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Abstract 

As an important zoonotic threat, Avian influenza viruses have gained a vital position as this virus is capable of infecting a large number of 

avian species including wild birds and poultry, animals, and also humans. Due to the zoonotic potential of avian influenza viruses especially 

H5N1, many epidemics and pandemics have occurred, especially flu outbreaks in human populations globally. The transmission of the virus 

in humans can occur through direct or indirect contact with the infected bird or animal. The major reservoir hosts for almost every subtype 
of influenza are domestic birds. The control strategies of the deadly virus include enhancement of the surveillance system for early detection 

of the virus that will help the policy makers to develop interventions according to the situation. The monitored use of vaccines and antivirals 

is another way to prevent the virus growth. This chapter will describe the zoonotic potential of avian influenza H5N1 virus and different ways 

through which this virus can be controlled. 
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Introduction 
 

 Avian influenza virus (AIV) poses major threats worldwide to public health especially to humans and animals health over the past 

decade (Govindaraj et al., 2018; Szablewski et al., 2023). Thousands of cases of avian influenza virus outbreaks which includ e almost 34 
subtypes of the virus were reported in the animals during the time span of 2013 to 2022. These outbreaks result in the loss of more than 

325 million birds (Szablewski et al., 2023). The aftermath of a panzootic of 2020 to 2023 show that more than 48 different sp ecies of 

mammals were infected by H5N1 (avian influenza virus strain) naturally. The ability of the AIV to adapt to different animal hosts enhances 

the chances of zoonotic spread of AVI in humans (Morens et al., 2023; Plaza et al., 2024). Different AVI subtypes are more da ngerous to 
humans and possess life threatening impacts on human health for instance H5N1 and H3N8 outbreaks in 2023. The overall disease burden 

of AIV is underrated which may be due to the unavailability and less efficiency of the diagnostic tools for the detection of AIV and another 

reason is the insufficient surveillance at the level of human and animals’ interactions (Jimenez-Bluhm et al., 2023). The chemistry of AIV 

shows that it is a single stranded, negative sense RNA virus having eight gene segments. The gene segments consist of haemagglutinin and 

neuraminidase, while the other six are internal genes (Figure 1). The basic property of classification of AIV is the presence of surface 
proteins including haemagglutinin and neuraminidase (Dey et al., 2023). The emergence of pandemic strains of AIV is majorly due to the 

evolution of the virus which is ultimately the reason for the deaths of 50 million people around the world (Webster et al., 1 993; Smith et 

al., 2009). Studies suspect that some strains of AIV including H5, H7, H9, and H10 may be the reason for specific spillover events resulting 

as a cause for major pandemics in future (CDC, 2023a; Lu et al., 2023). The H5N1 virus is a subtype of AIV which belongs to the viral family 
Orthomyxoviridae. The genomic structure of H5N1 consists of single stranded, negative sense RNA molecules having a length of 

approximately 13.5 kilobases. There are eight segments in the genome of the H5N1 virus, each segment encoded for distinct pro teins which 

play different roles in the life cycle of the virus (Sautto et al., 2018). The main reason for the high spread rate of AIV is due to a new genotype 

of H5N1 which quickly spread in wildlife (Dhanasekaran et al., 2023). It was first confined to Asia only but now it is also present in Europe, 
Africa (Fusaro et al., 2019; Fusaro et al.,2024; Olawuyi et al., 2024), North America (Caliendo et al., 2022; Youk et al., 2023), South America 

(Jimenez-Bluhm et al., 2023; Leguia et al., 2023), and the Antarctic (Banyard et al., 2024). 

 

Evolution of HPAI H5N1 Virus 

 Over the past six decades, H5N1 has shown distinguished advancements. The initial outbreak of H5N1 in poultry birds was in Scotland in 
1959 and after that in Hong Kong, H5N1 virus took lives of six individuals among those 18 individuals who came in contact with the virus in 

1997. This incident in Hong Kong highlights the identification of a strain of H5N1 virus in humans which prominent the importance of H5N1 in 
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the world (Liu et al., 2023). After a temporary pause, in 2003, H5N1 resurged and persisted till date causing disease in avian populations in 

different continents including Europe, Asia, and Africa (Krammer & Schultz-Cherry, 2023). H5N1 expanded geographically and spread across 

not only East Asia but also in South and West Asia, and North Africa, affecting both wild and domestic avian populations in Europe (Verhagen 
et al., 2021). The increasing spread of H5N1 outbreaks in wild birds, poultry, and domestic avian populations indicate the potential transmission 

of virus in humans (Aznar et al., 2023; Lv et al., 2023). 

 

 

Fig. 1: Structure of Avian 
Influenza H5N1 Virus explaining 

important viral components and 

their functions. 

 

 
Transmission and Reservoir of H5N1 

 The primary reservoir of AIVs, especially subtypes H1 to H16, are aquatic bird species as virus is naturally prevalent in them (De Marco et 

al., 2023). Before 2005, the transmission of H5N1 virus was less common from poultry to wild avian species. After that a shift has occurred, 

entering a new phase in the epidemiological dynamics of H5N1 virus in wild avian species (Charostad et al., 2023). Other than avian species, 
H5N1 has been naturally isolated from a large number of different animal species such as dogs, cats, seals, foxes, minks, otters, leopards, 

skunks, tigers, pikas, lions, polecats, raccoons, porpoises, pigs, bears, and fish, etc. (Abdelwhab & Mettenleiter, 2023). AIVs present in the 

intestinal tract of wild birds, shed by these birds through different routes including saliva, feces, and nasal secretions (Dey et al., 2023). H5N1 

virus is transmitted to humans only when humans come in direct contact with infected birds. The H5N1 virus can travel within airborne 
particles for approximately 10 m. In macroscopic particles containing viral RNA, the virus can travel up to 80 m (Mehta et al., 2018). The factors 

which play a significant role in influencing the dynamics of viral spread of H5N1 virus include indirect contact with wild birds and efficient 

biosecurity measures (James et al., 2023). The detection of viral RNA of H5N1 from environmental specimens for example dust swabs increase 

the threat of potential airborne transmission of the virus through the inhalation process while the virus moves in the body of the host (Horm 

et al., 2012). The H5 subtypes of AIV do not affect humans majorly as the virus cannot grow in the upper respiratory tract which results in less 
human to human transmission of the deadly virus. But few strains of the virus have the ability to cross the barriers between species and cause 

a spectrum of infection in humans including mild flu-like symptoms to severe disease which may end up to death of the individual (Krammer 

& Schultz-Cherry, 2023; Scheibner et al., 2023). The H5N1 virus has the ability to cross the barrier of placenta and causes the infection of the 

fetus (Le et al., 2019). The transmission of virus from human to human is very rare but the transmission from birds to human is designated as 
uncommon (Figure 2) (Gandhi et al., 2022). 

 

World Health Organization Plan for H5N1 Pandemic 

 Six stages of a global plan for the preparedness of pandemic influenza has been defined by the World Health Organization, this plan also 
includes suggestions for the prevention and control measures which should be adopted before and during the period of pandemic (WHO, 2011). 

The first two stages of this plan comprises an interpandemic period during which there are no new subtypes of influenza virus detected in 

humans but there is a chance of induction of human disease possessed by a circulating animal influenza virus subtype. The next three stages 

are called as period of pandemic alert, phase or stage three in which there are detectable cases of human infection caused by a new subtype of 

AIV but the spread is limited in human to human transmission. In the fourth stage, the human to human transmission occurred only in small 
clusters but in the fifth stage, the transmission among humans occurs in larger clusters. The stage six is coded by a sustained transmission of 

a novel flu subtype around the world (Proença-Módena et al., 2007). 

 

Strategies for Prevention and Control 
 The mutations and recombinations of H5N1 virus show that this virus is a potential threat to public health which signifies the need of 

preparedness against the deadly virus. This situation emphasizes the need to focus on the development of tools and their application for example 

vaccines, therapeutics, and reagents used for diagnostic purposes. There is also a need for enhancement in the field of surveillance and early 

warning systems. The concept of "One Health" provides a way to develop a comprehensive strategy for the purpose of control of influenza virus 
while focusing on interconnectedness of animals, humans, and the environment (Wang et al., 2024). 
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Fig. 2: Transmission of AIV from poultry to 

humans and other animals. 

 

 
Improved Surveillance Systems 

 In areas where the detection of virus in animals has occurred, the surveillance of human influenza virus should be increased 

(Branda et al., 2024). The surveillance systems used for the detection of avian influenza in humans include Enhanced surveillance of 

severe avian influenza virus in hospitals and targeted surveillance, in Europe during the time period of 2023 to 2024 (EFSA, 2024). The 
surveillance program should cover all the domestic mammals (fur animal farms), w ild birds, poultry birds, and captive birds. 

Furthermore, there is a need for well-organized surveillance systems that should be implemented in areas where there is a chance of 

an increase of H5N1 virus in mammal species as there is an incredible increase in cases in recent years (Enetwild Consortium, 2024). 

International guidelines should be developed and implemented to standardize surveillance systems for animals at high risk of developing 
influenza virus such as wild terrestrial and aquatic mammals. To thoroughly observe the evolution of H5N1 virus in different animal 

species, it is necessary to enhance and strengthen the international network of laboratories to confirm the rapid detection a nd analysis 

of virus and sharing the information globally. Data should be available to accessible platforms and interpretation of the data should be 

done as soon as possible after the detection of the first human case. This approach will help in advancement of knowledge on pandemic 
and zoonotic issues related to AIV (Alm et al., 2024). 

 

Quarantine of Exposed Individuals 

 The term quarantine is described as the containment of live birds to secure holdings for a specific time period after they move across the 

countries, where the birds are observed closely to check for any sign of disease. Quarantine is one of the possible ways to control and prevent 
a disease from spreading in the surrounding area. But it is not considered as a viable way to prevent a disease as it is not practical to apply a 

quarantine approach during the movement of commercial poultry mainly because of the time period it requires (Capua & Cattoli, 2013). In the 

case of humans, one a person is exposed to the infection, self-isolation and testing is important during the first 10 to 14 days after the contact 

(Enkirch et al., 2005). 
 

Production of Novel Vaccines 

 The vaccines available for the seasonal influenza do not prevent the spread of AIV in humans around the world. In case of emergency, 

several countries in the world have been preparing vaccines against H5N1 virus. In the United States, three vaccines have been prepared with 
or without adjuvant to be used against H5N, which can be used in any pandemic situation (CDC, 2023b). It has been shown that in adults 

(human) having three licensed adjuvanted vaccines against H5N1, they have produced cross-neutralizing antibodies against the H5N1 virus 

circulating in blood (Khurana et al., 2024). While individuals who only received two licensed vaccines, produced cross-reactive binding and 

cross-neutralizing antibodies against the virus. In addition to these licensed vaccines, a monovalent messenger RNA lipid nanoparticle vaccine 
has been developed and its use in animal models reveal the protective nature of the vaccine against the virus. The best advantage of this 

nanoparticle vaccine is that it can be produced rapidly (Furey et al., 2024). Vaccination in poultry against H5N1 is one of the best ways to 

enhance the process of control of viral spread (Thompson et al., 2024). The fact that vaccination in poultry can be a risk for transmission of 

virus in humans is still under discussion (Yamaji et al., 2020). If the vaccines are not administered properly it can be dangerous and may 

become a barrier in the control and eradication programs of the virus. 
 

Prevention by Antivirals 

 As soon as symptoms appear in humans, treatment should be started with antivirals as AIVs are susceptible to antivirals. It has been 

described in many studies that even after the 48 hours of onset of symptoms, treatment with antivirals helps to lower the chances of mortality 
in patients with severe infection (Muthuri et al., 2013). Another technique used for the treatment after an individual has been exposed to 

infected animals is post exposure prophylaxis. The use of antivirals in poultry birds, farmed animals, and other mammalian species during an 

outbreak of this virus is not recommended as it raises various concerns such as development of different strains of virus which may be drug 
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resistant. This situation may result in reducing the treatment potential in an individual and also the efficiency of the treatment options available 

may decline during the time of a pandemic (Parry, 2005). 

 
Recommendations and Interventions 

 According to recent data the severity of the H5N1 virus pandemic in the future is not clear yet but the fatality of the virus is much lower 

in recent years as compared to outbreaks of the deadly virus in the past. Different areas need to be focused while planning the control and 

prevention of the virus. The surveillance systems should be strengthened for rapid identification of the cases of the virus and also monitored 
the emerging strains of virus which may or may not have zoonotic potential (Domańska-Blicharz et al., 2023). Continuous surveillance of wild 

birds is needed especially in the areas with high risk of emerging disease. This will help the policy makers to design policies and interventions 

related to control of the virus. The genomic study of the virus is very important which will help to understand the pathogenicity of the viral 

strains, their pattern of transmission and mutations in the genomic structures of the viruses subtypes (Fauci, 2006). The cross species 
transmission of the influenza virus is a major concern and there is a need to study the potential factors and events which are involved in the 

process of the development of cross species transmission of the virus. Vaccines are one of the vital weapons against the fatal virus, research 

should be done to enhance the efficiency of the vaccines to work against a larger number of strains of virus and protected delivery of the 

vaccines (Stokstad, 2022). There is a need for exploring and manufacturing broad spectrum antivirals to be used against different subtypes of 
influenza viruses. This may help in improving the health status of the individual and generate enhanced outcomes of the therapy. 

 

Conclusion 

 Avian influenza strain H5N1 has a devastating effect on wild birds, farmed animals, domesticated birds and animals, mammals all around 

the world with its zoonotic spread in humans and globally. The virus has a variety of reservoir hosts to spread rapidly and cause a high mortality 
rate. As it was first confined to birds and animals only but in recent decades, the virus went through several mutations as many cases of 

infection have been seen in humans. Different techniques have been used to stop the spread of the virulent virus and many strategies of control 

have been used successfully such as vaccinations and proper use of antivirals. But antivirals may be save to use if only prescribed by a doctor 

and the course of treatment is complete as it can give rise to another potential risk of resistance against these antivirals in the viruses. Rapid 
action is needed to fully control the virus from causing more drastic impact on animal, birds, and human health. 

 

References 

Abdelwhab, E. M., & Mettenleiter, T. C. (2023). Zoonotic Animal Influenza Virus and Potential Mixing Vessel Hosts. Viruses, 15, 980. 

Alm, E., Lamb, F., Marangon, S., Monne, I., Stegeman, J. A., Delacourt, R., & Broglia, A. (2024). Drivers for a pandemic due to avian influenza 
and options for One Health mitigation measures. EFSA Journal, 22, e8735. 

Aznar, E., Casas, I., Praetorius, A. G., Ramos, M. J. R., Pozo, F., Moros, M. J. S., & San Miguel, L. G. (2023). Influenza A (H5N1) detection in two 

asymptomatic poultry farm workers in Spain, September to October 2022: suspected environmental contamination. Eurosurveillance, 

28(8), 2300107. 

Banyard, A. C., Bennison, A., Byrne, A. M., Reid, S. M., Lynton-Jenkins, J. G., Mollett, B., & James, J. (2024). Detection and spread of high 
pathogenicity avian influenza virus H5N1 in the Antarctic Region. Nature Communications, 15(1), 7433. 

Branda, F., Ciccozzi, M., & Scarpa, F. (2024). Tracking the spread of avian influenza A (H5N1) with alternative surveillance methods: The 

example of wastewater data. The Lancet Infectious Diseases, 24(10), e604-e605. 

Caliendo, V., Lewis, N. S., Pohlmann, A., Baillie, S. R., Banyard, A. C., Beer, M., & Berhane, Y. (2022). Transatlantic spread of highly pathogenic 
avian influenza H5N1 by wild birds from Europe to North America in 2021. Scientific Reports, 12(1), 11729. 

Capua, I., & Cattoli, G. (2013). Prevention and control of highly pathogenic avian influenza with particular reference to H5N1. Virus Research, 

178(1), 114-120. 

Centers for Disease Control and Prevention (CDC) (2023a). Technical Report: Highly Pathogenic Avian Influenza A (H5N1) Viruses 
https://www.cdc.gov/flu/avianflu/spotlights/2022-2023/h5n1-technical-report.Htm. 

Centers for Disease Control and Prevention (CDC) (2023b). Prevention and antiviral treatment of bird flu viruses in people. 

Charostad, J., Rukerd, M. R. Z., Mahmoudvand, S., Bashash, D., Hashemi, S. M. A., Nakhaie, M., & Zandi, K. (2023). A comprehensive review of 

highly pathogenic avian influenza (HPAI) H5N1: An imminent threat at doorstep. Travel Medicine and Infectious Disease, 102638. 

De Marco, M. A., Delogu, M., & Cotti, C. (2023). Special Issue “Ecology of Influenza A Viruses”. Microorganisms, 11(5), 1287. 
Dey, P., Ahuja, A., Panwar, J., Choudhary, P., Rani, S., Kaur, M., & Barnwal, R. P. (2023). Immune control of avian influenza virus infection and 

its vaccine development. Vaccines, 11(3), 593. 

Dhanasekaran, V., Xie, R., Edwards, K., Wille, M., Wei, X., Zanin, M., & Webby, R. (2023). The episodic resurgence of highly pathogenic avian 

influenza H5 virus. Research Square. 
Domańska-Blicharz, K., Świętoń, E., Świątalska, A., Monne, I., Fusaro, A., Tarasiuk, K., & Winiarczyk, S. (2023). Outbreak of highly pathogenic 

avian influenza A (H5N1) clade 2.3. 4.4 b virus in cats, Poland, June to July 2023. Eurosurveillance, 28(31), 2300366. 

Enetwild Consortium, F. O., Sascha, K., Carola, S. L., Christoph, S., Valerie, A., & Ezio, F. (2024). The role of mammals in avian influenza: A 

review. EFSA Supporting Publications, 21(3), 8692E. 
Enkirch, T., Gervelmeyer, A., Hallmaier‐Wacker, L., Melidou, A., & Willgert, K. (2025). Coordinated One Health investigation and management 

of outbreaks in humans and animals caused by zoonotic avian influenza viruses. EFSA Journal, 23(1), e9183. 

European Food Safety Authority, (EFSA)., European Centre for Disease Prevention and Control, (CDC)., European Union Reference Laboratory 

for Avian Influenza, Alexakis, L., Fusaro, A., Kuiken, T., & Kohnle, L. (2024). Avian influenza overview March–June 2024. EFSA Journal, 
22(7), e8930. 



 5 

Fauci, A. S. (2006). Emerging and re-emerging infectious diseases: influenza as a prototype of the host-pathogen balancing act. Cell, 124(4), 

665-670. 

Furey, C., Scher, G., Ye, N., Kercher, L., DeBeauchamp, J., Crumpton, J. C., & Hensley, S. E. (2024). Development of a nucleoside-modified 
mRNA vaccine against clade 2.3. 4.4 b H5 highly pathogenic avian influenza virus. Nature Communications, 15(1), 4350. 

Fusaro, A., Zecchin, B., Giussani, E., Palumbo, E., Agüero-García, M., Bachofen, C., & Monne, I. (2024). High pathogenic avian influenza A (H5) 

viruses of clade 2.3. 4.4 b in Europe—why trends of virus evolution are more difficult to predict. Virus Evolution, 10(1), veae027. 

Fusaro, A., Zecchin, B., Vrancken, B., Abolnik, C., Ademun, R., Alassane, A., & Monne, I. (2019). Disentangling the role of Africa in the global 
spread of H5 highly pathogenic avian influenza. Nature Communications, 10(1), 5310. 

Gandhi, L., Maisnam, D., Rathore, D., Chauhan, P., Bonagiri, A., & Venkataramana, M. (2022). Respiratory illness virus infections with special 

emphasis on COVID-19. European Journal of Medical Research, 27(1), 236. 

Govindaraj, G., Sridevi, R., Nandakumar, S. N., Vineet, R., Rajeev, P., Binu, M. K., & Rahman, H. (2018). Economic impacts of avian influenza 
outbreaks in Kerala, India. Transboundary and Emerging Diseases, 65(2), e361-e372. 

Horm, S. V., Gutiérrez, R. A., Sorn, S., & Buchy, P. (2012). Environment: a potential source of animal and human infection with influenza A 

(H5N1) virus. Influenza and Other Respiratory Viruses, 6(6), 442-448. 

James, J., Warren, C. J., De Silva, D., Lewis, T., Grace, K., Reid, S. M., & Banyard, A. C. (2023). The role of airborne particles in the epidemiology 
of clade 2.3. 4.4 b H5N1 high pathogenicity avian influenza virus in commercial poultry production units. Viruses, 15(4), 1002. 

Jimenez-Bluhm, P., Siegers, J. Y., Tan, S., Sharp, B., Freiden, P., Johow, M., & Schultz-Cherry, S. (2023). Detection and phylogenetic analysis of 

highly pathogenic A/H5N1 avian influenza clade 2.3. 4.4 b virus in Chile, 2022. Emerging Microbes & Infections, 12(2), 2220569. 

Khurana, S., King, L. R., Manischewitz, J., Posadas, O., Mishra, A. K., Liu, D., & Golding, H. (2024). Licensed H5N1 vaccines generate cross-

neutralizing antibodies against highly pathogenic H5N1 clade 2.3. 4.4 b influenza virus. Nature Medicine, 30(10), 2771-2776. 
Krammer, F., & Schultz-Cherry, S. (2023). We need to keep an eye on avian influenza. Nature Reviews Immunology, 23(5), 267-268. 

Le, T. V., Phan, L. T., Ly, K. H., Nguyen, L. T., Nguyen, H. T., Ho, N. T., & Tran Minh, N. N. (2019). Fatal avian influenza A (H5N1) infection in 

a 36‐week pregnant woman survived by her newborn in Sóc Trăng Province, Vietnam, 2012. Influenza and Other Respiratory Viruses, 

13(3), 292-297. 
Leguia, M., Garcia-Glaessner, A., Muñoz-Saavedra, B., Juarez, D., Barrera, P., Calvo-Mac, C., & Lescano, J. (2023). Highly pathogenic avian 

influenza A (H5N1) in marine mammals and seabirds in Peru. Nature Communications, 14(1), 5489. 

Liu, Y., Wei, Y., Zhou, Z., Gu, Y., Pang, Z., Liao, M., & Sun, H. (2023). Overexpression of TRIM16 reduces the titer of H5N1 highly pathogenic 

avian influenza virus and promotes the expression of antioxidant genes through regulating the SQSTM1-NRF2-KEAP1 Axis. Viruses, 15(2), 
391. 

Lu, M., He, W. T., Pettersson, J. H. O., Baele, G., Shi, M., Holmes, E. C., & Su, S. (2023). Zoonotic risk assessment among farmed mammals. Cell, 

186(9), 2040-2040. 

Lv, C., Li, Y., Wang, T., Zhang, Q., Qi, J., Sima, M., & Gao, Y. (2023). Taurolidine improved protection against highly pathogenetic avian influenza 

H5N1 virus lethal-infection in mouse model by regulating the NF-κB signaling pathway. Virologica Sinica, 38(1), 119-127. 
Mehta, K., Goneau, L. W., Wong, J., L’Huillier, A. G., & Gubbay, J. B. (2018). Zoonotic Influenza and Human Health—Part 2: Clinical Features, 

Diagnosis, Treatment, and Prevention Strategies. Current Infectious Disease Reports, 20, 1-12. 

Morens, D. M., Park, J., & Taubenberger, J. K. (2023). Many potential pathways to future pandemic influenza. Science Translational Medicine, 

15(718), eadj2379. 
Muthuri, S. G., Myles, P. R., Venkatesan, S., Leonardi-Bee, J., & Nguyen-Van-Tam, J. S. (2013). Impact of neuraminidase inhibitor treatment on 

outcomes of public health importance during the 2009–2010 influenza A (H1N1) pandemic: a systematic review and meta-analysis in 

hospitalized patients. The Journal of Infectious Diseases, 207(4), 553-563. 

Olawuyi, K., Orole, O., Meseko, C., Monne, I., Shittu, I., Bianca, Z., & Muhammad, M. (2024). Detection of clade 2.3. 4.4 highly pathogenic avian 
influenza H5 viruses in healthy wild birds in the Hadeji‐Nguru wetland, Nigeria 2022. Influenza and Other Respiratory Viruses, 18(2), 

e13254. 

Parry, J. (2005). Use of antiviral drug in poultry is blamed for drug resistant strains of avian flu. BMJ: British Medical Journal, 331(7507), 10. 

Plaza, P. I., Gamarra-Toledo, V., Euguí, J. R., & Lambertucci, S. A. (2024). Recent changes in patterns of mammal infection with highly 
pathogenic avian influenza A (H5N1) virus worldwide. Emerging Infectious Diseases, 30(3), 444. 

Proença-Módena, J. L., Macedo, I. S., & Arruda, E. (2007). H5N1 avian influenza virus: an overview. Brazilian Journal of Infectious Diseases, 11, 

125-133. 

Sautto, G. A., Kirchenbaum, G. A., & Ross, T. M. (2018). Towards a universal influenza vaccine: different approaches for one goal. Virology 

Journal, 15, 1-12. 
Scheibner, D., Salaheldin, A. H., Bagato, O., Zaeck, L. M., Mostafa, A., Blohm, U., & Abdelwhab, E. M. (2023). Phenotypic effects of mutations 

observed in the neuraminidase of human origin H5N1 influenza A viruses. PLoS Pathogens, 19(2), e1011135. 

Smith, G. J., Vijaykrishna, D., Bahl, J., Lycett, S. J., Worobey, M., Pybus, O. G., & Rambaut, A. (2009). Origins and evolutionary genomics of the 

2009 swine-origin H1N1 influenza A epidemic. Nature, 459(7250), 1122-1125. 
Stokstad, E. (2022). Wrestling with bird flu, Europe considers once-taboo vaccines. Science, 376(6594), 682-3. 

Szablewski, C. M., Iwamoto, C., Olsen, S. J., Greene, C. M., Duca, L. M., Davis, C. T., & Azziz-Baumgartner, E. (2023). Reported global avian 

influenza detections among humans and animals during 2013-2022: comprehensive review and analysis of available surveillance data. 

JMIR Public Health and Surveillance, 9(1), e46383. 
Thompson, L., Cayol, C., Awada, L., Muset, S., Shetty, D., Wang, J., & Tizzani, P. (2024). Role of the World Organisation for Animal Health in 

global wildlife disease surveillance. Frontiers in Veterinary Science, 11, 1269530. 



 6 

Verhagen, J. H., Fouchier, R. A., & Lewis, N. (2021). Highly pathogenic avian influenza viruses at the wild–domestic bird interface in Europe: 

future directions for research and surveillance. Viruses, 13(2), 212. 

Wang, Q., Sun, Y., Li, Z., Yang, W., & Feng, L. (2024). Are we prepared for the next pandemic: Monitor on increasing human and animal H5N1 
avian influenza infection. Chinese Medical Journal, 137(23), 2776-2781. 

Webster, R. G., Wright, S. M., Castrucci, M. R., Bean, W. J., & Kawaoka, Y. (1993). Influenza–a model of an emerging virus disease. Intervirology, 

35(1-4), 16-25. 

World Health Organization, (WHO)., (2011). Cumulative number of confirmed human cases for avian influenza A (H5N1) reported to WHO, 
2003-2011. http://www. who. int/influenza/human_animal_interface/EN_GIP_20111010CumulativeNumberH5N1cases. Pdf. 

Yamaji, R., Saad, M. D., Davis, C. T., Swayne, D. E., Wang, D., Wong, F. Y., & Zhang, W. (2020). Pandemic potential of highly pathogenic avian 

influenza clade 2.3. 4.4 A (H5) viruses. Reviews in Medical Virology, 30(3), e2099. 

Youk, S., Torchetti, M. K., Lantz, K., Lenoch, J. B., Killian, M. L., Leyson, C., & Pantin-Jackwood, M. J. (2023). H5N1 highly pathogenic avian 
influenza clade 2.3. 4.4 b in wild and domestic birds: Introductions into the United States and reassortments, December 2021–April 2022. 

Virology, 587, 109860 


