring relationships

between taxa, but the time and skill required to execute and

interpret analyses may impact their application in routine high-

throughput activities. While diagnosticians are interested in the

transmission and history of disease, the most pressing need is to

provide a classification of data. Consequently, methods that do not

conduct computationally intensive phylogenetic inference for

inferring ancestry and genomic epidemiology are required.

Phylogenetic placement (PP) methods are one solution to the

problem of accurately assigning lineage designations to taxa. PP

places a given taxa onto a reference tree without recomputing the

topology and lineage designations are subsequently inferred based

on the proximity to annotated taxa in the tree. PP methods are

advantageous in that they can interpolate lineage within a broad

context (between species) and narrow context (specific clades

within a subtype). Multiple phylogenetic placement software are

available such as the pplacer suite (7), RAPPAS (8), EPA-ng (9), and

Nextclade (10). While PP methods are invaluable for research, there

is still room for other methodologies to provide fast and accurate

lineage assignments without the requirement for a robust reference

tree topology.

Machine learning has been recognized as a viable method for

classifying sequences (4, 11). Differing from PP methods, machine

learning approaches do not need a reference tree for classification.

Genetic divergence over time leads to distinguishable genetic

patterns within monophyletic clades that are linearly separable

across aligned amino acid positions. This linear separability lends

itself well to supervised machine learning methods such as logistic

regression and random forest classification. Logistic regression

based on aligned sequences is used as the primary means of

automated classification for influenza A viruses (IAV) in swine

that are processed within the FLUture database (12). Similarly,

porcine reproductive and respiratory syndrome virus (PRRSV)

amino acid sequence data have been classified to genetic lineage

using random forest, k-nearest neighbor, support vector machines,

and multilayer perceptron methods (4). Decision tree machine

learning approaches have been introduced to classify avian IAV

sequences and SARS-CoV-2 sequences successfully at multiple

taxonomical levels (13, 14). PangoLEARN, a random forest

model, currently supplements the pangolin classification system

for SARS-CoV-2 (11). However, despite machine learning

appearing to be an effective approach for classification, few of

these algorithms are user-friendly with intuitive generalized

software that has been publicly released.

This manuscript introduces a general-purpose software

application, classLog, that can train sequence classifiers based on

user-labelled training data for use in classification of unknown
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sequences. The method used by the program leverages logistic

regression, a parametric method of classification that runs in

linear time complexity. Application of classLog provides a routine

and robust way to integrate classification into pipelines where speed

is necessary and there is no interest in inferring historical context of

the sequences. Through decoupling the classification step from the

inference of the history of the virus, this manuscript presents a

method of classification that is rapid, accurate, and suitable for

high-throughput pipelines.
2 Methods

2.1 Curation of swine H1 IAV and PRRSv
North America datasets

We compiled two datasets to test the utility of our classification

pipeline: porcine reproductive and respiratory syndrome virus

(PRRSV) and influenza A virus (IAV) in swine. We restricted the

swine IAV to H1 subtype hemagglutinin (HA) genes from the

United States collected between 2015 to 2021: these data were

curated and annotated by genetic clade by the Influenza Research

Database (2, 15). These lineages were delineated based on a rule

system applied to a maximum-likelihood phylogeny. Briefly,

lineages were designated as statistically supported phylogenetic

clusters when they contained more than 10 taxa, had statistical

support > 70%, and the average pairwise distance between and

within clades was >7% and< 7% respectively. Sequences sampled

between 2015-2019 were used as a training set (n=3510), while 2020

and later sequences were extracted as a test set (n=163) (Figure 1B).

For PRRSV sequences, we extracted the curated ORF5 gene

sequence data provided by (3), and extracted and assigned the

genetic clade for each sequence from the GenBank accession’s

feature information. The genetic lineage delineations for PRRSV

were also based on a maximum-likelihood phylogeny, with

monophyletic lineages identified as those with strong statistical

support and were designated using ClusterPicker (16). The dataset

was further refined by removing all “Type 1” European sequences,

sequences that were not the full coding region, i.e., not equal to 603

or 606 nucleotides in length, and the remaining sequences were

translated. The final dataset of 3047 annotated sequences were

randomly split into training and test sets, using 80% (n=2,483) and

20% (n=609) of the sequences respectively (Figure 1A).

The datasets were split differently to simulate two distinct uses

of the classifier. IAV data was split temporally to simulate

classifying new data, while PRRSV sequences were split randomly

to simulate filling in classifications from a mixed set.
2.2 Simulated Sequencing Errors and
Removing Informative Features

Gene sequences retrieved from Sanger sequencing, next

generation, and third generation sequencing methods are not

always complete, and there may be ambiguities and gaps in the

data (17–19). These errors impact the estimation of the multiple
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sequence alignment that may subsequently decrease the accuracy of

classification (20, 21). To mimic decreasing quality of sequences, a

python script was created to randomly generate a number of indices

for replacement with an ambiguous ‘X’. Subsequently, the X’s were

removed from the sequence to generate incomplete, unaligned

sequences. Test set sequences were degraded at 0%, 10%, 20%,

30%, and 40% prior to classification. While more robust simulations

of sequence degradation exist (22), the replication and implication

of these methods is beyond the scope of this manuscript.
2.3 Constructing classLog: the general
sequence classifier

Sequence classification was implemented as a one-versus-rest

logistic regression classifier, with a general outline provided

(Supplemental Figure 1). Input for classification requires an

aligned nucleotide or amino acid FASTA file, with definition lines

specifying the classification classes using character delimiters, e.g.,

A/swine/Iowa/A02636475/2022|1B.2.2.1, where ‘|’ delimits the

phylogenetic clade from the strain name. The binary features of

this model are the presence or absence of an amino acid at a specific

position within the alignment. An optional feature selection

process, which selects the most relevant sequence positions for

classification, was implemented using a tree classifier that ranks

binary features by GINI importance so that the user may restrict the

prediction model to the most important features (23). To facilitate

the reusability of the classification scheme, the first sequence,

feature labels, trained model, and class names are exported using

a standard python pickle file format. The first sequence in the pickle

file is used for pairwise alignment of unknown sequences to ensure

there is consistency between query sequence alignment positions

and the model feature positions. During prediction, a matrix of the

presence or absence of nucleotides or amino acids at specific

alignment positions is created, which is then fed to the model for
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prediction. For user submitted query sequences, the predicted

classification is assigned and reported using classification names

derived from the user-annotated classification fasta file used

in training.

A prediction threshold option was included within the classifier

to provide support for predicted classes on unknown data.

Classifications with a score less than the threshold are rejected,

and classified into an ‘unknown’ category (default value of 85%).

The threshold criteria can have a direct effect on the performance

of classification.

For validation, the general classifier was trained using 100%,

20%, 10%, 5%, 1%, and 0.5% of the available features within the H1

IAV and the PRRSv training datasets. For the H1 IAV sequence

dataset, this resulted in 2439, 487, 243, 121, 24, and 12 features

respectively. For the PRRSV dataset, this resulted in 686, 137, 68, 34,

6, and 3 features. Each classifier was used classify the 0%, 10%, 20%,

30%, and 40% test set sequences that had been generated to reflect

sequencing errors and misalignment.
2.4 Simplifying feature identification in
query sequences using a Needleman-
Wunsch pairwise alignment algorithm

An intrinsic challenge to the implementation of the machine

learning classification process was correctly assigning the positions to

new genetic sequences. To overcome this challenge without keeping

the original alignment, a heuristic was applied such that the first

sequence from the training set was saved and stored, and subsequent

classification attempts would be pairwise aligned to recover the

positions. To increase the speed and keep calculations within a

tractable time for computation, a Needleman-Wunsch dynamic

programming alignment algorithm (24) with affine gap penalties

and a BLOSUM90 substitution matrix (25) was implemented in C++

and exported as a python library using python bindings.
A B

FIGURE 1

Number of samples in training and test sets for Porcine Respiratory and Reproductive Syndrome virus (PRRSv) and Swine H1 Influenza A virus (IAV).
(A) In the PRRSv dataset, number of samples were divided in a training set (80%) and a test set (20%). (B) Samples in the IAV dataset per year.
Samples collected in 2015-2019 were used as the training set, samples collected in 2020 were taken as the test set.
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2.5 Measuring the performance of the
classifier on swine H1 IAV and PRRSv North
America dataset classification

The performance of the classifiers was measured under the

metrics of accuracy, macro precision, macro recall, and macro F1

(26–28). From a confusion matrix M where true classification is

assigned along the y-axis and the predicted class is assigned along

the x-axis, the precision and recall equations can be generalized as

follows:

Precisioni =
Mii

oiMji

� � (1)

Recalli =
Mii

ojMij

� � (2)

F1i = 2
Precisioni � Recalli
(Precisioni + Recalli)

  (3)

Precisionmacro =
1
noiPrecisioni (4)

Recallmacro =
1
noiRecalli (5)

F1macro =
1
noiF1i (6)

These metrics were taken for each classifier applied to the 0%,

10%, 20%, 30%, and 40% test set sequences with the results plotted

using ggplot2 (29) in R v3.959 (30).

Runtime performance was benchmarked using the Linux `usr/

bin/time` program provided from Ubuntu v20.04LTS running

within the Windows Subsystem Linux v2 (Supplemental Table 1).

A second non-comparable benchmark approach that used existing

phylogenetic placement approaches was run using pplacer and

RAPPAS with the same test sets described above (Supplemental

Table 2). The reference trees provided to the phylogenetic

placement programs were paraphyletically pruned to 200 taxa

using smot v1.0.0 (31) to more realistically simulate a

phylogenetic placement scenario. Accuracy from either PP

method was not tested as sufficient validation has been given in

the originating and subsequent publication (7, 8).
2.6 Visualization of swine H1 IAV and
PRRSv North America dataset using
ordination and phylogenetic analysis

Sequences from both datasets were aligned using MAFFT

v7.487 (32). The pairwise number of differences between each

sequence were extracted from the alignment using Geneious

Prime 2022 (33). These distances were ordinated into two-

dimensional space using metric multidimensional scaling. Each
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ordination was colored first by the designated genetic clade, and

then by a genetic motif consisting of the amino acids of the top two

ranking amino acid positions. Amino acid position rank was

calculated as the sum of GINI importance given by the extra tree

classifier for each amino acid position, i.e., the two most important

amino acids in determining the classification of the query sequence.

To identify the biological basis of the H1 swine IAV and PRRSv

classifications, maximum likelihood trees were inferred for each

dataset. Sequences were aligned using MAFFT v7.487 (32), and

trees were inferred using IQ-TREE v1.6.12 (34). The PRRSv dataset

was analyzed using a BLOSUM62 amino acid substitution model,

while the IAV dataset was analyzed using the FLU amino acid

substitution model (35). Statistical support was determined using

the rapid bootstrap algorithm with 1,000 bootstraps, and the

support was displayed on the branch of the resultant trees. Each

tree was colored along the backbone by the phylogenetic clade,

while the tips were annotated and colored by the top two ranking

amino acid positions determined using GINI importance.
3 Results

3.1 classLog performance on H1 swine IAV
and PRRSv observed and simulated data

A classLog classifier was trained on PRRSv ORF5 sequences

collected and classified to lineage (3), dividing the dataset into 80%

training and 20% testing. The classifier performed perfectly correct

when trained with 10% of features (n=68) of the total features with

no sequence degradation (Figure 2A). At 10% sequence degradation

(20aa), 10% of the features were able to achieve an accuracy of 97%.

At 20% sequence degradation (40aa), 10% of the features were

sufficient to achieve 88% accuracy, though increasing the number of

features did not improve accuracy. Accuracy rapidly decreased at

30% sequence degradation (60aa), with 10% of the features

achieving 69% correct classifications. At 40% sequence

degradation (80aa) the greatest accuracy achieved was 42%.

A classLog classifier was trained on H1 swine sequences present

in IRD collected between 2015 to 2019 and was tested on 136 test

sequences from 2020. The classifier performed perfectly correct

when trained with as few as 12 features (0.5%) when there was no

sequence degradation (Figure 2B). At 10% sequence degradation

(56 aa), 5% of the features (121 features) were needed to achieve

perfect accuracy. At 20% sequence degradation (112 aa), 10% of the

features (243 features) were sufficient to achieve perfect accuracy. At

30% sequence degradation (170aa), 10% of the features were

sufficient to achieve 93% correct classifications, although 20% of

features (487 features) only achieved 82% correct classification. At

40% sequence degradation (227aa), there was a steep decline in the

accuracy, falling below 60% across the board.

For both datasets, precision was consistently higher than recall

(Figure 2). This is a consequence of rejecting classifications below the

85% scoring threshold and classifying them as ‘unknown,’ i.e., the

number of false positives decreased while increasing false negatives.
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3.2 Using classLog to identify genetic
features of biological relevance

The pairwise differences between the test set sequences were

used to ordinate points in two-dimensional space (Figure 3). The

ordination of both the PRRSv ORF5 and swine H1 IAV datasets

were colored by their original designated clades, and by the motif

formed by the amino acids present at the top two features ranked by

GINI importance (Supplemental Figures 2, 3). This manuscript uses

the top two features as the number of amino acid combinations

above two exceeds the number of distinct colors available on the

pallet; but lower ranked features are important to discriminate

between phylogenetic clades. Qualitatively, the ordination

demonstrated separation between distant genetic lineages such as

the H1 1A classical swine lineage versus the H1 1B human seasonal

lineage (Figure 2C; 2). However, sequences within some closely

related genetic clades within the same lineage appeared to have

overlap when assessed in a two-dimensional ordination. Within the

PRRSv data (Figure 2B), the top two ranked amino acid positions

(170, 172) corresponded well with the classified genetic clades

suggesting that these positions may be clade defining mutations.

For example, L1A has primarily the EE motif, L1B has EN, and L1C

has DG. These divisions were not exclusive as L5, L8, L9 also have

the EE motif that was exclusively within the L1A, and more features

may need to be accounted for to discriminate between these clades.

The top two positions of the swine H1 IAV dataset were 159 and

158 (H1 numbering, 17AA signal peptide removed) (Figure 2D),

with a relatively high number of amino acid polymorphisms

between those two positions. While some clades were well

matched to one or two motifs, some clades such as the 1A alpha

were highly varied in the motifs they carried, suggesting that other

features position with a lower rank may better segregate this clade

from the other clades. These data can be generated by extracting the

features and their rankings using the classLog algorithm.
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3.3 Congruency between phylogenetic
classification, classLog predictions, and
model features

Maximum-likelihood trees were inferred for the PRRSv ORF5

and swine H1 IAV HA test datasets. The backbones of the

phylogenetic trees were colored by the assigned genetic lineage,

while the tips were labeled and colored by the motif formed by the

two amino acid positions that had the highest cumulative GINI

importance. For the PRRSv ORF5 dataset (Figure 4A: positions 170

and 172), the majority of L1B motifs were represented by an EN and

L1C by DG. L1A, L5, L8, and L9 were also represented by EE at 170

and 172, suggesting that despite good concordance between the

inferred phylogeny and the classLog predicted clade, this was being

driven by features outside of these two positions.

For the swine H1 HA dataset (Figure 4B), the two most

important features identified by classLog were positions 159 and

158. The majority of the 1B delta1a clade was primarily represented

by GK, the 1B delta2 by SN, and 1A pandemic09 by KA. Three

distinct motifs were identified within the 1A gamma clade, KT, NT,

and ST, with RT interspersed. The 158T at was distinct enough to

serve as a general rule to separate diversity within the 1A gamma

clade. The remaining major H1 clade, 1A alpha, was associated with

a significant amount of motif diversity, exhibiting GK, GR, KA, SA,

SK and RR. The high amount of motif diversity is suggestive that

another set of features may be used by the classifier for identifying

this clade.
4 Discussion

Applications of machine learning present computationally

efficient ways of classifying genetic sequences without relying on

traditional phylogenetic methods. The direct utility of machine
A B

FIGURE 2

Measures of logistic regression classifier performance in the metrics of accuracy, precision, recall, and F1 scoring. (A) Porcine Respiratory and
Reproductive Syndrome virus and (B) Swine H1 Influenza A virus datasets. Each metric was measured over simulated sequence degradation of 0%,
10%, 20%, 30% and 40%, as well as with classifiers using 0.5%, 1%, 5%, 10%, 20%, and 100% of the available features for classification.
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learning methods is in high-throughput diagnostic processes, where

the primary objective is to assign classification and there is not an

immediate interest in inferring the evolutionary history of the

sequence in question. By decoupling the classification process

from phylogenetic method, complexity and computational time

are reduced. Machine learning methods have the additional benefit

of being highly portable and reproducible with minimal effort once
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an initial prediction model is trained. Our command line interface,

classLog, represents a user-friendly and validated tool that can

ingest annotated genetic sequences, train a classification model, and

generate predictions and associated confidence scores without

extensive computational and machine learning training.

Logistic regression was chosen to ensure scalability with linear

time complexity, fast computational runtime, and for simple model
A B

DC

FIGURE 3

Metric multidimensional scaling in two dimensions of the number of pairwise differences between sequences of Porcine Respiratory and
Reproductive Syndrome virus (PRRSv) ORF5 protein (A, B) and Swine H1 Influenza A virus datasets (IAV) (C, D). Plots were colored by genetic clade
(A, C), and by the motif formed by the top two important positions inferred by decision tree (B, D). For PRRSv the top ranking features were positions
170 and 172. For IAV, the top ranking features were positions 159 and 158.
A B

FIGURE 4

Phylogenetic maximum likelihood trees. (A) Porcine Respiratory and Reproductive Syndrome virus (PRRSv) ORF 5 protein and (B) Swine H1 Influenza
A virus (IAV) test sequences, inferred by IQ-TREE v1.6.12 with 1,000 fast bootstraps. Tree backbones are colored by the prior assigned genetic
lineage, where tip labels are colored by the motif formed by the top two ranking positions inferred by decision tree, positions 170 and 172 for PRRSv,
and positions 159 and 158 for IAV. Bootstrap support is annotated on the branches.
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interpretability. These factors allow classLog to function as a

lightweight component in classification pipelines. Moreover,

many genetic lineage classification schemes frequently depend on

phylogenetic relationships to delineate lineages, which is effectively

a form of clustering by similarity. Consequently, linear separability

emerges when significant genetic divergence exists between

designated lineages. Although other machine learning methods

such as neural networks can learn complex relationships and

patterns, within the narrow context of lineage classification,

logistic regression is generally sufficient. Taxonomic classification

of virus sequence data is typically performed via either phylogenetic

methods or through similarity-based approaches such as BLAST.

Phylogenetic methods can be computationally complex: simple

techniques such as neighbor joining have a cubic time

complexity, but more statistically robust techniques have a higher

range of complexity and runtime. BLAST overcomes these

complexity issues, but there is a necessity for a curated database

of sequences, and large databases can be difficult to update and

share. In general, machine learning models can overcome both

limitations as they offer both reasonable time complexity and space

complexity for classification; and if an adequate dataset is used to

generalize a model during training, the subsequent model may be

reused without maintaining or training input reference datasets. In

recognition of these strengths, machine learning approaches are

being used (11, 14), but a generalized application has not yet

been created.

classLog can be applied for rapid classification of genomic data

either on site or in field settings. The advent of rapid and portable

sequencing such as minION Nanopore technologies has resulted in

the generation of thousands of sequences with a critical need to

identify what they are, and whether the sample represents an

“unknown.” The classLog program can be easily adopted as part

of a light-weight pipeline that can be used to do classification on the

fly in the field (36). The execution of classLog does not require

significant computational resources, and our testing was conducted

on regular Windows and MacOS laptops. Consequently, it can

easily be integrated within mobile diagnostic stations that are

functional within remote locations that may have minimal access

to extensive computational resources or trained personnel (37, 38).

A consequence of field genomic epidemiology and the

integration of Nanopore technology has been an increase in

sequence error rate relative to traditional Sanger sequencing (39,

40). Our testing with classLog on simulated datasets, where we

introduced sequence errors, suggested that the inaccuracies do not

dramatically reduce the accuracy of classification using this

machine learning method. It was noted that the classification

failure within the H1 sequence dataset occurred proportionally to

the number of samples present in the training dataset. As the

sequence errors increased, misclassifications began to occur first in

the sequences that had the least clade representation in the training

set. It is likely that if there are more samples present in the training

data to represent a specific clade, then the prediction model was

better able to generalize the clade. This indicates one potential
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drawback of classLog, and that user-curated training datasets must

remain large enough for optimal classifier performance. classLog

performs within the narrow context of classification, assigning

clades within a species, although it can quickly segregate

unrelated sequences by specifying them as “unknown”. An

alternate approach to generating large, curated datasets when

attempting to classify multiple species could be the application of

phylogenetic placement algorithms or using advanced machine

learning models beyond logistic regression. Logistic regression is a

parametric model that performs well on linearly separable

classifications. In cases where the data are not linearly separable

and that have limited training data, non-parametric models like

random forest or neural networks may perform significantly better,

potentially provide easy to understand biological context to feature

rankings (41, 42), but require more computational time and effort.

Benchmarks of classLog runtime demonstrate that the

combined training and classification time is fast, with each test

case presenting a combined time under a minute (Supplementary

Table 1). While the conditions of the test are not directly

comparable to the testing of pplacer and RAPPAS, it can be

noted that the total runtime of classLog is less than both PP

methods when finding a solution to the same classification

problem. It is notable that once the RAPPAS database is built, the

placement of taxa onto a tree is very rapid, although the memory

usage is higher. However, it is important to note that the use-cases

of classLog compared to PP methods differs: classLog is designed

specifically to assign lineages within a narrow scope of genetic

diversity within a single species. Comparatively, both pplacer and

RAPPAS can function with multiple species and additionally infer

topology. The difference in the use-cases for the tools makes

comparison only valid for the subset of problems where the

tools overlap.

classLog is a method of creating light weight classifiers that can

assign taxonomic classifications rapidly with minimal user curation

and training. The implementation of this classification

methodology can benefit diagnostic labs by saving computational

run time associated with current phylogenetic classification

approaches and can be easily customized to work for different

pathogens. An additional benefit is the identification of critical

genetic features associated with clade classifications: these features

are likely clade defining mutations and can be used to form

hypotheses to investigate the gene to phenotype link (43–45) and

other functional studies. A benefit of machine learning approaches

is that the results are also more directly interpretable as they are

given as an assignment, rather than needing to be inferred from a

tree. The culmination of these benefits offers a more streamlined

approach to taxonomic assignment in a diagnostic setting.
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Development and characterization 
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virus research
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States, 2 Emory-UGA Center of Excellence for Influenza Research and Surveillance (CEIRS), Atlanta, GA, 
United States, 3 Center for Vaccines and Immunology, University of Georgia, Athens, GA, United States

Introduction: Swine serve as an important intermediate host species for 
generating novel influenza A viruses (IAVs) with pandemic potential because 
of the host’s susceptibility to IAVs of swine, human and avian origin. Primary 
respiratory cell lines are used in IAV research to model the host’s upper respiratory 
tract in vitro. However, primary cell lines are limited by their passaging capacity 
and are time-consuming for use in industry and research pipelines. We were 
interested in developing and characterizing a biologically relevant immortalized 
swine respiratory cell line that could be used for efficient propagation and 
characterization of swine IAV isolates.

Methods: Lung tissue for the generation of primary swine respiratory cells were 
isolated from the bronchi of an 8-week-old Yorkshire/Hampshire pig, which were 
immortalized by transduction of the SV40 T antigen using a lentivirus vector. The 
transduction of the SV40 T antigen was confirmed by Real Time RT-PCR in cells 
passaged greater than twenty times.

Results: Immortalized swine respiratory cells expressed primarily α2,6 sialic acid 
receptors and were susceptible to both swine and human IAVs, with swine viruses 
exhibiting higher replication rates. Notably, infection with a swine H3N2 isolate 
prompted increased IL-6 and IL-1α protein secretion compared to a seasonal 
human H3N2 virus. Even after 20 passages, the immortalized cells maintained the 
primary respiratory cell phenotype and remained permissive to IAV infection without 
exogenous trypsin.

Discussion: In summary, our developed immortalized swine respiratory cell line 
offers an alternative in vitro substrate for studying IAV replication and transmission 
dynamics in pigs, overcoming the limitations of primary respiratory cells in terms 
of low passage survivability and cost.

KEYWORDS

swine, influenza A virus, primary respiratory cells, immortalized respiratory cells, cells 
characterization

Introduction

Influenza A viruses (IAV) are enveloped, negative sensed RNA viruses with a single stranded 
and segmented genome, which belong to the Orthomyxoviridae family. Wild birds serve as the 
natural host reservoir for IAV. However, IAV has a relatively wide host range and has been 
isolated in both avian and mammalian species including: domesticated birds, humans, swine, 
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canines, equines, felines, and aquatic mammals. The ability of IAV to 
jump multiple species barriers is enabled by the segmented nature of 
the IAVs genome, which enables reassortment of whole gene segments 
between co-infecting IAV strains and lack of a proofreading 
mechanism enabling rapid drift of the viruses surface glycoproteins (1).

In mammalian hosts, IAV is known to cause repiratory disease. 
IAV enters into respiratory tract and enters into primariliy respiratory 
epithelial cells that express glycoprotein receptors that terminate with 
sialic acids (SA). The SA is attached to a galactose molecule, which 
provides a recognition site for the receptor binding domain (RBS) of 
the IAV haemagluttin (HA) protein, facilitating receptor mediated 
endocytosis. The HA protein can bind to SA recptors in either an 2,3 
or 2,6 linked confirmation. Strains of avian-origin preferentially bind 
to host cells in an 2,3 confirguration, whilst mammalian-origin strains 
preferentially bind in an 2,6 configuration (2–6). The distribution of 
SA receptors is implicated as a host range factor that IAVs must 
overcome to cross species barriers.

In the human and swine hosts, the distribution of α2,3 and α2,6 
linked SA are similar in the respiratory tract (7–9). However, IAVs 
encoding solely human (hu) origin gene segment are isolated from 
swine during passive survellance (10–13).This suggests that reverse 
zoonotic transmission of IAVs at the human/swine interface is not 
solely dependent on SA distribution of the host, and multiple host and 
viral factors are involved with the ability of the IAV to efficiently 
transmit and replicate within the swine host (14).

Cell lines are often used in IAV research to propagate and to 
assess the transmission and replicationary potential of novel isolates 
within a particular host for pandemic prepardation. Primary 
respiratory epithelial cell lines are currently the gold-standard cellular 
model for assessing the physical properties of IAV strains and can 
be  fully differentiated in an air–liquid interface (ALI) system to 
produce a pseudostratified epithelium, containing ciliated cells and 
goblet cells, that models the respiratory structure and architechture 
of the hosts lungs in vitro (3, 15–18). However, primary cell lines are 
limited by the low number of passages before reaching senescense, 
susceptibility to contamination and verification of the absense of 
pathogens, high cost of reagents needed to grow and maintain the 
cells in ALI, donor-to-donor varibility, availability of host tissue, and 
the time taken to fully differentiate the cells (3–4 weeks in ALI). 
Consequently, immortalized respiratory cell lines are used as an 
alternative cellular model to study the properties of IAV isolates to a 
susceptible host. However, immortalized respiratory cell lines may 
have altered physical properties to the primary host cell. This includes 
losing the ability to secrete proteases neccesary for IAV entry into the 
host cell and differentiate. Immortalized swine tracheal (siTEC) and 
nasal epithelial (siNEC) cells have been previously developed by 
transducing the SV40-T antigen using a lentivirus vector (19). The 
siTEC and siNEC cell lines were permissible to H1N1, H1N2, and 
H3N2 IAV strains and retained the functional characteristics of the 
primary cells (19).

In this study, we  developed an immortalized swine bronchial 
epithelial cell line for IAV research by introducing Simian Virus 40 
(SV40-T) antigen into primary swine respiratory cells harvested from 
the bronchi of an 8 weeks old porcine reproductive and respiratory 
virus (PRRSv) and IAV seronegative pig. Porcine bronchial epithelial 
cells (PBEC) have been immortalized by delivering human telomerase 
reverse transcriptase (h-TERT), to extend the replicative capacity of 
cells through telomerase extention (20). However, our primary 

objective was to establish an immortalized swine bronchial epithelial 
cell line via transduction of SV40-T antigen.

The immortalized swine respiratory cells appeared mostly of 
epithelial origin and retained morphological characteristics of the 
swine primary cells. In addition, both primary and immortalized 
swine respiratory cells were permissive to human (huIAV) and swine 
(swIAV) IAVs of H1N1, H1N2, and H3N2 subtypes that most 
predominantly circulate at the human/swine interface and modelled 
host restriction of wholly human-origin H3N2 observed in the swine 
host. Our results suggest that the immortalized swine respiratory cells 
could be used as an appropriate immortalized cellular model for the 
lower respiratory tract of the swine host and may serve as a tool to 
study the transmission and replicationary potential of novel 
IAV strains.

Materials and methods

Cell culture and virus stocks

Madin-Darby canine kidney (MDCK) cells were cultured in 
Dulbecco’s modified Eagles’ medium (DMEM) (Invitrogen), 
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin–
streptomycin. The MDCK cells were maintained at 37°C in a 5% CO2 
atmosphere. Influenza A viruses used in this study were propogated 
in MDCK cells (ATCC). Virus titers were quantified by TCID50 and 
calculated using the Reed and Muench method (21).

Harvesting, isolation, and immortalization 
of primary respiratory swine cells

Lung tissue for the isolation of swine respiratory cells were 
collected from an 8 weeks-old Yorkshire/Hampshire pig. Lung tissue 
was rinsed in phosphate-buffered saline (PBS) and sections from the 
bronchi were sliced into small pieces. The sliced bronchial tissue was 
incubated for 2 h with 800 U collagenase at 37°C and 5% CO2. 
Following collagenase digestion, respiratory cells were strained 
through a 70 μm cell strainer and centrifuged. The cell pellet was 
washed twice with PBS and cells were seeded onto collagen coated 
flasks. Cells were incubated for 24 h at 37°C and 5% CO2 in DMEM/
F12 supplemented with FBS, retinoic acid, bovine pituitary extract 
(BPE), epidermal growth factor, cholera toxin, transferrin, insulin, and 
penicillin/streptomycin (growth media). Following the 24 h 
incubation, non-adherent cells were transferred to rat-tail collagen 
(Corning) coated flask and cultured until fully confluent.

At passage four, primary swine respiratory cells were plated in 
growth media onto rat-tail collagen coated 6-well plates (1 × 105). 
Once the cells reached 70% confluence, the growth media was 
removed, and cells were washed with PBS. Target primary swine 
respiratory cells were infected and incubated overnight at 37°C and 
5% CO2 with 107 Lenti-SV40T vector (abm) in the presence of 10 μg/
mL polybrene. Following the overnight incubation, supernatant from 
lentivirus infected swine cells was removed, and cells were washed 
with PBS. Fresh growth media was added to the cells, which were 
incubated for 72 h at 37°C and 5% CO2. Immortalized swine 
respiratory cells were passaged >20 times and successful transduction 
of the SV40 T antigen gene into the immortalized swine respiratory 
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cells was confirmed by quantitative reverse transcription polymerase 
chain reaction (RT-qPCR) using SV40 T antigen targeting primers 5’ 
ACTGAGGGGCCTGAAATGA, 5’ GACTCAGGGCATGAAAC 
AGG. Swine respiratory cells were confirmed of swine origin using 
swine GAPDH targeting primers 5’ ACCCAGAAGACTGTGGATGG 
and 5’ ACGCCTGCTTCACCACCTTC.

Immunoflurescent staining and confocal 
microscopy

Immortalized (P20) and primary (P6) swine respiratory cells were 
seeded (1 × 105) into 6-well plates to 70–80% confluency onto 
coverslips coated with rat-tail collagen (Corning) and inoculated with 
either control/PBS, A/TX/12/H3N2 or A/swine/MN/12/H3N2 at an 
MOI of 0.1 diluted in PBS (−/−). At 24 hpi, cells were washed twice 
and fixed using 4% paraformaldehyde and permeablised with 0.5% 
TritonX/PBS for 30 min. The cells were blocked in 10% goat serum 
with PBS/Tween20 for 1 h prior to staining with the primary antibodies:

Cytokeratin 18 staining

Immortalized and primary swine respiratory cells were incubated 
for 1 h with anti-cytokeratin 18 mouse monoclonal antibody (Abcam) 
(1,200).

Vimentin staining

Immortalized and primary swine respiratory cells were incubated 
for 1 h with anti-vimentin rabbit monoclonal antibody (Abcam) 
(1:400).

Lectin staining

Immortalized and primary swine respiratory cells were incubated 
for 1 h with biotinylated Maakia amurensis lectin I and II (Vector® 
Laboratories) (1:800), to stain α2,3-linked SA receptors or fluorescein 
isothiocyanate (FITC)-conjugated Sambucus nigra agglutinin (Vector® 
Laboratories) (1,200) to stain for α2,6-linked SA receptors.

Influenza A virus staining

Immortalized swine respiratory cells were incubated for 45 min 
with anti-alpha tubulin (1:800), anti-beta-tubulin (1:200), and anti-
influenza A nucleoprotein (1:500).

After staining with the apprapriate primary antibodies, cells were 
washed 3× with PBS/Tween20 and stained with secondary antibodies: 
goat anti-mouse Alexa Fluor 546 (Invitrogen) (1:400), goat anti-rabbit 
Alexa Fluor 488 (Invitrogen) (1:400) or goat anti-mouse FITC (1:400). 
Coverslips were transferred to slides and mounted using slowfade 
mounting medium (Invitrogen). The slides were visualized using 
ECHO revolve flourescent microscope (ECHO A Bico Company, San 
Diego, CA). All captured images were edited and process using FIJI 
software (22).

Influenza A virus infections

Immortalized (P24) swine respiratory cells were seeded (1 × 105) 
onto 6-well plates and cultured in growth media onto rat-tail collegen 
(Corning) coated 6-well plates until 80% confluency. Cells were then 
washed in PBS and inoculated with a panel of hu- and swIAVs 
(Table  1) at an MOI of 0.1 diluted in PBS (−/−). Following IAV 
inoculation, cells were incubated for 2 h at 37°C and 5% CO2 before 
washing cells with PBS and replacing the inoculum with fresh FBS free 
growth media. The inoculated cells were incubated at 37°C and 5% 
CO2 until the appropriate end point of collection (0-, 24-, 48-, 72-hpi). 
At this point, cell supernatant was harvested and IAV was quantified 
by TCID50 and calculated using the Reed and Muench method as 
previously described. Samples were analyzed using three biological 
replicates from each time point.

Quantification of cytokine/chemokine 
secretion from primary and immortalized 
swine respiratory cells

Supernatant from primary (P6) and immortalized (P24) swine 
respiratory cell inoculated with either A/TX/12/H3N2 or A/swine/
MN/12/H3N2 at an MOI of 0.1 harvested at −24 and −48 hpi was 
analyzed for IL-1α, IL-6, and IL-8 secretion using the MILLIPLEX 
MAP Porcine Cytokine/Chemokine Magnetic Bead panel per 
manufacture’s instruction (EMD Millipore Corporation, 
Billerica, MA).

Statistics

Statistical analysis was performed using GraphPad Prism 9.3.1. A 
two-way ANOVA was used to identify significance differences 
between IL-1α, IL-6, and IL-8 secreted from the immortalized (P24) 
and primary (P6) swine respiratory cells that were either mock 
infected (PBS), or inoculated independently with A/TX/12/H3N2 or 
A/swine/MN/12/H3N2. To determine the percentage of vimentin 
positive cells in the immortalized (P20) and primary (P6) swine 
respiratory cell lines, IF images taken on the ECHO revolve flourescent 
microscope (ECHO A Bico Company, San Diego, CA) were processed 
using FIJI software and vimentin positive cells were counted and 
subtracted from the number of DAPI positive cells (n = 3).

Results

Immortalized swine respiratory cells 
maintain functional properties of primary 
cell counterparts

Primary swine respiratory cells were isolated from the bronchi of 
an 8 weeks old Yorkshire/Hampshire and immortalized by 
transduction of the SV40-T antigen following 4 successful passages 
(Figure 1). The immortalized swine respiratory cells were successfully 
passaged >20 times, whilst primary swine respiratory cells failed to 
proliferate at P16. SV40 T antigen retention in the immortalized swine 
respiratory cells was confirmed by rt-qPCR, with a mean SV40-T 
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antigen Cq value of 27.7 (n = 3) in cells passaged 20 times 
(Supplementary Table S1). Visually, immortalized swine respiratory 
cells maintained the morphological features of primary swine 
respiratory epithelial cells, such as, possessing the ability to form tight-
junctions and a cobble-stone like appearance (Figure 2). The primary 
and immortalized swine respiratory cells expressed both α2,3 and α2,6 
linked SA receptors, which are an important host restriction factor for 
IAV entry into the host cell (Figure 3). Both primary and immortalized 
cell lines expressed α2,6 linked SA receptors at a higher abundance 
compared to α2,3 linked SA receptors (Figure 3). In addition, the 
immortalized swine respiratory cells appeared to be  mostly of 
epithelial origin, which was demonstrated by the majority of visualized 
cells expressing the epithelial marker cytokeratin 18 (Figure  4). 

Staining with the epithelial-mesenchymal transition and fibroblast 
marker vimentin, demonstrated that the isolated primary swine 
respiratory cells contained a high percentage (56.7%) of contaminating 
cells (Supplementary Figure S1). However, following trypsin-
treatment and immortalization via SV40-T antigen transduction, 
we observed a decrease in the mean percentage of vimentin positive 
cells (32.08%), which was maintained up to 20 passages 
(Supplementary Figure S1).

We evaluated the permissibility of either cell lines to IAV’s of 
mammalian origin, given the similar distribution of SA receptors to 
the swine hosts respiratory tract. Both primary and immortalized 
swine respiratory cell lines were permissive to A/TX/2012/H3N2 
(Figure 5A), pdm A/CA/2009/H1N1 (Figure 5B) huIAV strains, A/

TABLE 1 Immortalized swine respiratory cells are permissible to hu and swIAV strains of H1N1, H1N2, and H3N2 subtypes.

Virus name Abbreviation Subtype Origin Virus Titer 
24 hpi

Virus Titer 
48 hpi

Virus Titer 
72 hpi

Area 
under 
curve

(log10 
TCID50/mL)

(log10 
TCID50/mL)

(log10 
TCID50/mL)

A/Puerto Rico/8/1934 A/PR8/1935 H1N1 Human 4.88 ± 0.22 6.21 ± 0.29 5.22 ± 0.11 329 ± 11.09

A/New Caledonia/20/99 A/NewCal/1999 H1N1 Human 4.77 ± 0.27 6.11 ± 0.11 5.55 ± 0.22 327.9 ± 9.90

A/Brisbane/10/2007 A/Bris/2007 H3N2 Human 3.83 ± 0.16 5.22 ± 0.11 4.61 ± 0.05 272.6 ± 5.97

A/Perth/16/2009 A/Perth/2009 H1N1 Human 2.38 ± 0.39 3.89 ± 0.11 2.78 ± 0.27 183.9 ± 13.27

A/CA/07/2009 A/CA/2009 H1N1 Human/pdm 4.77 ± 0.11 6.05 ± 0.27 6.5 ± 0.5 337.8 ± 13.61

A/Victoria/361/2011 A/VIC/2011 H3N2 Human 4.55 ± 0.05 5.33 ± 0.16 3.77 ± 0.39 282.6 ± 9.77

A/TX/50/2012 A/TX/2012 H3N2 Human 3.6 ± 0.05 4.6 ± 0.05 1.17 ± 0.16 211.1 ± 4.11

A/swine/MN/A01125993/2012 A/swine/MN/2012 H3N2 Swine 7.34 ± 0.05 7.44 ± 0.11 6.89 ± 0.11 438.5 ± 4.33

A/Hong Kong/4081/2014 A/HK/2014 H3N2 Human 3.11 ± 0.11 3.88 ± 0.22 1.67 ± 0.16 181.8 ± 8.09

A/swine/NC/KH1552516/2016 A/swine/NC/2016 H3N2 Swine 3.55 ± 0.46 6.28 ± 0.14 7.05 ± 0.24 320.5 ± 15.74

A/WI/588/2019 A/WI/2019 H1N1 Human/pdm 4.6 ± 0.05 6.05 ± 0.27 5.94 ± 0.24 327.2 ± 9.68

A/swine/GA/27480/2019 A/swine/GA/2019 H1N2 Swine 5.55 ± 0.11 7.55 ± 0.22 7.83 ± 0.16 408.5 ± 8.09

Replication kinetics of H1N1, H1N2, and H3N2 hu and swIAV subtypes in immortalized swine respiratory cells. Immortalized swine respiratory cells were seeded onto rat-tail collagen coated 
6-well and inoculated independently with H1N1 or H3N2 huIAVs, or H1N2, or H3N2 swIAV strains at an MOI of 0.1. Supernatant was harvested at 0-, 24-, 48-, and 72 h post infection and 
IAV titers were measured by TCID50. The averages of three replicates. ± represents standard error (n = 3).

FIGURE 1

Experimental design. (A) Respiratory tract tissue was harvested from an 8  weeks-old Yorkshire/Hampshire pig. 1  cm bronchial tissue slices were 
collagenase digested for 2  h at 37°C and swine respiratory cells were scraped and filtered through a 70  μM sieve. Primary swine respiratory cells were 
seeded onto uncoated flasks and non-adherent cells were transferred to a collagen coated flask following 4  h incubation. (B) Transduction of SV40 T 
antigen. Primary swine respiratory cells were seeded onto 6-well plates and inoculated with 10^7 SV40-lentivirus in the presence of polybrene. Positive 
transduction and retention of the SV40 T antigen was confirmed by RT-PCR at passage 20. Created with BioRender.com.
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swine/GA/2019/H1N2 (Figure 5C), and A/swine/MN/2012/H3N2 
swIAV strains (Figure 5D). However, A/TX/2012/H3N2 replicated to 
lower titers compared to the other panel of IAV strains, which was 
most pronounced at 72-hpi (Figure 5A). This trend was reflected in 
both the primary and immortalized swine respiratory cell lines, which 
suggests that the host specificity of swine respiratory cells was not 
impacted by immortalization via SV40 T antigen transduction.

Immortalized swine respiratory cells are 
permissible to IAV strains of human and 
swine H1N1, H1N2, and H3N2 subtypes

The viral replication kinetics of both human and swine-origin 
strains were evaluated to assess the permissiveness of the immortalized 
cells to IAV strains of H1N1, H1N2, and H3N2 subtypes. The panel of 
strains were selected to represent IAV subtypes that commonly 
circulate at the human/swine interface. The immortalized swine 
respiratory cells were permissible to the entire panel of IAV strains, 
regardless of IAV host-origin or subtype (Table 1). However, we did 
measure differences in the ability of individual strains to replicate 
within the immortalized cell line. Generally, huIAV H3N2 strains 

FIGURE 2

Immortalized and primary swine respiratory cell phenotype. 
Immortalized and primary swine respiratory cells were seeded onto 
collagen coated flasks and incubated at 37°C and 5% CO2 for 2  days. 
Bright field primary respiratory cells at P6 (A) Magnification ×10, 
Scale Bar 90  μm, (B) Magnification ×20, Scale Bar 180  μm. Bright field 
primary swine respiratory cells at P20 (C) Magnification ×10, Scale 
Bar 90  μm (D) Magnification ×20, Scale Bar 180  μm.

FIGURE 3

Primary and immortalized swine respiratory cells express α2,6 sialic acid receptors. Primary (P6) and immortalized swine respiratory (P20) cells were 
seeded onto 6-well rat-tail collagen coated coverslips and stained with DAPI (blue) and either Maackia amurensis (MAA, red) or Sambucus nigra 
agglutinin (SNA, green) lectins. Magnification ×10, Scale Bar 90  μm.
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replicated poorly within the immortalized swine respiratory cell 
compared to swIAVs. The highest difference between peak titers were 
measured between A/swine/GA/2019/H1N2 (7.83 TCID50/mL), and 

A/TX/2012/H3N2 (1.17 TCID50/mL) at 72-hpi. Whilst the greatest 
difference in area under curve (AUC) was observed between A/swine/
MN/2012/H3N2 (438.5), and the A/HongKong/2014/H3N2 huIAV 

FIGURE 4

Immortalized swine respiratory cells are primarily of epithelial origin. Following harvesting, isolation, and immortalization, both the primary (P6) and 
immortalized (P20) swine respiratory cells were seeded onto 6 well rat-tail collagen coated coverslips and stained for cytokeratin 18 (green) and DAPI 
(blue). Magnification ×10.

FIGURE 5

Primary and immortalized swine respiratory cells are permissible to hu- and swIAVs. Primary (solid black line) and Immortalized (dashed red line) 
respiratory swine cells (P6 and P24 respectively), were seeded onto 6-well rat-tail collagen coated coverslips and inoculated independently with either 
A/TX/2012/H3N2 (A), A/CA/2009/H1N1 (B), A/swine/GA/2019/H1N2 (C), or A/swine/MN/2012/H3N2 (D) at an MOI of 0.1. Supernatant was harvest, 12-, 
24-, 48-, and 72-hpi and viral titers were quantified by TCID50.
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strain (181.8). Overall, the replication kinetics of the panel of IAVs 
imply that the swIAVs replicate more efficiently in the immortalized 
swine respiratory cells, which provides evidence of swine 
host specificity.

We observed no differences in the viral titers and AUC values 
between A/CA/2009/H1N1 (pdm strain), A/NewCal/1999/H1N1 
(pre-pandemic strain), and A/WI/2019/H1N1 (post-pandemic-like 
strain) at 24-, 48-, and 72-hpi (Table 1).

Wholly huIAV H3N2 strains replicate poorly 
and produce a mild pro-inflammatory 
cytokine response in immortalized swine 
respiratory cells

From the panel of H1N1, H1N2, and H3N2 hu and sw-origin 
IAVs evaluated in the immortalized swine respiratory cells (Table 1), 
we selected A/TX/2012/H3N2 and A/swine/MN/2012/H3N2 strain, 
encoding the triple reassortment internal gene (TRIG) cassette, to 
compare the replication and pro-inflammatory responses between 
wholly huIAV and swIAV H3N2 strains. Using immunohistochemistry, 
we were unable to visualize A/TX/2012/H3N2 nucleoprotein (NP) at 
24-hpi (Figure 6). Although, both the A/TX/2012/H3N2 and A/swine/
MN/2012/H3N2 NP protein was visualized at 72-hpi (Figure 6). This 
showed that there was a delay in the replication of the wholly huIAV 
H3N2 strain, compared to the TRIG swIAV H3N2 strain in the 
immortalized swine respiratory cells.

We evaluated IL-1α, IL-6, and IL-8 pro-inflammatory cytokine 
protein production from the immortalized swine respiratory cells 
following independent inoculation from either A/TX/2012/H3N2 or 
A/swine/MN/2012/H3N2. There was no significant difference in 
production of IL-1α, IL-6, and IL-8 between the A/TX/2012/H3N2 
and A/swine/MN/2012/H3N2 infected immortalized swine 
respiratory cells at 24-hpi (Figures  7D–F). Whilst IL-1α and IL-6 
secretion was significantly higher at 48-hpi when infected with A/
swine/MN/2012/H3N2 (Figures 7D,E). Additionally, IL-6 and IL-8 
secretion was significantly higher at 48-hpi following inoculation from 
either A/TX/2012/H3N2 or A/swine/MN/2012/H3N2 compared to 
the control (Figures 7E,F).

Discussion

The development of an immortalized swine respiratory cell line is 
a useful tool for the assessment of novel IAV isolates from the field. 
Swine are an important natural and intermediate reservoir host 
species and are considered the ‘mixing vessel’ for the reassortment of 
co-infecting IAV strains in a singular host, leading to the generation 
of novel strains which may pose a pandemic threat to humans. This is 
partially due to the highly diverse pool of currently circulating IAV 
strains in the swine host, which increases the potential combinations 
of novel strains evolving. In addition, many of the circulating strains 
incorporate wholly human IAV gene segments into their genome and 
generate novel strains that possess the molecular tools to transmit and 
replicate within the human host. The gold-standard in vitro model for 
assessing the pandemic potential of novel isolates at the human/swine 
interface includes primary respiratory epithelial cells isolated from the 
host and fully differentiated in ALI. However, given the time taken to 

fully differentiate the primary cell lines, we  were interested in 
developing an immortalized respiratory epithelial cell line that 
maintained the characteristic of the primary swine host. This would 
enable a more efficient pipeline for identifying the transmission and 
replication success of novel IAV isolates within the swine host and 
fast-track the development of vaccines against highly virulent strains.

In this study, we harvested and isolated respiratory cells from the 
bronchi of an 8 weeks-old Yorkshire/Hampshire swine and 
immortalized the cell line by delivering the SV40-T antigen to the 
isolated primary cells. We  demonstrated that immortalized swine 
respiratory cell lines were primarily of epithelial origin, as indicated 
through expression of CK18, which has been used as a marker for 
respiratory epithelial cells and simple epithelia (23). In addition, 
staining for potential contaminating cells, such as, fibroblasts and 
epithelial-mesenchymal transitioning (EMT) cells, revealed that there 
was a decrease in the percentage of contaminating cells following 
immortalization via SV40 T antigen transduction 
(Supplementary Figure S1). However, we were unable to develop a 
pure population of immortalized swine bronchial epithelial cells and 
our mixed immortalized swine respiratory cell line contained 
approximately 30% of undesired fibroblastic or EMT cells.

We demonstrated that both the primary and immortalized swine 
respiratory cells expressed both α2,3 and α2,6 SA receptors in a similar 
distribution to what is observed in the lower respiratory tract of the 
swine host (2, 4, 9). Since, the primary and immortalized swine 
respiratory cells expressed α2,6 SA, we proposed that both the primary 
and immortalized cell lines would be permissible to mammalian IAVs 
and would be an appropriate model to assess strains isolated at the 
human/swine interface. We measured the replication kinetics of four 
IAV isolates in both the primary and immortalized swine respiratory 
cell lines, which included the wholly human-origin A/TX/12/H3N2 
huIAV, A/CA/09/H1N1 pandemic strain (pdm09) belonging to the 
pandemic clade (1A.3.3.2), A/swine/GA/19/H1N2 delta 2 clade 
(1B.2.1), and A/swine/MN/12/H3N2 swIAVs (Figure 4). The primary 
swine respiratory cells were permissible to all tested huIAV and 
swIAVs. However, A/TX/12/H3N2 huIAV replicated to lower titers 
and for a reduced time in comparison to either of the tested swIAVs, 
or A/CA/09/H1N1 that originated from the swine host. 
We hypothesized that this phenomenon observed within the primary 
swine respiratory cells was due to a lack of adaptation of the huIAV to 
the swine respiratory cells leading to a robust innate immune response 
to prevent viral replication. Additionally, we  observed similar 
replication kinetics of the four IAVs in the immortalized swine 
respiratory cells. Although, the trends observed with the IAV titers 
were mostly exaggerated in the immortalized swine respiratory cell 
line, which we  theorize could be  caused by the immortalization 
process selecting for a more homogeneous cellular population. In 
future studies, it would be  interesting to further characterize the 
immortalized cellular population and identify molecular determinants 
that are selected for during SV40-T antigen immortalization. In 
addition, to characterize the innate immune responses within 
sub-populations of immortalized swine respiratory cells that enable 
enhanced replication of hu- and swIAVs.

We assessed the replication kinetics of an extensive panel of 
H1N1, H1N2, and H3N2 hu- and swIAVs isolated between 1999 and 
2019 in the immortalized swine respiratory cells. All isolates used in 
the study were permissible in the immortalized swine respiratory 
cells without the need of trypsin protease to enable IAV entry in the 
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host cell. This implies that protease secretion was not lost following 
SV40-T antigen immortalization. Mostly, H3N2 huIAVs replicated 
poorly in the immortalized swine respiratory cells compared to 
H1N1 or H3N2 strains encoding gene segments of swine-origin. This 
poor replication of wholly huIAV H3N2 strains has been observed 
experimentally in the swine host and requires further investigation 
from both a host and viral standpoint. Surprisingly, we observed 
similar replication titers and total AUC curve values between 
pre-pdm09 A/NewCal/99/H1N1, pdm09 A/CA/09/H1N1, and post-
pdm09 A/WI/19/H1N1 strains. The pdm strain was a novel 
reassortment of IAV gene segments of human, classical swine, and 
avian origin, which was first transmitted to the human host in early 
2009. The A/CA/2009/H1N1 strain was able to efficiently transmit 
between humans, leading to a global pandemic outbreak (24). 
Accordingly, we were surprised to observe no significant differences 
between the replication kinetics of A/NewCal/99/H1N1 and A/
CA/09/H1N1 in the immortalized swine respiratory cells. However, 
this observation may highlight limitations in utilizing solely in vitro 
assays to model the complex physiology and immunity of the swine 
host, which includes multiple physical barriers and cell types that 
determine the infectivity of IAV within the swine host. Additionally, 
previous studies have investigated the effects of temperature on the 
replication kinetics of huIAVs and swIAVs within swine host cells, 
which we did not address in this study (11, 25). It would be of interest 
to assess host body temperature and its role as a host factor that IAVs 
must overcome to efficiently replicate within primary and 
immortalized swine respiratory cells. In addition, to assess whether 
temperature influences the replication kinetics of IAVs possessing a 
specific arrangement of internal gene constellations.

We were interested in measuring the differential pro-inflammatory 
response of the cell line following inoculation of either hu- or swIAVs. 
This was because of the differences observed between the replication 
kinetics of H3N2 subtypes in the immortalized swine respiratory cells 
(Table  1). In this study, we  tested and compared A/TX/12/H3N2 
huIAV and A/swine/MN/12/H3N2 swIAV, isolated from the same 
year and of the same subtype. We found that there was a significant 
increase in the production of IL-1α and IL-6 following inoculation of 
A/swine/MN/12/H3N2 at 48 hpi, compared to inoculation from A/
TX/12/H3N2, and no significant difference in the secretion of IL-8 at 
24 and 48 hpi (Figure 7). Previously, it has been demonstrated that 
fibroblasts secrete IL-6, and under specific conditions, IL-1α (26, 27). 
Consequently, it is essential to note that the observed increase in IL-6 
and IL-1α following IAV inoculation may have been influenced by the 
proportion of contaminating cells in the primary and immortalized 
swine respiratory cell lines developed in this study. Nevertheless, 
despite this potential influence, we observed a significant increase in 
IL-1α and IL-6 production following inoculation with the swIAV 
H3N2 strain compared to the huIAV H3N2 counterpart (Figure 7). In 
the future, we want to further assess the cytokine production from the 
immortalized swine respiratory cell line inoculated with a broader 
panel of hu- and swIAVs. In addition, to extend the assessment of time 
points to compare the kinetics of secreted cytokines (28, 29).

Conclusion

We have developed an immortalized swine respiratory cell line 
that retained most of the characteristics of its primary swine 

FIGURE 6

Human-origin H3N2 strain replicates poorly in immortalized swine respiratory cells compared to swIAV H3N2 counterpart. Immortalized swine 
respiratory cells (P20) were seeded onto 6-well rat-tail collagen coated coverslips and inoculated independently with either A/swine/MN/12/H3N2 or 
A/TX/2012.H3N2 at an MOI of 0.1. At 24 hpi, coverslips were stained with NP (red), alpha/beta actin (green), and DAPI (blue). Magnification ×10, Scale 
Bar 90  μm.
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respiratory cell counterpart. The immortalized swine respiratory cell 
line was still permissive to IAVs at passage 24 and did not require the 
addition of exogenous trypsin for IAV inoculation, which is mostly 
observed in primary epithelial cell lines that have undergone airlift in 
an ALI (9, 30, 31). It is important to continue to identify potential 
applications for the immortalized swine respiratory cell line for IAV 
research. In this study, we did not assess whether the isolated primary 
and immortalized swine respiratory cells could fully differentiate in 
the ALI system, which warrants investigation because the isolated cell 
were mostly of epithelial origin. This would provide more flexibility 
for the researcher to study IAV infectivity in an appropriate model that 
maintains the biological functionality of the swine hosts lower 
respiratory tract.
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Influenza virus immune imprinting 
dictates the clinical outcomes in 
ferrets challenged with highly 
pathogenic avian influenza virus 
H5N1
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Zoonotic transmission of H5N1 highly pathogenic avian influenza virus (HPAIV) 
into the human population is an increasing global threat. The recent 2022 HPAIV 
outbreak significantly highlighted this possibility, increasing concern in the 
general population. The clinical outcomes of H5N1 influenza virus exposure can 
be  determined by an individual’s primary influenza virus infection (imprinting) 
or vaccination status. Immunological imprinting with Group  1 - (H1N1, H2N2, 
and H2N3) increases survival rates following H5N1 viral infection compared to  
Group 2 - (H3N2) imprinted individuals. Vaccination against H5N1 influenza viruses 
can offer protection to at-risk populations; however, stockpiled inactivated H5N1 
influenza vaccines are not readily available to the public. We  hypothesize that 
the immunological response to vaccination and subsequent clinical outcome 
following H5N1 influenza virus infection is correlated with the immunological 
imprinting status of an individual. To test this hypothesis, our lab established a 
ferret pre-immune model of disease. Naïve ferrets were intranasally inoculated 
with seasonal influenza viruses and allowed to recover for 84  days prior to H5N1 
virus infection. Ferrets imprinted following H1N1 and H2N3 virus infections 
were completely protected against lethal H5N1 influenza virus challenge (100% 
survival), with few to no clinical symptoms. In comparison, H3N2 influenza virus-
imprinted ferrets had severe clinical symptoms, delayed disease progression, 
and a sublethal phenotype (40% mortality). Consecutive infections with H1N1 
influenza viruses followed by an H3N2 influenza virus infection did not abrogate 
the immune protection induced by the original H1N1 influenza virus infection. 
In addition, ferrets consecutively infected with H1N1 and H2N3 viruses had no 
clinical symptoms or weight loss. H3N2 pre-immune ferrets were vaccinated 
with a broadly reactive H5 HA-based or H1 NA-based vaccine (Hu-CO 2). These 
ferrets were protected against H5N1 influenza virus challenge, whereas ferrets 
vaccinated with the H1N1 wild-type CA/09 rHA vaccine had similar phenotypes 
as non-vaccinated H3N2-imprinted ferrets with 40% survival. Overall, Group 2 
imprinted ferrets, which were vaccinated with heterologous Group 1 HA vaccines, 
had redirected immune responses to Group 1 influenza viral antigens and rescued 
a sublethal phenotype to complete protection.
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H5N1, pre-immunity, influenza imprinting, universal influenza vaccine, highly 
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1 Introduction

Primary influenza virus infection elicits a life-long imprint on the 
immune system, which further dictates serological and cellular 
immune responses upon re-infection (1). This imprinting, also known 
as “antigenic sin” (2) or “antigenic seniority” (3) is thought to dampen 
the serological response against subsequent infection with 
heterologous viral strains. Subsequent infection with influenza viruses 
recall antibody responses against shared antigens, even if the original 
antigen becomes a secondary or lesser component (4). The term 
original antigenic sin (OAS) has been correlated with negative effects, 
such that recall responses are targeted toward antigenic epitopes that 
have undergone antigenic drift, and recognition of the drift variant is 
lost (5). There is an ineffective cross-reactive immune response to new 
viral strains while maintaining protective antibody titers to the 
primary infection strain (6, 7). Some studies have shown that repeated 
vaccination results in a diminished antibody response to viral antigens 
(8, 9). However, these studies measured antibody protection through 
hemagglutinin inhibition assay (HAI) that only measures the antibody 
response against the hemagglutinin (HA) head to block sialic acid 
binding. Repeated vaccination can elicit antibody responses against 
HA-stem regions, which are not detectable via HAI (10). Following 
viral infection or seasonal vaccination, there is a pre-immune status 
that often narrows antibody cross-reactivity to influenza viruses. This 
is dependent on the age or date of birth of the individual (3, 11–13) 
but does not inhibit the immune response to unique influenza 
virus strains.

Although the induction of pre-immunity with seasonal influenza 
viruses has been previously investigated, the effects of pandemic 
H5N1 avian influenza virus (AIV) vaccination on a seasonal 
pre-immune background in ferrets are less well understood. There is 
an age-related response against H5N1 viral infection in humans with 
incidence and mortality due to H5N1 infection being highest in 
individuals born between the years 1957 and 2009 (14). Older adults 
with no record of prior exposure to AIV had heterotypic antibodies 
against H9N2 and H5N1 viruses (15). People immunized with 
seasonal influenza vaccines during the seasons between 2006 and 2011 
had increased cross-protective antibodies (15). Out of the 174 
participants, 25 had seroconverted levels of antibodies to the H5N1 
(A/Vietnam/1194/2004) virus after seasonal influenza vaccination. 
However, out of those who had seroconverted only 1.1% had HAI 
antibody titers above 1:40 (15). It is speculated that because of the age 
of the individuals (74–79 mean age), they had been exposed to viruses 
similar to the Spanish influenza virus (H1N1 virus). This data is in 
agreement with the epidemiological study performed by Gostic et al. 
(14) that suggested individuals born after 1957 were most susceptible 
to H5N1 viral morbidity and were most likely to be imprinted with 
H3N2 viruses (14). This study found that primary infections of the 
seasonal influenza virus correlated with protection against the same 
influenza HA group, which is determined phylogenetically. Influenza 
virus HA proteins are antigenically divided into two groups: group 1, 
which contains viral subgroups H1, H5, and H2, and group 2, which 
contains H3, H7, and H9 (16). Individuals born before 1957, who were 
most likely imprinted with a group 1 influenza virus (H1N1) had 
lower case incidences of H5N1 (group  1) viral infection (14). 
Pre-immunity with group 1 or group 2 viruses leaves a long-lasting 
effect on the immunological response against exposure to heterologous 
viruses. This pre-immune status will ultimately influence 

pre-pandemic vaccination strategies and must be investigated in order 
to produce a successful H5N1 vaccine.

The development of a protective avian influenza vaccine has 
proven to be a difficult task. A pandemic avian influenza vaccine 
should be  capable of inducing long-lasting memory response, 
neutralizing titers, cross-clade protection, and cellular and humoral 
responses in the occurrence of an outbreak. Human clinical trials with 
avian influenza vaccinations have shown varying results and 
complications. Avian influenza vaccines delivered as inactivated 
viruses are a safe approach to immunizing naïve populations but can 
also have negative setbacks. Inactivated vaccines take 6 months to 
produce and can often result in limited immunogenicity and elicit a 
poor cellular immune response (17). Inactivated vaccines are also 
often grown in eggs, which introduces a large amount of egg proteins 
and can sometimes have vaccine reactogenicity, especially in people 
who are younger than 23 years of age (18). Egg viral growth can also 
introduce glycosylation that is normally not present in the wild-type 
strain of the virus and can result in a vaccine that is not protective 
against circulating strains (19). The growth of HPAI viruses is also 
highly lethal to embryos and is often difficult to propagate safely in 
eggs (17). Most inactivated vaccines for H5N1 are poorly 
immunogenic and require at least two doses to elicit a long-lasting 
immune response (17). Unadjuvanted inactivated split virus and 
sub-unit H5N1 vaccines elicit neutralizing antibody titers in only 58% 
of individuals who are vaccinated (20). Antibody titers in these 
recipients decreased substantially 6 months after their second dose 
(20). The recipients were therefore offered a third dose to boost their 
antibody response, and protective titers were seen in 78 and 67% 
depending on the dose (21). Other studies have shown that the 
combination of inactivated influenza and adjuvant can induce a long-
lasting response; however, the vaccine doses were very high, and 
neutralizing antibody titers were highest in children aged 6 months to 
17 years of age (22, 23). Recombinant protein-based vaccines have 
shown promising results; rHA vaccines are well tolerated but do not 
easily elicit neutralizing antibodies after two doses (24). The current 
pre-pandemic vaccine that is stockpiled is a subvirion vaccine with 
recombinant H5N1 HA derived from the A/Vietnam/1203/2004 virus. 
Although this vaccine was well tolerated, it only induced neutralizing 
titers in 43% of the participants (20). Heterologous prime-boost 
regimens performed with this sub-unit vaccine, however, have been 
seen to induce cross-clade protection, specifically to clade 2.3.4.4 
viruses (25, 26). However, there are still challenges to providing 
protection against highly variable and rapidly diverging strains of 
avian influenza viruses and a limited number of antigens that can 
be stockpiled.

In order to test vaccine efficacy and pre-immunity, an influenza 
model must be utilized. Fitch ferrets are commonly used as influenza 
experimental models. Although mice are most commonly used for 
influenza research, they lack clinical symptoms that follow influenza 
infection such as fever, sneezing, nasal discharge, and inflammation 
(27). The ferret is the only animal that displays clinical symptoms that 
are similar to those of humans. Ferrets were discovered as influenza 
models in 1933; they can be infected with influenza A viruses that do 
not require adaptation (28). Ferrets can also transmit influenza viruses 
to susceptible cage mates and carry the 𝛼-2,6 linked sialic acid 
receptors in their upper respiratory tract, which helps transmit the 
virus via airborne droplets (29, 30). Because of the extensive nature of 
housing ferrets, sample sizes for experimental purposes are often small 
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(n = 4–5). The investigation of pandemic viruses such as H5N1 and 
H7N9 has increased the use of ferrets in influenza studies.

The effect of pre-immunity on pandemic vaccination has not yet 
been investigated. As previously mentioned, pre-immune status 
greatly determines an individual’s antibody production and repertoire 
and must be considered when developing a vaccine for pandemic 
preparedness. This study aimed to determine the protective response 
of group 1 vs. group 2 pre-immunity on H5N1 infection and the 
responses to vaccination depending on pre-immunity. Monovalent 
HA or NA recombinant proteins were used to vaccinate pre-immune 
ferrets prior to challenge. Specifically, the chimeric HA protein named 
Human COBRA 2 (computationally optimized broadly reactive 
antigen) was tested in H3N2 pre-immune ferrets in an attempt to offer 
complete protection. Our results show that ferrets that were 
convalescent for group  1 seasonal influenza virus maintained an 
antibody repertoire that was capable of neutralizing HPAI H5N1 virus 
challenge. Ferrets that were imprinted with a group 2 virus were not 
100% protected against infection compared to the group 1 imprinted 
cohort. Sequential infection with the group 1 and group 2 viruses did 
not inhibit the imprinting effect and protection against 
H5N1 challenge.

2 Methods

2.1 Virus-like particle vaccine preparation

Mammalian 293 T HEK cells were transfected with each of three 
plasmids expressing the influenza neuraminidase A/Thailand/01/2004 
(H5N1), the HIV p55 Gag sequences, and Human COBRA HA 
expressing plasmids on previously described mammalian expression 
vectors. After 72 h of incubation at 37°C, supernatants from transiently 
transfected cells were collected, centrifuged to remove cellular debris, 
and filtered through a 0.22-μm-pore-size membrane. Mammalian-
derived VLPs were purified and sedimented by ultracentrifugation on 
a 20% glycerol cushion at 27,000 rpm for 4 h at 4°C. VLPs were 
resuspended in phosphate-buffered saline (PBS), and the total protein 
concentration was assessed by a conventional bicinchoninic acid assay. 
The hemagglutination activity of each preparation of VLPs was 
determined by adding an equal volume of Horse red blood cells 
(RBCs) to a V-bottom 96-well plate, followed by incubation with 
serially diluted volumes of VLPs for 60 min at room temperature.

2.2 Recombinant protein vaccine 
preparation

Soluble recombinant HA or NA was also produced for vaccination. 
The HA/NA gene cassettes expressing wild type or Human COBRA 
HA recombinant protein were cloned into mammalian DNA 
expression plasmid pcDNA 3.1/Zeo(+)vector (Thermo Fisher 
Scientific) and were synthesized by Genewiz (South Plainfield, NJ). 
The plasmid was transformed into a TOP10 bacterial cell line and was 
purified using Zympure maxi-prep. The HA1 fragment, which 
contained a KPNI site was removed from the plasmid and was moved 
into an acceptor vector containing the Hu-CO2 HA2 domain. The 
final gene of the HA protein contained an extracellular domain that 
was terminally fused with the trimeric domain of T4 fibritin, an 

AviTag sequence, and a hexahistidine affinity tag for purification (31). 
Each DNA plasmid containing either wild-type or COBRA antigens 
was transiently transfected into an Expi293F HEK suspension cell line 
(Thermo Fisher Scientific) and was allowed to incubate for 72 h at 
37°C (5% CO2). Supernatants were collected and tested for protein 
expression through BCA and Western Blot (His tag antibody). The 
cells were then pelleted down and the supernatant was purified for 
protein collection. Soluble HA protein was purified via AKTA Pure 
System using HisTrap columns following the manufacturer’s protocol. 
Eluted fractions were pooled and purified, protein concentration was 
tested using an anti-HIS tag antibody (Biolegend, San Diego, CA, 
United States) using SDS-PAGE and Western blot (32).

2.3 Determination of hemagglutinin 
protein content in VLPS

Protein concentration was determined by MicroBCA™ Protein 
Assay Kit (Thermo Fisher Scientific; Pittsburgh, PA, United States). 
HA concentration was determined by western blot and densitometry. 
Purified VLPs were prepared in standard total protein amounts and 
were electrophoresed on 10% SDS-PAGE gel and transferred to a 
PVDF membrane. The blot was probed with an anti-HA clade 1 
influenza A virus (Immune Technology Corporation; New York, NY, 
United States) monoclonal antibody. HA-antibody complexes were 
detected using a goat anti-mouse IgG conjugated to horse radish 
peroxidase (HRP) (Southern Biotech; Birmingham, AL, United States). 
HRP was detected by chemiluminescent substrate Clarity™ Western 
ECL substrate (Bio-Rad Laboratories; Hercules, CA, United States). 
The density of WT HA bands was used to calculate a standard curve 
and the density of the purified VLPs was interpolated using the results 
from the WT HA. Experiments were performed in duplicates. The 
density of bands was determined using myImageAnalysis™ Software 
(Thermo Fisher Scientific, Waltham, MA, United States).

2.4 Viruses

H1N1, H3N2, and H2N3 viruses were obtained through the 
Influenza Reagents Resource (IRR), BEI Resources, or the CDC or 
were provided by Sanofi-Pasteur. Viruses were passaged once under the 
same growth conditions as they were received in embryonated chicken 
eggs with the instructions provided by the WHO. Titers of virus lots 
were determined with both guinea pig and turkey erythrocytes and 
divided into aliquots for single-use applications. Viruses used to infect 
ferrets were as follows: H1N1: A/Singapore/6/1986 (A/Sing/86, 1×106 
pfu/mL), A/California/07/2009 (A/CA/09) and A/AA/Marton/1943 
(A/Mar/43). H3N2: A/Panama/2007/1999 (A/Pan/99, 1×106 pfu/mL), 
A/Port Chalmers/1/1973 (A/PC/73), A/Hong Kong/1/1968 (A/
HK/68), A/Texas/50/2012 (A/TX/12). H2N3: A/Swine/
Missouri/4296424/2006 (A/sw/MO/06). H5N1: A/Vietnam/1203/2004 
(A/VN/04, 1×105 pfu/mL).

2.5 Animal studies

Fitch ferrets (Mustela putorius furo, female and male, 6 to 
12 months of age), were de-scented and purchased from Triple F 
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Farms (Sayre, PA) or sent to us by our collaborator Dr. Alyson Kelvin 
from Dalhousie University. Ferrets were pair housed in stainless-steel 
cages (Shor-line Kansas City, KS) containing Sani-Chips laboratory 
animal bedding (P J. Murphy Forse Products, Montville, NJ). Ferrets 
were provided with Teklad Global Ferret Diet (Harlan Teklad, 
Madison WIS) and freshwater ad libitum. The University of Georgia 
Institutional Animal Care and Use Committee approved all 
experiments, which were conducted in accordance with the National 
Research Council’s Guide for the Care and Use of Laboratory Animals, 
The Animal Welfare Act, and the CDC/NIH Biosafety in 
Microbiological and Biomedical Laboratories guide. In order to 
determine negative immunological status, ferrets were bled 2 weeks 
prior to study initiation, and RDE-treated sera were tested for 
hemagglutinin inhibition assay-detectable antibodies against a panel 
of seasonal influenza viruses (H1N1, H3N2, H5N1, H5N2, H5N6, 
H5N8) and influenza B viruses (data not shown). Ferrets (n = 6–8) 
were intranasally inoculated with an H1N1 seasonal isolate or an 
H3N2 isolate. Animals were monitored for weight loss, loss of activity, 
nasal discharge, sneezing, and diarrhea and were allowed to recover 
for a predetermined time of 84 days. The recovery date was empirically 
determined prior to this study (unpublished) and since has been used 
in multiple models of pre-immunity (9–12). Ferrets were tested on 
days 30, 45, 60, and 84 post-infection for infection and vaccine 
immunogenicity. Ferrets that recovered withing 30-45 days did not 
experience viral infection or elicit antibodies against vaccine-specific 
antigens when immunized. Serum HAI titers tested 60 days post-
infection showed significantly reduced reactivity, and by day 84, 
pre-immunized ferrets elicited vaccine-antigen-specific antibodies 
and experienced viral infection post-inoculation, which was 
determined by weight loss, fevers, and clinical symptoms. On day 84, 
ferrets were vaccinated with either VLP, rHA antigens, or inactivated 
seasonal influenza vaccine intramuscularly. Two weeks following 
vaccination, ferrets were bled to assess the serological antibody 
response against homologous and heterologous avian influenza 
strains. If antibody titers are not elicited after one vaccination, ferrets 
may have to be boosted for a second time. Vaccines consisted of 15 μg 
or rHA formulated with Addavax™ adjuvant at a 1:1 ratio. Four weeks 
after final vaccination, ferrets were challenged intranasally with 1 × 104 
or 1×105 plaque-forming units (PFU) of the highly pathogenic H5N1 
virus A/VN/2004 (Clade 1) in a volume of 0.5 mL in each nostril for 
a total infection volume of 1 mL. Ferrets were monitored daily for 
weight loss, disease signs, and death for 14 days after infection. 
Individual body weights, sickness scores, and death were recorded for 
each group on each day after inoculation. Sickness scores were 
determined by evaluating activity (0 = normal, 1 = alert and active with 
stimulation, 2 = alert but not active after stimulation, 3 = not alert or 
active after stimulation), nasal discharge (0 = absent, 1 = present), 
sneezing (0 = absent, 1 = present), decreased food intake (0 = absent, 
1 = present), diarrhea (0 = absent, 1 = present), dyspnea (0 = absent, 
1 = present), and neurological symptoms (0 = absent, 3 = present). 
Nasal washes were conducted on day 3 after inoculation. Washes were 
collected and stored at −80°C until use. The experimental endpoint 
was defined as >25% weight loss, development of neurological 
symptoms, or an activity score of 3 (not active or alert after 
stimulation). All H5N1 influenza virus studies were performed under 
high-containment biosafety level 3 enhanced conditions (BSL3+). All 
procedures were in accordance with the NRC Guide for the Care and 
Use of Laboratory Animals, the Animal Welfare 3,046 B.M. Giles, 

T.M. Ross / Vaccine 29 (2011) 3043–3,054 Act, and the CDC/NIH 
Biosafety in Microbiological and Biomedical Laboratories.

2.6 Elisa

Immulon 4HBX plates (Thermo Fisher) were coated overnight at 
4°C with cH6/1 in carbonate buffer (pH 9.4) at 0.5 μg/mL containing 
5 μg/mL fraction V bovine serum albumin (BSA [Equitech-Bio, 
Kerrville, TX]; 50 μL/well) in a humidified chamber. The plates were 
then blocked with 200 μL/well of ELISA blocking buffer (PBS 
containing 0.2% BSA plus 0.1% bovine gelatin and 0.05% Tween 20) 
for 1.5 h at 37°C. Serum samples were serially diluted in blocking 
buffer, and the plates were incubated overnight at 4°C. The plates were 
washed three times with PBS-Tween (PBS-T, 0.05%). Then, 100 μL/
well of biotinylated goat anti-ferret IgG H&L HRP (Cambridge, MA) 
diluted at 1:10000 in blocking buffer was added, and the plates were 
incubated for 1 h at 37°C. The plates were washed four times with 
PBS-T. Then, 100 μL of ABTS [2,2-Azinobis-(3-ethylbenz 
thiazolinesulfonic acid); AMRESCO, Solon, OH] substrate with 0.16% 
H2O2 was added, and the plates were incubated at 37°C for 25 min. 
Colorimetric conversion was terminated by the addition of 5% SDS 
(50 μL/well), and the optical density was measured at 414 nm using a 
spectrophotometer (BioTek, Winooski, VT). After subtraction of the 
background, endpoint titers were determined as the reciprocal 
dilution of the last well, which had an OD414 above the mean OD414 
plus three times the standard deviations of naïve animal sera.

2.7 Plaque assays

Plaque assays were performed in a high-level biosafety 
containment facility. Lung samples and nasal wash samples taken on 
day 3 post-infection were snap frozen and kept at −80°C until 
processing. Lungs were homogenized using a plunger and 0.2 μm 
strainer. Madin-Darby canine kidney (MDCK) cells were seeded 24 h 
prior to use at (5×105) in each well of a six-well plate. The nasal wash 
and lung homogenate samples were diluted (final dilution factors of 
100 to 106) and overlaid on the cells in 200 μL of Dulbecco’s modified 
Eagle medium supplemented with penicillin–streptomycin, followed 
by incubation for 1 h in 37°C with 5% CO2. Samples were removed, 
the cells were washed twice, and the medium was replaced with 2 mL 
of L15 medium plus 0.8% agarose (Cambrex, East Rutherford, NJ), 
followed by further incubation for 72 h at 37°C with 5% CO2. The 
agarose was removed and discarded. The cells were fixed with 10% 
buffered formalin for 10 min and then stained with 1% crystal violet 
for 5 min. The plates were then thoroughly washed in distilled water 
to remove excess crystal violet before being air-dried; the number of 
plaques was then counted, and the number of PFU per milliliter 
was calculated.

2.8 H&E staining

To assess the viral replication and pathological effect of infection, 
mice (n = 3) were euthanized 3 days post-infection. The right lung lobes 
were taken for viral plaques and the incision was clamped with a 
hemostat; a 22-gauge needle was then used to puncture the apex of the 
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heart and sterile PBS was perfused throughout the mouse for 2–3 min. 
After the blood was efficiently removed from the lungs, 10% formalin 
was then perfused to fix the left lobes. Lungs were removed and placed 
into formalin for 1 week prior to paraffin embedding. Mouse lungs were 
embedded into paraffin and were cut using a Lecia microtome. 
Transverse 5 μm sections were placed onto Apex superior adhesive glass 
slides (Leica biosystem Inc., IL, United States), which were coated for a 
positive charge, and were processed for H&E staining. Sections were 
deparaffinized in Xylene and hydrated using different concentrations 
of ethanol (100, 95, 80, and 75%) for 2 min each. Deparaffinized and 
hydrated lung sections were stained with Hematoxylin (MilliporeSigma, 
MA, United States) for 8 min at RT, differentiated in 1% acid alcohol for 
10 s, and then counterstained with Eosin (Millipore sigma, MA, 
United  States) for 30s; slides were dehydrated with 95 and 100% 
ethanol, cleared by Xylene, and mounted using Permount® mounting 
media (Thermo Fisher Scientific, MA, United States).

3 Results

3.1 Influenza group imprinting determines 
disease and survival in a pre-immune ferret 
model

To determine the effect of seasonal influenza A virus imprinting 
on pandemic H5N1 infection, naïve female ferrets (n = 6) were 
intranasally inoculated (imprinted) with either an H1N1 influenza 
virus (A/Sing/86), an H3N2 influenza virus (A/Pan/99), or PBS as a 

control (Figure 1). Following seasonal influenza virus inoculation, 
ferrets were allowed to convalesce for 84 days and were then 
transported to a high-level animal biosafety facility (ABSL-3).

Ferrets were briefly anesthetized and intranasally challenged with 
the H5N1 influenza virus, VN/04 (1×105 pfu). Weights and clinical 
scores were observed daily until ferrets reached a humane endpoint or 
until the end of the study (Figure 1). Ferrets that were previously 
inoculated with A/Sing/86 (H1N1) experienced little weight loss and 
had no clinical signs for 14 days following H5N1 viral infection 
(Figures 2A,B). However, ferrets that were imprinted with seasonal 
influenza virus A/Pan/99 (H3N2) experienced significant weight loss 
and developed multiple clinical symptoms as early as 6 days post 
H5N1 challenge (Figures 2A,B). Symptoms in this group including 
lethargy, weight loss, and neurological symptoms resulted in humane 
euthanasia (Figure 2C). H3N2 influenza virus-imprinted ferrets began 
to succumb to disease on day 6 post-challenge (Figure 2C), ultimately 
having a 66% lethality rate. Weight loss comparison between H1N1 
and H3N2 influenza virus-imprinted ferrets was statistically 
significant between day 3 and day 6 post-challenge (Figure 2F). Ferrets 
that were inoculated with PBS in-lieu of seasonal influenza virus 
experienced significant weight loss (Figure 2A) and severe clinical 
symptoms (Figure  2B) and ultimately resulted in 100% mortality 
(Figure 2C) within 10 days following H5N1 influenza virus inoculation.

Sera collected from convalescent ferrets immediately prior to A/
VN/04 viral challenge were tested for antibody reactivity against the 
HA protein of the A/VN/04 viral challenge strain in an ELISA binding 
assay (Figure 2D). Four out of six ferrets imprinted with the H1N1 
virus had cross-reactive antibody titers against the HA of the H5N1 

FIGURE 1

Schematic representation of pre-immune ferret study. Naïve fitch ferrets (Mustela putorius furo, female) 6–8  months of age were intranasally infected 
with a Group 1 influenza virus (H1N1 A/Sing/86), Group 2 influenza virus (H3N2 A/Pan/99), or PBS (control) and were monitored for 14  days following 
infection. Sera was collected to test for antibody responses on days 14, 28, and 84 post-preimmunization. Ferrets were allowed to recover for 84  days 
post-challenge. Ferrets were transported into a high-level biocontainment facility for H5N1 challenge with VN/04 (1×105 pfu/ml) and were monitored 
daily for weight loss and clinical symptoms. On day 3 post-challenge, ferrets were briefly anesthetized, and nasal wash specimens were taken to test 
for viral titers. The study was terminated 14  days post-challenge.
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FIGURE 2

H1N1 imprinting provides complete protection against H5N1 challenge in naïve female ferrets. Survival was assessed in each pre-immune group and 
control. (A) Bodyweight curve of re-immunized female fitch ferrets. A/Sing/86 (H1N1), A/Pan/99 (H3N2), and control (PBS). (B) Clinical scores were 
recorded for each ferret following challenge. (C) Survival curves obtained following H5N1 HPAI challenge. Statistical analysis performed on PRSIM™ 
software using Log-rank Mantel-Cox test (H1N1 vs. PBS, p  =  0.0004, H3N2 vs. PBS, P  =  ns, H1N1 vs. H3N2, p  =  0.0178). (D) Detection of rHA VN/04 
antibodies in pre-immune ferret sera collected on day 84 pre-infection. (F) Statistical analysis of body weight loss between imprinting groups post-
exposure performed on PRSIM™ software using two-way ANOVA. Statistical differences were indicated as asterisks: *p  <  0.05, **p  <  0.01, ***p  <  0.001, 
****p  <  0.001; ns, no significance. (E) Detection of rHA C6/1 antibodies in pre-immune ferret sera collected on day 84 pre-infection.

viral challenge strain A/VN/04 (Figure 2D), whereas only two ferrets 
imprinted with the H3N2 influenza virus had cross-reactive antibodies 
against the A/VN/04 HA protein. Interestingly, the two ferrets that 
had A/VN/04 HA cross-reactive antibodies survived challenge against 
the A/VN/04 H5N1 virus (Figures 2C,D). Additional ELISA assays 
confirmed seroconversion to the pre-immune challenge strains 
14 days after inoculation (Supplementary Figure S1). To elucidate the 
mechanisms of antibody protection against H5N1 viral challenge, 
ferret sera were tested for binding antibodies against chimeric HA 
protein C6/1. Binding was detected against the specific HA chimeric 
protein with cross-reactive stalk antibodies. Only two ferrets from the 
H1N1 imprinted group had HAI titers against the C6/1 chimeric HA 
protein. From this preliminary data, we conclude that influenza virus 
group imprinting determines the ability to recall cellular immune 
responses and mount a protective response against pandemic H5N1 
challenge that does not include an anti-stem binding antibody.

3.2 Sequential infection with a group 2 
virus does not inhibit group 1 influenza 
virus imprinting

Next, ferrets were sequentially infected with Group 2 HA (H3N2) 
influenza viruses to determine whether the memory response of 

Group  1 HA (H1N1)-imprinted ferrets was skewed and deterred 
protection against pandemic H5N1 infection. This study also utilized 
distinct H1N1 and H3N2 influenza viral strains to further test the 
hypothesis of influenza viral Group 1 HA imprinting eliciting cross-
reactive protection against Group 1 HPAI viral challenge and that 
protection is not based on specific H1N1 strains. Male naïve ferrets 
(n = 12) were inoculated with either A/Mar/43 viral strain (H1N1) or 
A/HK/68 viral strain (H3N2) or were sequentially infected first with 
A/Mar/43, then A/HK/68 30 days later. Ferrets in all groups were 
allowed to convalesce for 60 days following the last intranasal infection 
and were moved into a high-level ABSL-3 facility prior to challenge 
with H5N1 influenza virus, A/VN/04 (Figure  3). Similar to the 
previous study, ferrets that were imprinted with an H1N1 influenza 
virus had no weight loss (Figure  4A), no clinical symptoms 
(Figure 4B), and no mortality (Figure 4C) following H5N1 influenza 
viral challenge. Ferrets that were imprinted with an H3N2 influenza 
virus had severe and statistically significant weight loss (Figure 4A) 
and increased clinical scores (Figure 4B) and had 100% mortality 
(Figure 4C) within 7 days following H5N1 influenza viral challenge. 
H3N2 influenza virus-imprinted ferrets had severe signs of disease 
that reached humane endpoints prior to losing 20% of their original 
weight (Figures  4A,B). Most noticeably, H3N2 influenza virus-
imprinted ferrets developed neurological symptoms, extreme lethargy, 
and hind limb paralysis prior to losing 75% of their original body 
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weight (Figure 4B) and had a range of viral titers collected from nasal 
wash samples (Figure 4D). Similar to H1N1influenza virus-imprinted 
ferrets, H1N1 influenza virus infection followed by H3N2 influenza 
virus infection had little to no weight loss (Figure 4A) and no clinical 
symptoms (Figure 4B), and there was no mortality (Figure 4C). There 
was no statistical significance in ferret weights between H1N1 and 
H3N2 pre-immune groups on day 1 post-infection (Figure  4F). 
However, ferrets administered H1N1 followed by H3N2 influenza 
viruses and ferrets infected with H3N2 virus only had statistically 
lower weights on days 2–5 PI than ferrets infected with H1N1 
influenza viruses only (Figure  4F). This analysis between weight 
curves suggests that sequentially inoculated ferrets experienced 
greater weight gain compared to the H1N1 pre-immunized group 
(Figure 4F). It is important to note here that the age of the male ferrets 
in this group, 4–6 months, influences weight curves as younger ferrets 
commonly gain weight throughout an experiment, whereas adult 
ferrets’ weight is stabilized. Therefore, the lack of weight gain in young 
ferrets can also be indicative of disease.

Nasal washes from all ferrets (n = 12) were collected on day 3 post-
challenge to determine viral titers in the nasal cavity. As expected, only 
ferrets that were imprinted with the H3N2 virus were found to contain 
measurable virus in the nasal wash specimens (Figure 4D). In addition 
to nasal washes, ferrets from each group (n = 4) were humanely 
euthanized and lung punches were taken from the upper and lower 
quadrants of the right lungs. Plaque assays were performed to 
determine viral titers; upper and lower lung punches taken from 

ferrets pre-immunized with the H1N1 influenza virus or sequentially 
infected with the H1N1 and H3N2 influenza viruses had no viral lung 
titers (Figure  4E). However, punches taken from H3N2 influenza 
virus-infected ferrets had high titers in both upper and lower 
quadrants (Figure 4E).

Serological data taken from a subset of ferrets (n = 4) was tested 
for cross-reactive antibodies against A/VN/04-HA and C6/1-HA 
recombinant protein. H1N1 pre-immunized ferret sera contained 
detectable antibody titers against the A/VN/04-HA protein, whereas 
H3N2 pre-immune ferrets did not contain detectable antibody titers 
against A/VN/04 HA (Supplementary Figure S2A). Sera tested against 
the chimeric C6/1 stalk protein revealed no significant differences 
between pre-immune groups (Supplementary Figure S2B), further 
solidifying our hypothesis that HA-stalk antibodies do not aid in the 
protection against heterosubtypic H5N1 viral challenge.

3.3 Group 1 HA from H2N3 virus provides 
protection from heterosubtypic challenge 
of A/VN/04 H5N1 virus

Although ferrets with pre-existing immunity to H1N1 
influenza viruses are protected against H5N1 influenza virus 
challenge, further determination of group 1 HA viral inoculation 
elicits protective immune responses against H5N1 viral challenge. 
Female ferrets (6–8 months) were pre-immunized with either an 

FIGURE 3

Schematic representation of secondary pre-immune ferret study. Male fitch ferrets (n  =  12) were intranasally infected with live virus at 4–6  months of 
age using either H1N1 (A/Mar/43), H3N2 (A/HK/68), or both in a sequential infection. Sequentially infected ferrets were allowed to recover for 30  days 
between challenges. All groups recovered for 60  days and were challenged intranasally using highly pathogenic avian influenza (HPAI) H5N1 A/VN/04 
(PFU 1×105). Studies using HPAI were performed in a BSL3 select agent accredited facility. Ferrets were monitored for 14  days following challenge.

94

https://doi.org/10.3389/fvets.2023.1286758
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Nuñez et al. 10.3389/fvets.2023.1286758

Frontiers in Veterinary Science 08 frontiersin.org

FIGURE 4

Sequential infection with a group 2 HA influenza virus does not deter primary group 1 imprinting protection. (A) Bodyweight curve of pre-immunized 
male fitch ferrets, n  =  12 per group. (B) Clinical scores were recorded daily for each ferret following challenge. (C) Survival curves were obtained 
following H5N1 HPAI challenge. Statistical analysis performed on PRSIM™ using Log-rank Mantel-Cox test (H1N1 vs. H1N1  +  H3N2, p  =  0.0091, H1N1 
vs. H3N2, P  =  ns, H3N2 vs. H1N1  +  H3N2, p  =  0.0091). (D) Nasal wash samples taken on Day 2 PI tested for detectable viral titers using plaque assay 
(plaque forming units  =  PFU). Statistical analysis was performed on PRISM™ using one-way ANOVA non-parametric Kruskal-Wallis test (p  <  0.0001). 
Dunn’s multiple comparison test analysis was calculated and the results are indicated on the graph as asterisks: *p  <  0.05, **p  <  0.01, ***p  <  0.001, 
****p  <  0.001; ns, no significance. (E) Lung punch samples taken on Day 2 PI tested for detectable viral titers using plaque assay (plaque-forming 
units  =  PFU). Statistical analysis was performed on PRISM™ using one-way ANOVA non-parametric Kruskal-Wallis test (p  <  0.0038). Dunn’s multiple 
comparison test analysis was calculated and the results are indicated on the graph as asterisks: *p  <  0.05, **p  <  0.01, ***p  <  0.001, ****p  <  0.001; ns, no 
significance. (F) Statistical analysis of body weight loss between day 1 and day 5 post-infection (PI) performed on PRISM™ using two-way ANOVA. 
Statistical differences were calculated and indicated as asterisks: *p  <  0.05, **p  <  0.01, ***p  <  0.001, ****p  <  0.001; ns, no significance.

H3N2 (A/PC/73, n = 3), H2N3 (sw/MO/06, n = 4), or sequential 
vaccination of H1N1 then H2N3 (A/CA/09 and A/sw/MO/06, 
n = 4) and were allowed to recover for 84 days prior to challenge 
with H5N1 virus (Figure  5). Aligning with previous data, 
pre-immune H3N2 viral ferrets experienced significant weight loss 
compared to H2N3 (group  1) pre-immunized ferrets 
(Figures  6A,E). H3N2 pre-immune ferrets displayed a 33% 
mortality rate following H5N1 viral challenge (Figure  6B). 
However, H2N3-imprinted ferrets experienced no significant 
weight loss and all survived challenge, along with H1N1 and H2N3 
sequentially infected ferrets (Figure  6B). Statistical analysis of 
weight loss using two-way-ANOVA (p = 0.0007) and Tukey’s 
multiple comparisons showed significant weight differences 
between H3N2 and H2N3 and/or H1 + H2 pre-immune groups on 
Day 6-Day 9 post-infection (Figure 6F).

H3N2 influenza virus-infected ferrets were vaccinated with 
Hu-CO-2 virus-like particle vaccines formulated with Addavax™. 
Four weeks following the last boost, ferrets were intranasally 
challenged with the H5N1 virus. There were no observable clinical 
symptoms, weight loss (Figure 6C), or mortality (Figure 6D) following 
challenge. Sera taken from Ferrets had an increase in HAI activity 

against the A/VN/04 virus on days 84 and 140 following vaccination 
(Figure 6E).

3.4 Recombinant protein vaccination 
protects ferrets from lethal challenge with 
H5N1 virus

While ferrets imprinted with group 1 influenza viruses can induce 
protective immune responses against H5N1 challenge, the exact 
mechanism of protection is unclear. To better understand this 
phenomenon, both female and male ferrets were pre-immunized with 
an H3N2 influenza virus (A/TX/12) and then vaccinated with HA or 
NA protein vaccines followed by challenge with an H5N1 A/VN/04 
influenza virus (1×105 pfu/ml) (Figure 7).

Pre-immune ferrets vaccinated with A/CA/09-HA rapidly lost 
weight and by day 5 post-infection, 50% of the ferrets had died, 
which was similar to mock vaccinated ferrets except that all the 
ferrets died between days 3 and 9 post-infection (Figures 8A,B). 
Ferrets vaccinated with either HA from A/VN/04 or Hu-CO 2 all 
survived challenge (Figure 8B). However, ferrets vaccinated with 
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Hu-CO-2 rHA had less than 5% weight loss, whereas ferrets 
vaccinated with A/VN/04 rHA lost between 10 and 15% of their 
original body weight. Ferrets pre-immune to H3N2 influenza 
viruses that were mock vaccinated had neurological signs or were 
found to be moribund before they reached the 75% weight cut-off 
and experienced high clinical scores (Figure 8C) with high viral 
nasal wash titers in control group ferrets (Figure  8D), whereas 
vaccinated ferrets had no significant viral nasal wash titers 
(Figure 8D).

On day 3 post-challenge, lung punches were collected from the 
upper and lower quadrants of each lung. All ferrets had detectable 
influenza virus in both upper and lower lung quadrants. Control and 
A/CA/09-HA-vaccinated ferrets had the highest upper quadrant viral 
lung titers (Figure 8E). Ferrets vaccinated with A/VN/04-HA had 
lower viral titers in the upper respiratory tract compared to Control 
and A/CA/09-HA-vaccinated ferrets.

Ferrets seroconverted to the pre-immune strain A/TX/12 
(Supplementary Figure S3), as well as all the vaccines used to vaccinate 
each ferret (Supplementary Figure S3D). Sera collected from ferrets 
with A/VN/04-HA protein had detectable IgG anti-A/CA/09-HA 
antibodies and A/CA/09-HA-vaccinated ferrets had antibodies against 
A/VN/04-HA; however, these antibodies were not protective in 
challenge (Supplementary Figure S3B). Histological samples taken 
3 days following infection showed that ferrets vaccinated with the 
Hu-CO 2 vaccine had lower cellular infiltrates when compared to A/
CA/09- and A/VN/04-vaccinated ferrets (Supplementary Figure S4), 
and all three vaccine groups improved lung pathology in comparison 
to unvaccinated H3N2 primed controls (Supplementary Figure S4D).

4 Discussion

Overall, there are patterns of influenza group imprinting that 
affect the clinical outcomes of H5N1 virus infections in the ferret 
model of disease. This study found that group 1 HA influenza A 
viruses (IAV) elicited heterosubtypic protection against lethal 
challenge of highly pathogenic avian influenza virus (HPAIV) H5N1 
(Figures  2C, 4C, 6B). This data correlates with multiple studies 
predicting the heterosubtypic immune response elicited by group 1 
viruses against group 1 pandemic strains. Specifically, heterosubtypic 
immunity has been well established in mouse and ferret models of 
disease (33–37). In lethal challenge studies, naïve female BALB/c mice 
intranasally inoculated with PR8 (H1N1) virus and subsequently 
challenged with X31 (H3N2 virus) experienced accelerated viral 
clearance in the lungs 5 days after challenge (34). However, 
PR8-priming did not offer complete protection from X31-induced 
disease in these mice (34). A similar study performed in mice 
evaluated the heterologous protection of a recombinant influenza 
virus containing internal influenza B genes and neuraminidase and 
HA from H1 or H3 virus (35). Mice inoculated with the recombinant 
B-H1 virus exhibited enhanced protection against H5N1 viral 
challenge, whereas mice primed with the B-H3 virus or influenza B 
virus displayed higher morbidity and lower survival rates (35).

The hypothesis of influenza group-dependent imprinting and 
immunity is further established using Ferret disease models, as they 
are considered the gold standard for influenza virus infection. In this 
study, ferrets that received the H3N2 A/Sing/86 virus were afforded 
partial protection against mortality, whereas male ferrets inoculated 

FIGURE 5

Schematic representation of tertiary pre-immune ferret study. Female fitch ferrets aged 9–12  months were intranasally infected with either an H3N2 
virus (A/PC/73, n  =  8), H2N3 (A/sw/MO/06), or a sequential infection of H1N1  +  H2N3 (A/CA/09 followed by A/sw/M0/06). Ferrets were then 
intramuscularly vaccinated on a prime-boost regimen with either a Hu-CO 2 VLP formulated with Addavax™ adjuvant or PBS (control). Then, 28  days 
following vaccination, all groups were challenged intranasally using highly pathogenic avian influenza (HPAI) H5N1 A/VN/04 (PFU 1×105). Studies using 
HPAI were performed in a BSL-3 select agent accredited facility. Ferrets were monitored for 9  days following challenge.
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with H3N2 strain A/HK/68 all succumbed to disease within 6 days 
following challenge. It is important to note here that although the 
dosage of the virus was slightly increased to compensate for the 
increased mass of the male ferret, the same viral strain and passage 
were used. In hindsight, a similar study should be performed in female 

ferrets inoculated with the A/HK/68 strain to correlate mortality and 
sex differences. This, however, does not lead us to believe that the 
H3N2 virus strain A/HK/68 would elicit significant protective 
heterosubtypic immunity to the extent of group 1 HA imprinting. 
Previous studies involving H3N2 virus pre-immunity also display 

FIGURE 6

Influenza H2 imprinting protects ferrets from HPAI lethal challenge. (A) Bodyweight curve of pre-immunized female fitch ferrets, n  =  4 per group. 
(B) Survival curves were obtained following H5N1 HPAI challenge. (C) Bodyweight curves of vaccinated pre-immunized female fitch ferrets, n  =  4 per 
group. (D) Survival curves of vaccinated ferrets obtained following H5N1 HPAI challenge. (E) Statistical analysis of body weight loss between imprinting 
groups post-exposure performed on PRISM™ using two-way ANOVA. Statistical differences were calculated and indicated as asterisks: *p  <  0.05, 
**p  <  0.01, ***p  <  0.001, ****p  <  0.001; ns, no significance.

FIGURE 7

Schematic representation of H3N2 pre-immune vaccine study. Female fitch ferrets aged 9–12  months were intranasally infected using the H3N2 (A/
TX/12) virus for pre-immune imprinting. After 84  days, ferrets were intramuscularly vaccinated with rHA formulated with Addavax™. Vaccines 
contained either A/CA/09-HA, A/VN/-4-HA, Hu-CO 2-HA, or PBS (control). Then, 28  days following vaccination, all groups were challenged 
intranasally using highly pathogenic avian influenza (HPAI) H5N1 A/VN/04 (PFU 1×105). Studies using HPAI were performed in a BSL-3 select agent 
accredited facility. Ferrets were monitored for 14  days following challenge. (E) Ferret serum collected on day 84 and day 140 was tested for total IgG 
reactivity against A/VN/04 HA antigen in an ELISA assay. Limit of detection for this assay is represented by dotted line. F) (previously E).
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varying results with different H3N2 strains (36, 37). Ferrets inoculated 
with A/Victoria/361/2011 H3N2 virus and subsequently challenged 
with the H5N1 virus all succumbed to systemic disease and 
encephalitis (37). However, ferrets made pre-immune with H3N2 
strain A/Perth/16/2009 all survived challenge and experienced lower 
viral replication and weight loss and fewer clinical symptoms 
compared to PBS control (36).

The protective effects of group 1 HA imprinting did not falter, 
however, differing with the viral H1N1 strains both in this study and 
previous studies (36, 37). Male ferrets primed with H1N1 strain A/
Mar/43 showed complete protection from clinical symptoms following 
viral challenge. This was also true for group 1 HA strain A/sw/MO/06 
(H2N3)-primed ferrets, where lethal challenge with the H5N1 virus 
resulted in no weight loss or clinical symptoms. The investigation of 
H2 pre-immunity is especially relevant in the context of vaccine 
preparedness for the elderly population. The influenza virus strain 
H2N2 circulated from 1957 to 1968, resulting in the Asian Flu 
pandemic in East Asia (33). During this pandemic, an estimated 1.1 
million deaths occurred worldwide (33). Individuals born during this 
time have also shown decreased severe clinical outcomes against 
H5N1 virus infection (14). Utilizing this strain not only strengthens 
influenza group-dependent immunity but also removes the possible 
effects of matching neuraminidase-induced antibodies against avian-
derived N1.

Although group 1 HA-primed ferrets were protected from H5N1 
virus-induced disease, the exact mechanism of protection is not well 
understood. We  first thought to investigate the generation of 

neutralizing HA stem antibodies following pre-immunity as a 
protective mechanism against disease. Influenza HA-stem antibodies 
are commonly studied due to their therapeutic potential against IAV 
disease and are often targeted for vaccine design due to their conserved 
epitopes (33, 38–41). The chimeric HA protein containing an H6 head 
and H1 stalk was utilized in this study to detect HA stalk binding IgG 
in pre-immune ferret sera, assuming the sera would not contain cross-
reactive Abs binding the H6 HA head. Although there were many 
ferrets that contained cross-reactive stem IgG, there was no correlation 
between HA-stalk Ab and reduced clinical symptoms (Figure 2E and 
Supplementary Figure S3C). Previous mouse studies have found a 
positive correlation with stalk-reactive IgG levels and heterologous 
virus protection (42). However, the lack of cross-reactive antibodies 
has been documented in pre-immune ferrets models of disease (34).

In the absence of cross-reactive antibodies, protection against 
heterologous strains of influenza can be  attributed to cellular 
immunity. T-cell-mediated memory responses against 
heterologous viral challenge have been studied in ferret models 
of disease (43, 44). Naïve ferrets imprinted with H1N1 IAV 
experienced decreased viral shedding and clinical symptoms 
following H3N2 viral infection but were not entirely protected 
from disease (43). Ferrets inoculated with H1N1 influenza 
viruses lacked serum antibodies against the H3N2 virus but had 
a peak in interferon gamma-secreting T cells 11 days following 
H3N2 viral challenge (43). In ferrets receiving live attenuated 
influenza vaccine (LAIV) in human studies, live attenuated 
influenza vaccination (LAIV) in young children elicits both 

FIGURE 8

H3N2 pre-immune ferrets vaccinated with Human-COBRA 2 HA are rescued from lethal challenge with HPAI virus. (A) Bodyweight curve of pre-
immunized control (n  =  10) and vaccinated female fitch ferrets, n  =  8 per vaccine group. (B) Survival curves obtained following H5N1 HPAI challenge. 
Statistical analysis performed on PRSIM™ software using Log-rank Mantel-Cox test (Hu-Co 2 or A/VN/04 vs. A/CA/09, p  = 0.0486, Hu-Co2 or A/
VN/04 vs. PBS, p  =  0.0018). (C) Clinical Scores were recorded for each ferret following H5N1 challenge. (D) Nasal wash samples obtained from 
anesthetized ferrets on Day 3 PI were tested for detectable viral titers using plaque assay (PFU, plaque forming units). (E) Lung-punch samples taken on 
Day 2 PI were tested for detectable viral titers using plaque assay (PFU, plaque forming units).

98

https://doi.org/10.3389/fvets.2023.1286758
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Nuñez et al. 10.3389/fvets.2023.1286758

Frontiers in Veterinary Science 12 frontiersin.org

serological and cellular immunity (45). LAIV mimics influenza 
viral infection and induces robust CD4+ and CD8+ T-cell 
activation, which cannot be achieved through TIV (45). Testing 
serum IgG antibodies in pre-immune ferrets provides a small 
insight into the mechanism of protection of group 1 imprinted 
ferrets against H5 challenge. Cellular or humoral responses 
against neuraminidase or matrix proteins were not studied here. 
However, it is clear that Group 1 H2-imprinted ferrets lacking a 
matching neuraminidase (N3) offered complete protection from 
H5N1 virus morbidity and mortality.

In attempts to remedy the lack of complete protection from 
H3N2 viral inoculation, ferrets were intramuscularly vaccinated 
with monovalent wildtype rHA or with the Human COBRA 2 
vaccine. Vaccinated ferrets did not experience clinical symptoms 
or mortality following challenge. This was also true for the rHA 
A/VN/04-vaccinated ferrets. This may lead to the conclusion that 
monovalent strains of vaccination are equally efficacious to 
chimeric-COBRA rHA. This, however, can be  disproven by 
decades-long research showing the broad reactivity of Hu-CO2 
against variant strains of H5 in multiple animal models of disease 
(32, 46–50). From here, we can conclude that the H3N2 group 2 
imprinting can be rescued by pandemic vaccination of a chimeric 
H5 HA protein expressing Hu-CO 2 or through vaccination with 
a matching monovalent strain. It is also important to note that 
the monovalent rHA vaccines were tested using a one-shot 
regimen in order to simulate dose sparing in pandemic 
vaccination. Interestingly, 60% of A/CA/09 HA-vaccinated ferrets 
died and had clinical symptoms similar to H3N2 mock-
vaccinated ferrets (Figures 8B,C). This could be due to the low 
immunogenicity of the A/CA/09 HA protein; however, IgG titers 
from A/CA/09 HA-vaccinated ferrets had similar IgG titers to A/
CA/09 HA and Hu-Co-2 rHA-vaccinated ferrets, which all 
survived H5N1 influenza virus challenge 
(Supplementary Figure S3). This further reiterates the lack of 
correlation between cross-reactive Abs to the challenge strain 
and protection.

These immune imprinting effects play a role in the development 
of a universal influenza vaccine. Many studies have led to the 
speculation that an individual’s birth year and subsequent viral 
imprinting determine the trajectory of future antibody responses to 
vaccination (12, 14, 33, 34). Therefore, vaccine studies performed in 
animal models lacking pre-immunity greatly delay the progression of 
designing a universal influenza virus vaccine. Vaccine studies in naïve 
ferret models have resulted in narrowly binding Ab repertoires, 
lacking the breadth and strength of responses in previously infected/
pre-immune ferrets (51, 52). Vaccination in a naïve immunological 
background may also result in increased clinical symptoms following 
pandemic strain H1N1 A/CA/09 viral challenge, suggesting that 
vaccination in the absence of primary infection leads to the 
development of non-neutralizing antibodies (35).

The current H5N1 viral outbreak continues to devastate animal 
populations including poultry, wild birds, and wild mammals. The 
individuals responsible for maintaining poultry populations for food 
and survival are at imminent risk of contracting disease. In addition, 
the increased incident rate of H5N1 spillover into the human population 
increases the probability of viral mutation and spread, as has been seen 

in reports in Ecuador, Cambodia, and Chile (53–55). Vaccine design 
and implementation should be  a top priority for pandemic 
preparedness, and the development of an immunogenic universal H5 
vaccine will have to consider the pre-immune status of the individuals 
in question. The specific aims of universal influenza vaccine coverage 
include the following: 1. all influenza A and B viruses independent of 
the NA subtype; 2. historical and future influenza strains; 3. pandemic 
influenza strains; and 4. protection from zoonotic spillover (56, 57). 
These goals can be achieved by implementing a chimeric HA vaccine 
that targets conserved epitopes shared throughout H5 viral clades, 
addressing the problematic accelerated evolution of the H5 virus HA 
protein. In this study, we demonstrated the protective effects of group 
1 influenza pre-immunity against H5N1 viral challenge, and the 
variable effects of group 2 H3N2 pre-immunity that can be rescued with 
a one-dose vaccination using a highly immunogenic broadly reactive 
HA antigen Human COBRA 2 formulated with adjuvant. The efficacy 
of the H5 Human COBRA 2 vaccine and its predecessors will continue 
to be investigated in animal models of disease (46), and further studies 
will be conducted to access immunogenicity in a pre-immunological 
background against new variant H5 viral strains.
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