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[bookmark: _Toc94105811][bookmark: _Hlk94106293]Influenza Viruses Background
Influenza viruses belong to the family Orthomyxoviridae and are differentiated into four types – Influenza A (IAV), Influenza B, Influenza A, Influenza C, and Influenza D. Isavirus, Thogotovirus, and Quaranjavirus are also part of the Orthomyxoviridae though are of little consequence to humans. IAV are significant pathogens of humans and animals. All Influenza A and B viruses contain eight genomic sequences coding for 11 proteins including:

· Hemagglutinin (HA)
· Neuraminidase (NA) 
· Nucleoprotein (NP) 
· Matrix (M1) protein
· Matrix (M2) ion channel
· Two “polymerase basic” (PB1, PB2) 
· Polymerase acidic (PA) subunits
· Accessory protein (PB1-F2)
· Non-structural protein (NS1)
· Nuclear export protein also referred to as non-structural protein 2 (NS2)

Influenza C and D have seven gene segments with the HEF gene replacing the HA and NA surface proteins found in A and B strains 1–4. Influenza viruses have single-stranded ribonucleic acid (RNA) negative-sense genomes 1,5. 

[bookmark: _Toc92530427][bookmark: _Toc94105812]Influenza A Viruses
[image: ]IAVs are known to widely circulate in humans, wild birds, domestic birds, swine, equine, canine, and bats, with the potential to cause seasonal and sporadic epidemics (Figure 1). Rare infections have occurred in marine animals, ostriches, pandas, and other animals. IAV viruses are differentiated into subtypes dependent on their surface proteins. Within the genera of IAV, subtypes for HA and NA extend to 18 subtypes for HA and 11 for NA. The HA structural proteins are responsible for cellular receptor binding and membrane fusion, and can function with a significant amount of genetic change. The NA proteins supports the release of the virion from the host cell and helps the virus break through the mucous membrane of the respiratory tract to infect host cells. HA proteins have greater genetic diversity than NA proteins. [bookmark: _Ref93775405]Figure 1. Distribution of IAV HA and NA subtypes by species. Excerpt from (Mostafa et al., 2018)


More than 130 IAV subtypes have been identified in nature, most in avian species (Figure 1) 6. With the exception of H17, H18, N10, N11, all probable combinations have been found in birds (Figure 1). Additionally, almost all IAV subtypes were originally isolated from avian hosts though not the two known bat influenza A viruses (Figure 1) 3,7. 

Wild aquatic birds are the natural reservoirs of influenza A viruses. While IAVs have been isolated from over 100 species of birds, ducks or mallards are the most common source followed by gulls and shorebirds 8. In aquatic birds, influenza replicates primarily in the intestinal tract spreading in water via fecal-oral mechanisms. The congregation of birds at breeding and overwintering grounds also provides opportunities for transmission and reassortment of IAVs 9. Interestingly, influenza viruses in these bird reservoirs show limited evolution. It is only when these viruses spread to other hosts that rapid changes occur resulting in antigenic variants 10.  

[bookmark: _heading=h.4d34og8]Human influenza A viruses had not acquired new genetic segments from avian or other sources for almost 100 years until 2009 11. Prior to this, the primary construct of the IAV in humans evidenced drifting changes to its genome. While interspecies or zoonotic transmission occurs frequently between swine and humans, birds or humans are often the sources of a novel infection in swine with IAV 12. 

Influenza A is also endemic in swine populations. Influenza was first detected in 1930 following the 1918 pandemic and was confirmed as H1N1 13. Swine were the source of sporadic human infection with swine influenza viruses and were not a pandemic threat until an outbreak among military recruits in 1976 14. The outbreak did not become a pandemic. It was not until 1998 that substantial reassortment introduced new endemic swine strains which set the stage for the 2009 A(H1N1)pdm09 pandemic 15–17. 

[bookmark: _Toc92530428][bookmark: _Toc94105813]Influenza B Viruses
Influenza B viruses (IBV) are isolated almost exclusively from humans. Infection has also been detected in seals, which may serve as a reservoir 18,19. Like influenza A, IBV have eight discrete gene segments, each coding for at least one protein 3. 

IBV are defined by lineage, not surface proteins. There are two lineages – B/Yamagata and B/Victoria, both of which emerged as antigenic variants in the 1970s and have cocirculated since 2001. The HA gene of Influenza B viruses evolve at a much slower rate compared to the HA genes of IAV. For reasons not well understood, both lineages have caused high levels of epidemic activity disproportionately affecting young children and the elderly. Future circulation of the B/Yamagata lineage may change as the recent SARS-CoV-2 pandemic may be pushing the virus to extinction as it has been only minimally detected since last April 1,20,21.

[bookmark: _Toc92530429][bookmark: _Toc94105814]Influenza C Viruses
Influenza C causes cold-like symptoms in humans and occasionally lower respiratory infection in children <2 years of age. Influenza C infections cause mild illness in humans and are not known to cause epidemics. Like influenza B, influenza C is found primarily in humans, though it can also be found in pigs, dogs, cattle, and swine 18,19,22–24. Serologic studies show up to evidence of prior infection in up to 90% of children ages 7-10 suggesting widespread exposure to influenza C viruses in human populations 25.

Influenza C viruses have only seven gene segments and a single surface glycoprotein which acts as HA and NA functionally in one called the hemagglutinin-esterase-fusion (HEF) protein 5. 

[bookmark: _Toc92530430][bookmark: _Toc94105815]Influenza D Viruses
Influenza D viruses affect bovine, other ruminants, and swine and are not known to cause disease in or infect people despite serologic evidence in cattle workers 1,2,26–28.

First discovered in 2011 in swine in Oklahoma, influenza D viruses have subsequently been detected in multiple animal species 22. Bovine are considered the major reservoir for influenza D which may play a role in bovine respiratory disease. Seroprevalence survey shows up to 77% positivity with the highest rates in the upper Midwest and mountain west 2,29. Similar to influenza C, influenza D viruses have the HEF protein equivalent to HA and NA glycoproteins. There are two lineages of influenza D; D/OK (location of initial identification) and D/Japan 2. The zoonotic potential of this influenza type is controversial as cattle workers have demonstrated serologic evidence of influenza D infection. It is unknown whether influenza D causes disease in humans 28.   

[bookmark: _Toc94105816]Influenza Naming Conventions
For over 40 years, influenza virus naming conventions have followed an internationally accepted standard 30. Each influenza A virus name contains the antigenic type (A), the host of origin (e.g., swine, equine) if the original host is non-human, geographical origin (e.g., California, Tokyo), strain number (not related to the HA or NA subtype), and year of collection 1,30,31. For IAV, the HA and NA description is provided in parentheses at the end of the virus name. To distinguish the A(H1N1) pandemic virus from the seasonal H1N1 strain circulating before the 2009 pandemic, the virus was named A(H1N1)pdm09 32. One further unique feature of influenza naming conventions is a “v” (variant) is added when an influenza virus that usually circulates in swine is detected in human infection (e.g., A(H3N2)v) 1. 

[bookmark: _Toc92530417][bookmark: _Toc94105817]Genetic Sequencing of Influenza Viruses
[image: ]Genome sequencing or the process of determining the order of nucleotides (i.e., A, C, G, T/U) in influenza viral RNA is performed on approximately 7,000 specimens per year by CDC and National Influenza Reference Centers 33,34. The comparison of viral sequences helps reveal changes to genes comprising amino acids that make up viral proteins. Some of those changes result in structural modification of a protein affecting a virus’ ability to “evade human immunity, spread between people, and susceptibility to antiviral drugs” 34. The process of comparing genetic sequences or genetic characterization assesses how closely viruses are related to each other, how they are evolving, viral properties associated with a genetic change such as susceptibility to vaccination or treatment, and a virus’ ability to infect various species including humans 34.   [bookmark: _Ref94090753]Figure 2. Phylogenic tree of the HA gene of avian influenza viruses, (Komadina et al., 2014) 

When looking at the genomic characterization of influenza virus types A and B, influenza A further splits into subtypes while influenza B is parsed into lineages only. Subtyping of influenza A virus continues into lineages under which viruses are differentiated by clades, then subclades, also referred to as groups, and subgroups. Clades are organized by similarities in their HA gene sequences though phylogenic trees may be created for any single influenza gene. Within genetic sequencing or phylogenic trees, clades and subclades are tied to a “single common ancestor” displaying further genetic changes within a node or grouping Figure 2 1. This approach to the detailed characterization of influenza types is in response to the extensive genetic evolution and reassortant ability of IAV 34,35. 

[bookmark: _heading=h.17dp8vu]In Figure 2, a sampling project in Russia conducted over a 10-year period identified new instances of H12N2 and H12N5 likely resulting from reassortment in avian. Researchers proposed revised schemas for the HA gene of avian influenza to include H12N2 among the North American lineage of viruses and the H12N5 strain as evolved from the Eurasian lineage 36. As displayed in Figure 2, each HA gene sequence has its own branch. Viruses are grouped after nucleotides are compared for similarities. The degree of genetic difference between viral sequences is represented by the length of horizontal lines in the phylogenic tree 34. 

While the  example in Figure 2 is specific to the HA gene which is a common approach for influenza viruses, phylogenic trees may be used for a single gene (e.g., NA, PB1, HA) tracking or entire virus evolution 34. This system will likely be adapted over time in order to continue to characterize the virus’ evolution. 

Additional information on genetic sequencing may be found here: Influenza Virus Genome Sequencing and Genetic Characterization | CDC

[bookmark: _Toc92530426][bookmark: _Toc94105818]Antigenic drift and shift
Two phenomena of genetic change are commonly cited in the influenza virus literature – antigenic drift and antigenic shift. Antigenic drift occurs with subtle shifts in the genetic composition of a virus change over time (usually accumulated through replication mistakes) 1,3. While natural selection perpetuates versions of the virus more fit than the last, the result does not typically affect how the virus impacts its host. The culprit in making replication errors is polymerase, or the proof-reading function in viral RNA replication 35,37. While antigenic drift occurs in all species commonly and routinely infected with influenza viruses, human strains have more point source mutations than any other species 38. 

[bookmark: bookmark=id.1y810tw]Antigenic shift is less common than drift and viruses resulting from antigenic shift pose substantial threats to human and animal health. Antigenic shifting happens through the interspecies transfer of the whole virus to a new animal host, or through considerable genetic reassortment 5. In interspecies transfer, a whole virus can adapt or acquire a receptor affinity for a new species. Reassortment typically results from infection of a single animal or human with two or more different influenza viruses, where parts of each virus are selected into a newly replicated one 37. Even with extensive study of animal reservoirs, it is impossible to pre-determine the antigenicity and virulence of a reassorted virus. 
[bookmark: _Toc92530438][bookmark: _Toc94105819]Influenza in Humans
[bookmark: _Toc92530439][bookmark: _Toc94105820]Burden of Disease, Clinical Symptoms, Transmission, and Risk Factors 
Human influenza is a major respiratory disease-causing illness in 3-5 million people globally every year with approximately 290,000-650,000 deaths (Paget et al., 2019). In the US, the Centers for Disease Control and Prevention (CDC) estimates between 9-41 million illnesses, 140,000-710,000 hospitalizations, and 12,000-52,000 deaths annually 39,40. An average of 8% of the U.S. population experiences influenza illness every year, ranging from 3-11% 41. Influenza A and B strains circulate seasonally, with A typically causing more severe illness. In temperate countries, the virus circulates in winter months, while tropical and subtropical countries experience year-round infections though at a lower rate than temperate countries. Influenza follows a hemispheric and seasonal pattern where fall/winter during the months of June-August in the southern hemisphere align with influenza activity, and in the northern hemisphere, December-March is dominant months for influenza 35,42. 

Influenza causes rapid onset of fever, fatigue, cough, sore throat, headache, body aches, conjunctivitis, and in severe cases pneumonia. Acute symptoms last 7-10 days with symptoms and fever lasting 7-10 days, though fatigue and weakness may last for a week 31,41. Flu spreads from person to person through aerosolized droplets containing the influenza virus. Droplets are expelled from infected people when coughing, sneezing, or talking and may be inhaled through the nose or mouth of an uninfected person 43. Less often influenza is spread after contact with a contaminated surface when a person touches their mouth, nose, or eyes. 

Symptom onset is approximately two days following exposure, with a range of 1-4 days. An infected person may be contagious up to one day before symptoms start through 5-7 days after onset. Infected persons are most contagious 3-4 days after the onset of symptoms. Immune compromised, older and younger people may be contagious for longer than 5-7 days 41.

Persons 65 years and older, those with chronic health conditions, pregnant women, and children under the age of five are at high risk for developing influenza-related complications such as pneumonia, myocarditis, encephalitis, myositis, rhabdomyolysis, and multi-organ failure 44,45.  

[bookmark: _Toc92530440][bookmark: _Toc94105821]Prevention and Treatment
Vaccination is the most effective way to prevent influenza. As of 2021, the flu vaccine protects against four flu viruses – two influenza A strains (typically one H3N2 and H1N1pdm09), two influenza B strains (B/Victoria and B/Yamagata) 46,47. Everyone six months and older is recommended to get an annual flu vaccine, preferably by the end of October 46,48.  

Four antiviral medications are available for the treatment of influenza infection – Oseltamivir, Zanamivir, Peramivir, and Baloxavir. All are oral or inhaled medications except Peramivir, which is given intravenously. Antiviral treatment works best if administered shortly after the onset of illness. Antivirals may reduce complications associated with influenza infection 49. 

For detailed information regarding seasonal influenza vaccination in humans, refer to the Human Vaccines section.

[bookmark: _Toc92530441][bookmark: _Toc94105822]Dominant Influenza Subtypes in Humans
[bookmark: _Hlk90211981]Human immunogenicity to influenza over the last 100 years is limited to HA subtypes H1, H2, and H3 50. As pandemic events presented over the last century each had an impact on which strains circulated seasonally post-pandemic, as recently evidenced by the continuous presence of H1N1pdm09 in influenza seasons. While occasional interspecies transmission occurs most often from swine or poultry to humans, influenza has also spread on limited occasions from other animals to humans. 

Humans are immunologically naïve to H5 and H7 subtypes, which is why these avian influenza virus subtypes are of significant concern. If either strain acquired the ability to spread from human to human a global pandemic could ensue 51. 

[bookmark: _Toc92530431][bookmark: _Toc94105823]Human Pandemics of the last 120 years
[bookmark: _Toc92530432]1918/1919 – H1N1
This pandemic is marked as the most significant in the recorded history of influenza, killing an estimated 40-50 million people. The H1N1 pandemic was unusual in that it affected those aged 20-40 years most severely; persons over 65 accounted for less than 1% of excess death in 1918 52. The internal genome of the 1918-19 H1N1 pandemic IAV originated from the equine H7N7 strain sometime in the late 1800s 53. The virus further reassorted to acquire a human H1 subtype and avian N1 38,52,53. Outbreaks in pigs following an illness in humans are believed to evidence reverse zoonotic transmission. Before this pandemic influenza was not known to infect pigs 54. 

[bookmark: _Toc92530433]1947 – H1N1 (pseudopandemic)
An outbreak among American military personnel stationed in Japan and Korea was reported in 1946. Despite routine vaccination among the military with an H1N1 strain from 1943, illness was widespread and vaccination did not prevent infection as later confirmed in mouse models 55. This event is technically a pandemic as it was globally distributed, but it was mild as it resulted in few deaths 52. 

1957 – H2N2
Continued reassortment of the H1H1 Spanish Flu strain with avian influenza viruses resulted in Asian Flu H2N2. This strain was considered generally mild, though it resulted in at least one million fatalities. With the arrival of this strain, H1N1 disappeared from human infections until 1977 54. 
[bookmark: _Toc92530434]1968 – H3N2
Arose from LPAIVs and human IAV genetic reassortment resulting in Hong Kong Flu H3N2 also causing approximately one million deaths. This strain differed from its predecessor by its HA antigen; the NA antigen was retained 52. This is one of the two human influenza viruses still circulating today. 

[bookmark: _Toc92530436]1776 – Ft. Dix (the pandemic that was not)
A novel H1N1 virus was detected in 230 recruits resulting in one death. In anticipation of the potential for a widespread epidemic, 40 million people were vaccinated resulting in 532 cases of Guillain-Barre syndrome and 32 deaths 56. The transmissibility of this virus was substantially lower than previous pandemics, and due to the “tight social-contact structure of the military training base”, the transmission was not sufficient to reach epidemic potential 54,57. 

[bookmark: _Ref90212215][bookmark: _Toc92530435]1977 – H1N1
Russian Flu, a reemergent H1N1 strain, caused severe human infections and a 50% fatality rate among children. Studies showed this strain was closely related to a 1950 strain, yet dissimilar to the 1947 and 1957 strains, and had retained genetic integrity since 1950 52,58. The strain is believed to have leaked from a laboratory 10,59. 

It was after this epidemic that H1N1 began seasonal co-circulation with H3N2; the first time two influenza A serotypes circulated at the same time 60.  

[bookmark: _Toc92530437]2009 – H1N1
A unique genomic constellation derived from North American avian influenza, Eurasian avian-like swine virus, H1N1 classical type swine, and seasonal H3N2 resulted in the H1N1pdm09 virus 54,61,62. First reported in April 2009, the pandemic reached 208 countries with 13,554 deaths. The disease caused widespread mortality and remains a dominant seasonal influenza strain today 15. 
[bookmark: _Toc92530418][bookmark: _Toc92530442]
[bookmark: _Toc94105824]Zoonotic Influenza Nomenclature
Zoonotic transmission of influenza viruses can occur in multiple directions including spread between animals and people usually through close contact. Most animal influenza viruses are restricted in their ability to infect humans; however, the frequency of zoonotic transmission is increasing (Figure 3) 63,64. 

Novel influenza viruses, per CDC definition, usually circulate among animals, were recently identified as having the ability to infect humans, and are genetically distinct from seasonal influenza viruses 6. Organizations supporting international surveillance of zoonotic influenza use a more expansive definition of “novel influenza”. One Health considers an animal influenza virus that infects a new species for the first time a novel event 65. This reference guide will follow the more prescriptive CDC definition as is more commonly used in scientific journal articles. 

Novel influenza A viruses are of particular interest as they have the greatest potential to spread from person to person. Novel influenza A typically cause mild to severe illness, though asymptomatic illness is possible. These events are closely monitored due to their newly emergent nature and potential threat to human health. 

Nomenclature used to describe specific incidents of human infection with animal-origin in literature and across international surveillance agencies influenza deviates slightly from the aforementioned definitions. In reports published by CDC, “novel” influenza A infections include swine and avian, though only swine-to-human transmissions have been reported in the U.S. 66. The WHO reports differentiate infection by species as “Avian Influenza Viruses” and “Swine Influenza Viruses” 67. The use of “novel” or “variant” influenza infection in humans in literature frequently refers to swine-to-human transmission. 

[bookmark: _heading=h.lnxbz9][image: ][bookmark: _Ref94098039]Figure 3. Summary of Zoonotic Influenza A Virus Infections in Humans. Excerpted from (Widdowson et al., 2017)

[bookmark: _Toc94105825]Increasing Incidence of Zoonotic Influenza A Viruses in Humans
In the last 30 years three major events have contributed to the significant concern for a potentially severe pandemic, 1) a triple reassortant H1N1 pandemic virus in humans from swine, 2) low pathogenic avian influenza (LPAI) viruses in birds, and 3) highly pathogenic avian influenza (HPAI) viruses in birds 64. HPAI H5 viruses have spread throughout most of the world, and while currently maladapted for efficient transmission in humans, the potential to reassort and to gain that function is possible 68. 

Improvements in surveillance and reporting conducted by the WHO Global Influenza Surveillance and Response System (GISRS) has increased the quantity and diversity of virus strains detected in 123 countries (WHO, 2021a),[footnoteRef:1]. The WHO is constantly increasing focus on surveillance, aggregation, and reporting of human health events of interest and importance given they are the only entity able to extract case reports from the majority of countries 69. In addition, the World Organization for Animal Health (OIE) make concerted efforts to outline standards for animal health management, quarantine, disease prevention, surveillance, and even vaccine recommendations 70. The effectiveness of animal and human surveillance systems are dependent on the ability to detect incidents as close as possible to the origin and onset of each event 71. Interspecies transmission of highly pathogenic, or reassorted influenza have resulted in an enormous mass culling of animals, damaging economies and individual livelihoods, as well as jeopardizing human health whether with isolated cases or the 2009 H1N1 pandemic 72–75. These events have served as motivating factors to support local surveillance efforts. More information on animal and human influenza virus surveillance, and zoonotic infections in humans are located in a later section of this reference guide Influenza Detection and Response.  [1:  Global Influenza Surveillance and Response System (GISRS) (who.int)] 


Surveillance data summaries of novel influenza A viruses in the U.S. are published here: Novel Influenza A Virus Infections (cdc.gov). This site provides cases by state, season, and subtype, as well as case characteristics. 

[bookmark: _Toc92530419][bookmark: _Toc94105826]Avian Influenza Viruses of Concern
Avian influenza viruses (AIV) do not typically occur in humans, though they can be transmitted to humans and can cause mild to severe illness, including death. Most instances of zoonotic human infection with AIVs resulted from either direct or proximal contact with infected poultry. Subtypes of AIV known to infect humans include H5, H6, H7, H9, and H10 76. 

[bookmark: _heading=h.1ksv4uv][bookmark: _Toc92530424][bookmark: _Toc94105827]Swine Influenza Viruses of Concern
Classifications of zoonotic human infections with swine influenza viruses (SIV) circulating among swine are slightly different than human influenza naming conventions. When these instances occur, a letter “v” is added to the SIV subtype name (e.g., H1N1v, H3N2v, H1N2v). Most human infections with SIV are mild with much less severe illness and mortality compared to infection with AIV. Known variant strains in the U.S. resulting in human infection include H1N1v, H3N2v, and H1N2v 51,77. 


[bookmark: _Toc94105828][bookmark: _Hlk94106408]Influenza in Avian
[bookmark: _Toc92530443][bookmark: _Hlk94047629][bookmark: _Toc94105829]Overview of Avian Influenza 
[bookmark: _Hlk94043712]Avian species play a significant role in the perpetuation of global influenza. Influenza A virus is the only type of influenza that infects birds 78. The earliest isolation of an influenza virus was in 1961 in a tern in South Africa followed by serologic evidence of infection in 1967 37,79. Avian influenza viruses (AIV) have played significant roles as the origin viruses for the 1918, 1957, and 1968 pandemics 37.  

Migratory waterfowl, particularly Anseriformes or ducks, mallards, or geese, as well as Charadriiformes, gulls, and shorebirds, serve as reservoirs for influenza A viruses and rarely experiencing symptomatic infection 80. The virus is most often spread between wild and domestic birds via fecal-oral route, and even among infected poultry. Ponds and rice fields in Asia are particularly ideal for this interaction as are backyard poultry farms and live animal markets. Live animal markets provide a space for rampant interspecies transmission as numerous bird types, and even non-avian mammals capable of hosting and spreading influenza viruses, are sold together 81.   

Domestic ducks can replicate the majority of influenza subtypes, especially LPAI, also with inapparent infection, similar to their wild duck counterparts. Domestic poultry and game birds (e.g., quail, chicken, turkeys) play an interesting role in influenza transmission. In addition to being infected and developing disease, they can serve as intermediary processing hosts or “mixing vessels” possessing both human and avian receptors α2,3 and α2,6 82. This same capability is present in swine 83. 

Turkeys are highly susceptible to influenza infection supporting the replication of most avian and mammalian influenza viruses. Chickens and other domestic poultry are also highly vulnerable to influenza infection and have perpetuated H3, H5 and H7 subtypes. 

Of greatest potential threat to human health are the H5 and H7 subtypes. While low pathogenic H5 and H7 are endemic in many countries, the potential exists for these strains to evolve into highly pathogenic variants capable of causing 100% mortality in poultry with spread to humans resulting in 60% mortality. While low pathogenic versions of these subtypes did not initially pose threats to human health, infections including severe illness and mortality in up to 25% of cases have been reported in the last 10 years 75,84. 
[bookmark: _Toc92530444][bookmark: _Toc92530420]For more information on the role of influenza A in avian species, see Influenza A Virus.

[bookmark: _Toc92530446][bookmark: _Toc94105830]Avian Subspecies Differentiation 
[bookmark: _Toc92530447][bookmark: _Toc94105831]Wild waterfowl 
[bookmark: _Toc92530448]The main species of wild waterfowl serving as reservoirs for IAV are Anseriformes (e.g., ducks, geese, and swans) and Charadriiformes (e.g., gulls, terns, and shorebirds) 85,86. Infection in these species occurs in the intestinal tract with an exceptionally large concentration of virus excreted in their feces 10,35,86. 

[bookmark: _Toc94105832]Wild terrestrial avian
Primary species studied with regards to influenza include quail and turkeys. 

[bookmark: _Toc92530449][bookmark: _Toc94105833]Domestic poultry
Primary species studied with regards to influenza include chickens, turkeys, and ducks. 

[bookmark: _Toc92530445][bookmark: _Toc94105834]Highly Pathogenic and Low Pathogenic Avian Influenza 
Avian influenza viruses are categorized into two groups: low pathogenic influenza A (LPAI) viruses and highly pathogenic influenza A (HPAI) viruses. The differentiation of highly pathogenic and low pathogenicity is related to the virus’s ability to cause illness and death in poultry and does not refer to the severity of illness in humans. Both HPAI and LPAI have caused serious illnesses in humans 7 (CDC, 2020c). 

While wild birds are known to be the reservoir for all avian influenza, HPAI viruses are thought to evolve in domestic poultry after transmission of LPAI from wild birds to poultry 86–89. After domestic birds are infected, a change in the HA gene can occur allowing the virus to mature outside of the gastrointestinal tract and cause systemic infection 38,86,90. At present, HPAI is limited to H5 and H7 subtypes 37,86. Most avian influenza viruses cause a gastrointestinal infection in birds with minimal clinical signs and are classified as low pathogenic.

The definition of infection with avian influenza according to OIE, 2016 is the following:
For the purposes of the Terrestrial Code, avian influenza is defined as an infection of poultry caused by any influenza A virus of the H5 or H7 subtypes or by any influenza A virus with an intravenous pathogenicity index (IVPI) greater than 1.2 (or as an alternative at least 75% mortality) as described below. These viruses are divided into high pathogenicity avian influenza viruses and low pathogenicity avian influenza viruses:
a. High pathogenicity avian influenza viruses have an intravenous pathogenicity index (IVPI) in six-week-old chickens greater than 1.2 or, as an alternative, cause at least 75% mortality in four-to eight-week-old chickens infected intravenously. H5 and H7 viruses which do not have an IVPI of greater than 1.2 or cause less than 75% mortality in an intravenous lethality test should be sequenced to determine whether multiple basic amino acids are present at the cleavage site of the haemagglutinin molecule (HA0); if the amino acid motif is similar to that observed for other high pathogenicity avian influenza isolates, the isolate being tested should be considered as highly pathogenicity avian influenza virus.
b. Low pathogenicity avian influenza viruses are all influenza A viruses of H5 and H7 subtypes that are not high pathogenicity avian influenza viruses.

HPAI was first identified in 1996 in wild birds in China 86,91. The first human case was detected in 1997 in Hong Kong 68. The impact of vaccination, strain evolution, and poultry immunologic adaptation have reduced poultry morbidity and mortality in recent years. Occasional symptomatic outbreaks of HPAI happen among wild bird reservoirs, and infection in wild birds has increased in recent years 7,92. HPAI viruses do not widely circulate among wild birds nor are they an established lineage in poultry 7. Transmission among infected poultry appears to be the most efficient through direct contact though most often via fecal contamination of water ingested by uninfected animals; airborne transmission occurs less commonly 93,93,94.  

[bookmark: _Toc94105835]Lineage Distinctions
Avian influenza viruses are often described as deriving from distinct geographic lineages. When introduced to a new region of the world, these viruses often reassort acquiring genes from locally circulating viruses. Those regional or continental reassortant viruses then perpetuate into their own lineages. These broad classifications are further broken down by species and time period 34. Early AIV detected in Asia are considered part of the Asian lineage, which led to a Eurasian lineage combining Asian and European genes. A North American lineage H5 virus was identified in 2004 and later diverged into ‘wild bird’ and ‘poultry’ lineages 1,87. There are additional supporting clades named for viruses found in Australia and South America 95,96. North American lineage viruses have not caused human infection yet. 

[bookmark: _Toc92530422]Avian influenza A H7 viruses: Asian lineage 
Within the subtype of H7 avian influenza Asian lineage, H7N9 low pathogenic viruses have caused the greatest number of human infections primarily in China. A novel low pathogenic avian influenza (LPAI) H7N9 virus emerged in China in 2013 causing five consecutive epidemic waves of human infection for a total of 1567 cases and 615 deaths. The most severe wave was in 2016-2017 with 759 human cases 97–99. Limited, un-sustained person-to-person transmission was reported 51.  

In 2016, H7N9 avian viruses developed highly pathogenic capabilities. A total of 32 human infections were detected with the highly pathogenic avian influenza (HPAI) virus later sequenced in poultry and were the likely source of human infection 100,101. A large-scale vaccination program has since been implemented in China as of September 2017 for H5-H7 in poultry, after which only three human cases of H7N9 have been reported 51,102. Regardless, the Asian lineage H7N9 viruses (both those with low and with high pathogenic) are believed to have the greatest pandemic potential if the virus were to achieve sustained person-to-person transmission 102.  

[bookmark: _Toc92530421][bookmark: _Toc94105836]Evolution of Avian influenza A H5 HPAI viruses
At the end of the 19th Century and beginning of the 20th, outbreaks of what was likely highly pathogenic avian influenza were reported in chickens in multiple countries. However, for nearly a century thereafter influenza outbreaks in poultry were rare and had limited spread. Outbreaks of influenza were more common in turkeys as they were often raised in less enclosures and more open range than chickens. Changes in turkey management practices resulted in the now widespread use of enclosures therefore reducing the number of outbreaks in turkeys 103. Genetic characterization or subtyping is not widely available on wild or domestic bird outbreaks prior to 1990.  

Highly Pathogenic Avian Influenza Emergence in Asia
In 1996, a unique lineage of H5N1 was detected in domestic geese 86,91,104. The H5N1 strain was designated as A/goose/Guangdong/1/1996 or Gs/GD H5N1 and is part of the Asian lineage of AIV 68,105. In the years following its discovery, HPAI continued to cause outbreaks in domestic poultry resulting in near 100% morbidity and high mortality despite massive, multi-year efforts to contain the virus. For the first seven years following its discovery, HPAI H5N1 remained within China, then spread to eight other countries in Asia by 2004, to Europe in 2005, and in Africa in 2006 (Figure 4) 86. 

In 2005, an outbreak of Gs/GD H5N1 resulted in the mortality of more than 6,000 wild aquatic birds 106. That same year, the virus was detected in wild birds in Europe 86. From 2006-2009, an additional 38 countries detected Gs/Gd H5N1 in domestic and wild birds (Figure 4, Figure 5) 107. 

Sporadic outbreaks among wild and domestic birds continued in Asia and Europe from 2010-2013 108–110. In 2010, a genetically distinct clade 2.3.4.4 Gs/GD H5N1 lineage HPAI virus emerged resulting in increasing occurrence of HPAI in wild birds (Figure 5) 111. However, the clade 2.3.4.4 virus became more adapted to waterfowl and able to cause asymptomatic infections in birds 112. 
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[bookmark: _Ref94097982]Figure 4. Timeline of magnitude and occurrence of HPAI 92
[bookmark: _Avian_Influenza_A]
Highly Pathogenic Avian Influenza Emergence in North America
This first instance of HPAI in North America was detected in Canada in chicken and turkey farms in 2014 and was an H5N2 subtype (Figure 4). Not long after, another outbreak among birds was found in the state of Washington close to the outbreak in Canada. The H5N2 virus in Canada was highly similar to the strain found in Washington 113. 

The incursion of HPAI into North America in 2014 was remarkable as the H5N2 virus was related to the Eurasian lineage HPAI H5N8 virus. The H5N2 virus was also most likely spread from wild migratory birds (evidencing survivability throughout lengthy migrations), and was seemingly introduced to North America independent of a simultaneous outbreak in Europe 76,113,114. This event was also the first-time surveillance detected a Eurasian HPAI H5N8 had been reassorted with a low pathogenic North American avian influenza virus. Genetic analysis confirmed reassortment had occurred in between Eurasian and North American strains as the H5N2 virus contained Eurasian-origin HA plus four other Eurasian genes and North American wild bird lineage NA and PB1 genes 113,114. 

[image: image]
[bookmark: _Ref94099424]Figure 5. Occurrence of outbreaks of HPAI by world region and frequency 92

Throughout 2015, the outbreak spread to wild waterfowl, chickens, and turkeys throughout the western and central U.S. and Canada 115. It took almost two years until the outbreak of H5N2 was contained in North America requiring the culling of 48 million birds and an estimated economic loss of >$3 billion dollars 72,114,116. Following this outbreak in North America, H5N2 and closely related viruses became part of the North American lineage, which thus far has not caused human infection. 

Outbreaks continued in Asia and Europe, occasionally in Africa, after 2015 affecting wild birds and domestic poultry. Some outbreaks have caused significant mortality in birds exceeding 10,000; also notable is the diversity of species infected with 2.3.4.4 Gs/GD which now includes gray seals, harbor seals, and a red foxes 117–120. Thus far, HPAI has not been detected in Australia or South America 121,122. 

Smith, et. al. 2015 provides additional detail on nomenclature and evolution of A(H5) clades from 2005-2012. 

See Appendix A for a complete list of Avian H5 outbreaks from 2005-2021. 

Avian Influenza References

[bookmark: _Toc94105837]LPAI Avian Influenza Subtype Summaries
[bookmark: _Toc92530451][bookmark: _Toc94105838]H7N9
Asian lineage H7N9 have tropism for human and avian cellular receptors (humans α2,3-linked sialic acid; avian α2,6-linked sialic acid), therefore causing widespread waves of illness in birds and significant case counts in humans with a 38% mortality rate. 

Identified in birds in 2013, this strain has caused 114 outbreaks impacting nearly 200,000 birds primarily in China. Studies support possible reassortment of H7N3 HA, H7N9 NA, and the remainder of genes from H9N2 avian viruses, though the NA gene may have been acquired through reassorted from a Czech Republic virus 123,124. China experienced six epidemic waves of H7N9 from 2013 to present, despite aggressive vaccination and culling campaigns in birds 102.  

In 2017, A North American lineage LPAI H7N9 strain was identified in poultry in Georgia, Tennessee, Alabama, and Kentucky along with highly pathogenic H7N9 virus of the same lineage 125. 

Prior to 2013, the virus primarily caused conjunctivitis in humans. With mutations acquired during avian outbreaks from 2013-2017, this strain caused 1,625 human infections in three countries and 623 mortalities. Since 2017, only three human cases have been reported. 

Four H7N2 strains were evaluated using IRAT 126: 
	Influenza Strain
	Date 
	Potential Emergence
	Potential Impact 
	Summary Score

	H7N9 [A/chicken/Tennessee/17-007431-3/2017]
	2017
	3.1
	3.5
	Low

	H7N9 [A/ chicken/Tennessee /17-007147-2/2017]
	2017
	2.8
	3.5
	Low

	H7N9 [A/Hong Kong/125/2017]
	2017
	6.5
	7.5
	Moderate-High

	H7N9 [A/Shanghai/02/2013]
	2016
	6.4
	7.2
	Moderate-High



Key Articles

[bookmark: _Toc94105839]H7N2
In 2003, a human case of H7N2 was reported in New York. The case had no known poultry exposure 127. 

In 2007, A cluster of human cases were identified in people with exposure to infected poultry at a public market in the United Kingdom. Limited person-to-person spread of conjunctivitis was reported 128. 

While not related to an avian exposure, a case of H7N2 was identified in a person with exposure to infected cats in an animal shelter in 2016 and later a second case found by serologic testing 129. 

Key articles

[bookmark: _Toc94105840]H7N3
In 2002, LPAI H7N3 was detected in Italy, then the Netherlands in 2002, and in British Columbia (BC) in 2004 (HPAI was also detected) 107,130. The outbreak in BC affected ~600 commercial poultry farms resulting in depopulation of 19 million birds 130. A total of 77 symptomatic human cases were reported with no hospitalizations or deaths. This was the first instance of human infection with H7N3 130. 

Key articles

[bookmark: _Toc92530453][bookmark: _Toc94105841]H6N1
H6N1 is one of the most common avian influenza viruses in wild and domestic birds. It was first detected in humans in 2013 in Taiwan. This strain poses a potential threat to human health as evidenced by its ability to reassort with H5N2 AIV while retaining its internal genes. This combination could improve its ability to infect humans 131. 

[bookmark: _Toc92530454][bookmark: _Toc94105842]H9N2
The most widely circulating LPAI in the world, this strain is primarily isolated from domestic poultry and live bird market environments. H9N2 is frequently cited as the source of internal genes obtained by H5, H7, and H10 strains in reassortment. Concern for human health regarding this strain centers on its ability to facilitate high and low pathogenic genetic exchange. 

H9N2 was first isolated in Wisconsin in 1966 and cause sporadic outbreaks in the U.S. Europe until the early 1990’s. Since the 1990’s, the strain is endemic in domestic poultry in Asia, the Middle East, and Africa 132. H9N2 viruses are often found co-circulating with H5 and H7 viruses which has resulted in the acquisition of H9N internal genes by H5 and H7 strains 132. H9N2 is believed to have supplied the non-HA and NA genes comprising the H7N9 LPAI virus that started waves of human and animal infection in China in 2013 124,133. The virus is split into two broad branches – the Eurasian and American. 

H9N2 has the ability to infect multiple species including minor poultry species (e.g., quail, pheasants), swine, canine, ferrets, pikas, and bats 134–140. 

Early human infections <1998 were asymptomatic detected only through serologic surveillance 141,142. As of 2019, 59 human infections have been reported with the majority occurring since 2015 (Figure 6). Cases are concentrated in children under age nine  132. Two H9N2 strains have been assessed using the IRAT; a strain from Bangladesh in 2014 and Jiangxi-Donghu in 2014. Both were designated as “moderate” risk 126. 

Key articles

[image: ]
[bookmark: _Ref94102398]Figure 6. Human cases of H9N2, 1998-2019 132

[bookmark: _Toc92530455][bookmark: _Toc94105843]H10N7
H10N7 causes occasional outbreaks in poultry. Human infections with the strain are rare. In 2004, two infants were reportedly infected with H10N7. Their father was a poultry merchant who traveled regularly 143. In 2012, two cases were confirmed in abattoir workers who had conjunctivitis and minor respiratory symptoms, though seven had symptoms of illness 144. Outbreaks were reported in harbor seals in 2015 145. 

Key articles

[bookmark: _Toc92530456][bookmark: _Toc94105844]H10N8
In 2013, three human cases of H10N8 were reported in China. The strain was identified in poultry from a live poultry market where the cases likely acquired infection 146. Several studies show internal genes of the H5N1, H7N9, and H10N8 viruses are reacquired from H9N2 viruses 147–149. This strain was evaluated with the IRAT and determined to be of “moderate” risk. 

Key articles
[bookmark: _Toc92530457]

[bookmark: _Toc94105845]HPAI Avian Influenza Subtype Summaries
[bookmark: _Toc92530458][bookmark: _Toc94105846]H5N1
Avian
H5N1 was not a noted threat to animal or human health until the 1996 emergence of the Gs/GD-lineage in birds. The first human infection was identified less than a year later  68,150. While concentrated in China seven years after 1996, the Gs/GD-lineage H5 HPAI virus expanded its reach to other countries and continents after 2002 68. 

The Gs/GD-lineage H5 HPAI rapidly became a major panzootic; the first among HPAI noted for its geographical spread and diversity in species affected. This strain was found in a wide range of wild and domestic birds, some mammals, feline, canine, and others 151,152. 

While the original Hong Kong strain found in 1996 was quickly eradicated, other H5N1 HPAIs persisted causing sporadic outbreaks between 2001-2003 153,154. In late 2003, nearly simultaneous outbreaks in domestic poultry occurred in eight Asian countries (China, Cambodia, Thailand, Japan, Korea, Indonesia, Lao PDR, and Vietnam). The most severe impact was to the Thailand and Vietnam economies where more than 100 million birds were culled or died and there were multiple fatal human cases 155. After 2004, a closely related sub-lineage of H5N1 (clade 2.2) was detected in migratory birds 106. For years following related viruses circulated in Russia, the Middle East, Europe, and Africa 156. 

Outbreaks continued in countries where infection remains endemic or with reemergence following previous outbreaks. The Gs/GD-lineage H5 HPAI virus has been reported in over 66 countries since 2003. Many permutations of the original clade 2.2 have been sequenced from infected flocks, though Egypt remains the only country continuing to report only virus from the original clade 86,157. 

Humans
Since 2003, more than 800 cases of H5N1 and more than 400 deaths have been reported in 16 countries (Figure 7) 3,150. This virus is particularly virulent in humans causing severe pneumonia and death in 50% of cases 76. Nearly 500 cases were reported between 2003-2009 focused heavily in Asia, though present in Africa as well 158. In the last two years, cases of H5N1 have declined as other subtypes become more dominant such as H5N2, H7 and H9 viruses 157,158. While the World Health Organization requires reporting of any influenza A variant virus with the capacity to infect a human, cumulative tracking is only published for H5N1. ProMed provides near-real-time reporting of cases form countries of origin 159. Human cases exhibit some seasonality with peaks aligning with seasonal epidemics in winter months 160. 

HPAI H5N1 virus affects children and adults; not all have documented exposure to birds; 90% of cluster-related cases were in family members 38. The median age of cases through 2013 was 18 years, with 89% of cases younger than 40 years 86. The overall mortality rate is 53%, though this represents mortality among all symptomatic, laboratory-confirmed cases (Figure 4) 150. Seroprevalence studies suggest the risk of transmission from avian to humans is low 86.

Two H5N1 viruses have been evaluated using the Influenza Risk Assessment Tool (IRAT); H5N1 Clade 1 Vietnam virus in 2011 rated as “moderate” risk, and an H5N1 Washington virus in 2015 rated as “low-moderate” 126. 

Key articles

Additional information on recent human avian influenza infections is located in the Surveillance and Epidemiology section. 

[image: ]
[bookmark: _Ref93860049]Figure 7. Cumulative human cases of avian H5N1 influenza, 2003-2021 158

[bookmark: _Toc92530459][bookmark: _Toc94105847]H5N2
One of the earliest reported H5N2 outbreaks was reported in Mexico among poultry flocks. The outbreak extended 15 months in 1993 to 1995 88. Outbreaks of H5N2 later emerged in France in 2003 and South Africa in 2004 while recurring outbreaks took hold in Asia 87,107. Between 2012-2019 the number of outbreaks and cases grew substantially among poultry to a peak of >1 million cases in 2015 mainly in Asia; slightly surging again in 2017-2019 161.  

An HPAI H5N2 outbreak was identified in ostriches in South Africa in 2011-2012, which also involved H7N1. Serologic surveys of people with known interactions with sick ostriches revealed three H5N2 positives over two years. The survey included testing for H7N1 which found 12 people seropositive for the virus 75.  

The first major outbreak HPAI H5N2 virus in North America was identified in turkey farms in Iowa, Minnesota, North Dakota, South Dakota, Wisconsin, and eventually several other states 51,113,114. The outbreak spanned over two years and resulted in the culling of nearly 50 million birds at an industry cost of more than $3 billion dollars 72,114,116. Wild birds tested along the Pacific flyway were positive for H5N2 and H5N8 viruses 162,163. Genetic analysis revealed reassortment of the H5N2 (North American lineage) and H5N8 (Eurasian lineage) as the cause of this North American outbreak 113,114. This virus (H5N2 A/Northernpintail/Washington) was evaluated using the IRAT as “low-moderate” risk 126.

Additional details on the emergence of H5N2 in North America is located earlier in this document. 

Key articles
 
[bookmark: _Toc92530460][bookmark: _Toc94105848]H5N6
HPAI H5N6 has circulated in China since 2013 mainly in chickens and ducks. Outbreaks in 2014-2015 resulted in three human cases and two deaths with all cases reporting direct contact with infected poultry in live bird markets 164,165. One study confirmed the presence of H5N6 (along with H7N9 and H9N2) in air samples in affected markets 140. The 2013 Eurasian lineage HPAI H5N6 virus was a reassortant of H5N2 and H6N6 166. 

In 2017, H5N6 was identified in three deceased feline in China proximal to outbreak-affected poultry flocks 167. In 2020, an outbreak was reported in migratory swans in China as the strain continued to circulate in chickens and ducks 168.  

In 2016, an IRAT of HPAI H5N6 determined the virus posed “moderate risk” in terms of pandemic potential, though in light of the increase in cases reported by China in 2021 the IRAT is being repeated. Of the 51 cases reported globally since 2014, 25 occurred in 2021. Most human cases had exposure to birds before becoming ill 164. 

Key articles

[bookmark: _Toc92530461][bookmark: _Toc94105849]H5N8
Outbreaks on H5N8 have been reported in birds since 1980 169. However, in 2010, a novel reassortant HPAI H5N8 subclade 2.3.4.4b virus, evolving from the H5N1 clade 2.3.4 was detected in China in domestic ducks at a wet market 73,111,170. The virus remained in China until 2014 when outbreaks were detected in turkeys in South Korea, then again in turkeys in Germany towards the end of that year 171. Genetic analysis confirmed the German strain was closely related to that of Asia. 

Since 2014, 2.3.4.4b viruses have spread to Africa and Europe via migratory flyways of wild birds causing major European outbreaks in 2016-17, and the introduction of HPAI to North America in 2014 116,172,173. 

A detailed account of the progression of H5N8 activity is provided by He et. al. 2021:

In early 2020, outbreaks of clade 2.3.4.4b viruses mainly occurred in Europe 174. Beginning in July 2020, several outbreaks of H5N8 viruses in poultry and wild birds were reported in Eurasia, including Kazakhstan, Russia, Poland, England, Netherlands, Korea, and Japan 175–178; outbreaks were not reported in China until October 2020, when clade 2.3.4.4b viruses related to those circulating in Eurasia were detected in 2 dead swans in Mongolia 168. Because eastern China is a major bird migration destination, migratory birds might carry HPAI viruses to this region. We detected 32 H5N8 viruses of 2 genetically distinct lineages in wild birds in eastern China.

Surveillance in migratory waterfowl in the Netherlands revealed likely continuous reservoirs in ducks for several years as viruses included H5N8, H5N5, and H5N1 all belonging to the original 2.3.4.4b clade 174. Recent infections have also been reported in seals, swans, and penguins 117,120,179. 

In 2020, an outbreak of H5N8 in Russia was confirmed when >10% of nearly one million birds died in December 169,180. Farm workers were tested for serologic evidence of infection and seven were positive. This is the first known instance of human infection with H5N9. The workers were not clinically ill there was no evidence of person to person spread. and the strain belonged to the 2.3.4.4b clade found in China in 2014. A CDC IRAT in 2021 determined pandemic risk to be “moderate” 126. 

Key articles

[bookmark: _Toc92530462][bookmark: _Toc94105850]H7N3
British Columbia (BC) experienced an outbreak of LPAI and HPAI in 2004 130. The outbreak in BC affected ~600 commercial poultry farms resulting in depopulation of 19 million birds 130.

From 2005 through 2021, outbreaks and cases occurred in primarily in the Americas with outbreaks sporadically reported in Europe, Asia, and Africa. Peak outbreak years in the Americas were 2012-2013, 2016, and 2019161. 

In 2012, Mexico reported outbreaks of HPAI H7N3 among domestic poultry. Two human cases of conjunctivitis were reported with known exposure to infected poultry 181. 

In 2018, surveillance at a Japanese airport detected a novel H7N3 virus in poultry meat a passenger attempted to illegally smuggle from China. The strain was a reassortant of the H7N9 HPAI strain 182. 

Key articles

[bookmark: _Toc92530463][bookmark: _Toc94105851]H7N4
This strain causes seemingly sporadic and likely undetected outbreaks. Since 2005, only two outbreaks have been reported; one in 2010 in the Netherlands, one in Cambodia in 2019 161,183. A two-year surveillance along the East Asian-Australiasian flyway confirmed the presence of H7N4 in migratory birds 184. 

The first and only human case of H7N4 was identified in 2018 in a Chinese woman with exposure to poultry in a live bird market 185. 

Key articles

[bookmark: _Toc92530464][bookmark: _Toc94105852]H7N7
The earliest known transmission of HPAI from birds to humans was reportedly H7N7. In 1976, a lab worker accidentally splashed her face with A/chicken/Victoria/76 resulting in conjunctivitis 186. In 1996, another human case of H7N7 conjunctivitis was identified in England in a woman who regularly interacted with feral ducks 187. 

In 1979, mass mortality of more than 400 harbor seals was reported in Massachusetts 188. 

In 2003, an outbreak in the Netherlands resulted in 453 reports of health complaints poultry workers and their families, mainly conjunctivitis, though 90 had influenza-like-illness symptoms. Of all with illness, 89 were confirmed to have H7N7 189. 

In 2013, an outbreak of H7N7 was reported in Italy resulting in the depopulation of >1 million birds. Three farm workers had laboratory-confirmed cases of conjunctivitis caused by exposure to infect birds 129,190. 

This subtype commonly infects horses as discussed in a later section. 

Key articles

[bookmark: _Toc92530465][bookmark: _Toc94105853]H7N8
In 2016, an outbreak of H7N8 was detected in the state of Indiana in turkey flocks. While originally LPAI, the virus is believed to have spontaneously mutated into HPAI. The index county for this outbreak shared a watershed with a large reservoir. Sustained increases in temperature and precipitation may have contributed to the viability of H7N8 191–193. 

Key articles

[bookmark: _Toc92530466][bookmark: _Toc94105854]H7N9
[bookmark: _Toc92530467]North American lineage
This virus strain was first identified in the U.S. in 2017. Domestic poultry flocks were infected in TN with low pathogenic H7N9 virus found in neighboring states including Georgia, Alabama, and Kentucky 194. Exposure to wild birds was not confirmed by way of testing proximal avian; however, genetic sequencing indicates a source from wild birds. 

Human illness due to H7N9 (North American lineage) has not been detected. 

[bookmark: _Toc92530468]Asian lineage
First detected as LPAI H7N9 in 2013 in China, this lineage virus resulted in multiple consecutive waves of infections in humans 102. However, since 2017 and following a mass poultry vaccination campaign, only three cases have been reported. For more information on this lineage virus, see the LPAI section of this guide H7N9. 
Key articles (for both lineages)

[bookmark: _Toc92530469][bookmark: _Toc94105855]H9N2
In 1999, two human cases of influenza A H9N2 were serologically detected in Hong Kong evidencing prior infection 123,142. Human infection was again reported in China in 2018 195. 

H9N2 has been globally widespread among poultry for the last two decades 132. Multiple outbreaks among swine have been reported along with infections in mink and bats 136,196. Several genetic studies show H5N6 in feline and H3N2 in canine likely received internal genes from H9N2 and other AIVs 137,197. 

The virus is hyperendemic in several countries and poses a threat to human health and the global poultry industry 132. Recent surges in human cases support this threat. The IRAT from 2014 for the G1 lineage H9N2 was rated as “moderate” as well as the Y280 lineage in 2019 126.

In 2021, the largest number of human infections ever were reported. Routine surveillance for influenza-like illness found a child case in Cambodia. No close contacts of those cases had evidence of infection through one chicken sample from the infected child’s house was positive 198,199. There were 21 cases; the latest in December 2021. Since 2015, a total of 66 human cases and two deaths have been reported in the Western Pacific Region 200. 

Key articles

[bookmark: _Toc94105856]H10N3
The first human case of H10N3 was reported by China in 2021. The case had no clear contact with poultry nor did local surroundings or poultry confirm the presence of the virus 201. 

[bookmark: _Toc92530470][bookmark: _Toc94105857]H10N8
The first human infection with H10N8 was detected in a 73-year-old woman in China in 2013 with transmission identified from a live animal market 146,202. The strain was believed to be a novel reassortant as it contained surface genes from Eurasian H10Nx and North American HxN8 viruses found in wild birds, with all six internal genes from H9N2 found in poultry 133. 

Key articles

[bookmark: _Toc92530471][bookmark: _Toc94105858]H10N7
In 2004, H10N7 was reported in two infants in Egypt following an illness with fever and cough. The father of one infant was a poultry merchant. Five cases of the same virus were later isolated from ducks 143. 


[bookmark: _Toc92530472][bookmark: _Toc94105859]Influenza Viruses in Swine 
[bookmark: _Toc92530473][bookmark: _Toc94105860]Overview
Swine is one of seven species known to routinely circulate influenza viruses, usually in colder months, though infection in swine is possible year-round 203. Common disease-causing strains or swine influenza viruses (SIV) include H1N1, H1N2, and H3N2 35. The virus is endemic in swine populations in Asia, Europe, and North and South America 204. 

H1N1 viruses were circulating in North American swine as early as 1930 but were not confirmed in European pigs until 1976 (CDC, 2018e; Garten et al., 2009; C. W. Olsen, 2002). It is believed a shipment of pigs from the U.S. to Italy resulted in the introduction to Europe 205. Despite the widespread presence of influenza viruses in swine and frequent interactions between swine and humans over the last century, serologic evidence of human infection with swine influenza was not identified until 1958 and it was not until 1974 that a swine influenza virus was isolated in a human 206,207. 

It is important to note cH1N1 differs from human seasonal A(H1N1). A(H1N1) circulated seasonally in humans after the 1918 pandemic until abruptly disappearing in 1957 having been replaced by a reassortant H1N2 virus. The human A(H1N1) strain reemerged in Russia in 1977 after a 20-year absence. Unrelated to Russia, an outbreak of swine influenza A(H1N1) at Ft. Dix occurred at the same time, though neither became a full pandemic (Figure 6) 54. 

[image: ]
[bookmark: _Ref94044911]Figure 8. H1N1 viruses in avian, swine, and humans, 1918-2009 54 

Double reassortant swine viruses are defined as receiving genetic material from swine and human influenza, while the triple reassortant viruses contain avian, human, and swine genes 208. Before 1998, cH1N1 remained relatively genetically stable until a triple reassortant was identified in the U.S. 209. The new 1998 reassortment strain brought together human and avian viral components and caused periodic infections in humans. From 1998-2009 there were 11 laboratory-confirmed cases of human infection with the triple reassortant; most patients reported exposure to swine 210. 

Swine are often labeled as “mixing vessels” as they have both mammalian α2,3 and avian α2,6 receptors for influenza viruses in the tracheal epithelium 35,209. With a global population of approximately 677 million pigs, their presence throughout the world has the potential for significant contribution to influenza virus evolution and transmission; nearly 60% of global swine are in China 211. Given the concentration of swine in China, the risk of emergence of a novel swine strain is likely. Poultry, wild birds, and several other animals have the same ability, though quails are cited as a particularly effective intermediary host of avian influenza viruses  82,212. Influenza viruses readily spread from humans to swine perhaps more frequently than the reverse. Even in the 1918 pandemic, pig outbreaks followed human outbreaks 52. 

Clinical manifestation of influenza in pigs takes three forms – 1) a respiratory disease similar to human infection with cough, fatigue, fever, and nasal discharge for 3-7 days; 2) as part of porcine respiratory complex acting with Mycoplasma hyopneumoniae and other bacterial pathogens of pneumonia; 3) no clinical signs of illness 86,203,209.

[bookmark: _Toc92530474][bookmark: _Toc94105861]Swine Influenza Subtype Summaries
[bookmark: _Toc92530475][bookmark: _Toc94105862]H1N1pdm09
The H1N1 pandemic of 2009 began in Mexico, though was first identified in two children in San Diego, CA, resulting in the strain being named for the state of discovery (A/California/04/2009) 15,16. Genetic characterization and phylogenic analysis suggest that H1N1pdm09 was circulating in swine up to 1-2 years before its appearance in people 61,213. In addition, low genetic diversity evidence introduction to humans was a single event or a series of events with a similar virus 61. The emergence of a swine influenza pandemic was surprising as avian influenza outbreaks in poultry and sporadic human infections were increasing throughout Asia in the years preceding 86. However, there were many precursor events in the U.S. evidencing increasing risk of interspecies transmission of influenza between swine and people 210. 
 
[image: ]The H1N1pdm09 eight genome had four primary origins. The NA and M genes were sourced from H3N2 Eurasian swine lineage viruses. The HA, NP, and NS genes were from classical swine viruses, North American lineage. The PB2 and PA genes were from avian viruses, North American lineage, and the PB1 gene originated from seasonal H3N2 (Figure 7) 61.  [bookmark: _Ref94045279]Figure 9. Comparison of human H1N1 cases from triple reassortant swine to human H1N1 cases in California (Novel Swine-Origin Influenza A (H1N1) Virus Investigation Team, 2009)


In sum, the H1N1pdm09 genome contained six gene segments (PB2, PB1, PA, HA, NP, and NS) previously found in triple-reassortant swine viruses circulating in pigs in North America 16. The remaining two genes, NA and M, were closely related to SIV circulating in Eurasia. This combination was completely new. Before H1N1pdm09, the triple reassortant consisted of four genes from classical swine influenza viruses (including HA and NA), two from AIV (North American lineage), and one from human IAV. Triple reassortant swine virus was first identified in the U.S. in 1998 62.   

The H1N1pdm09 strain continues to circulate in swine and humans seasonally throughout the world. 

[bookmark: _Toc92530476][bookmark: _Toc94105863]trH1N1, trH1N2, trH3N2
Swine triple reassortant (tr) viruses are the main influenza viruses circulating among pigs in recent years 214.

[bookmark: _Toc92530477][bookmark: _Toc94105864]H1N1
Classical swine A (H1N1) or cH1N1 evolved from the 1918 Spanish Flu, and while related to the H1N1pdm09 strain, the virus changed very little antigenically until 1998 215,216. The 1998 reassortment was the result of humans infecting pigs 203. Additional reassorting occurred resulting in new genotypes of H1N1 and H1N2 retaining the triple reassortant internal genes 217. These strains represent almost 50% of circulating strains in swine in the U.S. 218.  

Key articles for H1N1pdm09 and cH1N1

[bookmark: _Toc92530478][bookmark: _Toc94105865]H1N2
This strain was isolated in pigs in Japan in 1978 and multiple other countries before its detection in the U.S. in 1997. 

This strain causes periodic infections in humans 219.

Key articles 

[bookmark: _Toc94105866]H2N2
H2N2 circulates in swine and birds but has not infected a human in over 40 years. This strain disappeared as a dominant human seasonal virus after the pandemic that started in 1957 and extended through 1967 220. 

[bookmark: _Toc92530480][bookmark: _Toc94105867]H3N2
SIV H3N2 is distinct from human seasonal H3N2 virus in that it normally circulates in pigs, with sporadic human infections[footnoteRef:2]. However, in 2011, a reassortment of SIV H3N2 was identified with the H1N1pdm09 M gene. The acquisition of this gene may make SIV H3N2 more transmissible to humans. While only 11 human cases of novel influenza from swine were reported from 1998-2009, 12 human cases were confirmed in 2011 alone followed by a record 300 in 2012. Human infections continue to occur in people usually resulting from prolonged exposure to pigs at agricultural fairs. Sustained human transmission has not yet occurred 218,221–225. [2:  Influenza viruses that normally circulate in pigs are called “variant” viruses when they are found in people and are labeled with a “v”. ] 


Key articles

[bookmark: _Toc92530481][bookmark: _Toc94105868]H4N6
This wholly AIV was isolated from pigs experiencing an outbreak of respiratory disease in Canada in 1999. The farm was located close to a lake where migratory birds frequented. Water from that lake was regularly given to pigs for drinking. Transmission of the avian virus from contaminated lake water to pigs, then pig to pig was the confirmed route of exposure. This outbreak was also the first known instance of pig to pig spread of this AIV. Farm personnel were asymptomatic, though serologic status of infection was not determined 215. Lack of evidence of H4N6 for pig infection since 1999 suggests this may have been an isolated incident.  

[bookmark: _Toc92530482][bookmark: _Toc94105869]H5
There are no documented swine-origin H5 strains of influenza virus; however, as swine have cellular receptors for avian and mammalian influenza viruses, avian H5 infections in pigs have occurred. 
[bookmark: _Toc92530483]
[bookmark: _Toc94105870]H6N6
Identified in Southern China in 2011, this sporadic infection of H6N6 in pigs was believed to originate from ducks. This virus not widely circulate in swine 226.
[bookmark: _Toc92530484]
[bookmark: _Toc94105871]H9N2
Originating from AIV (similarly to H6N6), this virus reassorted to infect pigs. This strain is not well-adapted to spread between pigs; however, that potential exists as does the potential for human infection. 

Key articles 
[bookmark: _Toc92530485]

[bookmark: _Toc94105872]Influenza Viruses in Equine
[bookmark: _Toc92530486][bookmark: _Toc94105873]Overview
Equine influenza virus (EIV) is a highly contagious, common infection of horses with historical documentation of incidence dating back centuries 227. Often overlooked outside of equine communities, outbreaks have disrupted horse racing and the show industry, also impacting those who rely on equids for income. Despite the availability of EIV vaccines and quarantine standards for the importation of horses, the international horse trade appears to be the most common source of large-scale outbreaks 228.

Equine influenza causes acute symptoms of infection including dry cough, lethargy, fever, nasal charge, and anorexia which typically resolve within two weeks 229. EIV is believed to have originated from avian viruses. EIV can infect all equids, wild and domestic, including donkeys 230,230,231. EIV can spill over to dogs, cats, swine, and likely many other mammals. Transmission from horses to humans is possible; humans can also infect horses with influenza though infection in horses usually remains asymptomatic 232. Elevated antibodies to EIV have been detected in humans in multiple EIV outbreaks 228.

[bookmark: _Toc92530487][bookmark: _Toc94105874]H7N7
H7N7 was first identified in horses in 1956 in Europe and was last identified in the 1970s, though serology suggests circulation through the 1990s.  

[image: Image showing sublineages of equine influenza.]
[bookmark: _Ref94048005]Figure 10. Equine influenza H3N8 American and Eurasian sublineages, UC Davis 2019

[bookmark: _H7N7]
[bookmark: _Toc92530488][bookmark: _Toc94105875]H3N8
H3N8 has two distinct lineages – Eurasian and American. Eurasian lineage viruses have not been detected since 2007. The American lineage is more common today with sublineages attributed to Florida, Kentucky, and South America. The Florida sublineage is further split into two clades with clade 1 found in the U.S. and clade 2 in Europe (Figure 10) 233–237. Both Florida clades are currently recommended for inclusion in equine influenza vaccination, though the equine vaccine is intended to prevent illness, not infection. Therefore, previously vaccinated horses can experience transmissible subclinical infection 238. 

Outbreaks among horses regularly occur in all countries except New Zealand and Iceland. Australia experienced a large outbreak in 2007 affecting more than 70,000 horses with a 5% mortality rate. The cause of the outbreak was believed to be an importation from a thoroughbred from Japan where the illness was missed at an Australian quarantine station. The estimated cost of that outbreak exceeded USD 1B 74. Another significant, international outbreak started in Chile in 2011-2012 and spread to numerous countries 229.

Key Articles – Equine Influenza Viruses


[bookmark: _Toc92530489][bookmark: _Toc94105876]Influenza Viruses in Canine & Feline
[bookmark: _Toc92530490][bookmark: _Toc94105877]Overview
Influenza A virus is spread between and among dogs and cats through respiratory droplets, and occasionally between the two species. As referenced in Figure 11, canine-adapted influenza viruses originated from hoses, avian, humans and swine. Feline infections include LPAI H7N2 and HPAI H5N1 avian viruses, and the A(H1N1)pdm09 strain infected both feline and canine 239.  
[image: ]
[bookmark: _Ref94028299]Figure 11. Overview of major IAV infections reported in dogs and cats. Excerpted from (Borland et al., 2020).
[bookmark: _heading=h.39kk8xu]
Both dogs and cats contain receptors (mammalian α2,3-linked sialic acid; avian α2,6-linked sialic acid) for both mammalian and avian influenza viruses making them a potentially important link in interspecies transmission of influenza viruses 137,240. Multiple studies show dogs may be infected with a variety of IAV strains including H1N1pdm09 and that strains from multiple species can reassort in dogs, which lends evidence to the possibility that dogs may be another “mixing vessel” species 239,241. Opportunities for reassortment are particularly present in China due to the presence of free-roaming dogs and dogs farmed for meat production, as determined by dogs with respiratory illness surveyed in veterinary clinics 242. Given their close proximity to humans, and their large global population (more than 700 million), dogs could play a larger role in zoonotic transmission of influenza viruses in the future 137,243,244. Despite the known presence of mammalian and avian influenza receptors in cats, they were not known to host reassortment of IAV until a detection event in China in 2017 197.

[image: ]
[bookmark: _Ref94028909]Figure 12. Canine and feline viral evolution from 1999-2019, Wasik, et al, 2019
[bookmark: _heading=h.1opuj5n]
The following is the description of from Figure 7 Waskink et al 2019:
Timeline of major canine outbreaks as well as canine and feline spillover events since 1999. Outbreaks of equine-origin H3N8 and avian-origin H3N2 in dogs have been sustained in dog populations, with a major contraction (or possible resolution) of H3N8. Major spillover subtypes include H5N1, H5N2, H5N6, H7N2, and H1N1pdm. Dog-to-cat cross-species transmissions have been observed with canine influenza virus (CIV) H3N2 in Korea.

[bookmark: _Toc92530491][bookmark: _Toc94105878]Canine
[bookmark: _Toc92530492][bookmark: _Toc94105879]H3N8
H3N8 canine influenza virus (CIV) emerged around 2000 from an equine influenza virus (EIV) transmission to dogs as confirmed by serologic evidence. The H3N8 EIV had been recognized 40 years prior 245. In 2004, the CIV spread among greyhounds at a Florida race track and rapidly throughout the U.S. Outbreaks continued in racing greyhounds in 11 states and the virus spread to shelters across the U.S. for the next two years 134,246. Around the time of the 2004 Florida outbreak, other outbreaks were noted in dogs in Australia, the United Kingdom, and South Korea 137,235,247.    

At present, there is no evidence of transmission of H3N8 from canines to humans 248. CIV H3N8 continues to circulate in the northeastern U.S. and Colorado, mainly in animal shelter and kennels with high turnover of animals 245,246. 

[bookmark: _Toc92530493][bookmark: _Toc94105880]H3N2
CIV H3N2 appears to have originated in birds, then infected dogs, and now spreads between dogs 245. The virus was first identified in dogs in South Korea in 2007 followed by reports of infected dogs in China, Thailand, and Canada. In 2015, this CIV H3N2 virus was confirmed in dogs in the U.S. Following the 2015 introduction, an outbreak in Chicago in 2016 infecting more than 1,000 dogs resulted in sustained low-level transmission despite shelter control efforts 249. While the original U.S. outbreak died out, the virus is continuously reintroduced by dogs imported from Asian countries where disease is endemic (Gutman et al., 2019; Zhu et al., 2015). 

[bookmark: _Toc92530494][bookmark: _Toc94105881]Other strains
In 2014-2015, swine influenza reassortant H1N1, H1N2, and H3N2 infections in dogs were reported in China 239. 

[bookmark: _Toc92530495][bookmark: _Toc94105882]Feline
[bookmark: _Toc92530496][bookmark: _Toc94105883]H1N1pdm09
An outbreak of H1N1pdm09 was reported in Italy in 2009 that infected and caused illness in more than 90 cats 250. This outbreak confirmed the ability for influenza to spread between cats, though prior outbreaks with H5N1 supported this as well. Sporadic cases of H1N1pdm09 were also reported in domestic cats coinciding with surges in pandemic influenza activity in 2009 and beyond 241,251.  

[bookmark: _Toc92530497][bookmark: _Toc94105884]CIV H3N2
Sporadic cases of CIV H3N2 have been reported in cats in Korea, though not sustained in feline populations 252,253. 

[bookmark: _Toc92530498][bookmark: _Toc94105885]H5N1
HPAI H5N1 was the cause of an outbreak in domestic cats in 2004 in Thailand where at least one cat was known to have had contact with chickens. Infections in larger cats including tigers and leopards in a Thailand zoo were tied to tigers being fed infected chickens, there were some instances of assumed tiger-to-tiger transmission as not all sick tigers had consumed infected chicken 254,255. Studies involving field serosurveys confirm HPAI H5N1 in cats is rare. Confirmed cases of feline influenza with H5N1 usually involves the interaction of cats with a wild animal or bird outbreaks or cat consumption of infected birds 254,256. 

[bookmark: _Toc92530499][bookmark: _Toc94105886]H5N6
As with H5N1 AIV, H5N6 AIV periodically infects cats. In 2014, a fatal infection in a feline followed a poultry and human outbreak in China. Two novel reassortant H5N6 viruses with H9N2 and H7N9 genes were identified in cats in 2016, also in China. In 2016-2017, additional cases in cats were confirmed during a poultry outbreak in South Korea where cats were in close proximity to an affected farm 241. Feline infections may have been acquired from interactions of domestic cats with wild birds whether through feeding or other direct contact 167.

[bookmark: _Toc92530500][bookmark: _Toc94105887]H7N2
A feline outbreak in a New York City animal shelter occurred in 2016 attributed to an LPAI H7N2 influenza virus 257,258. Two human infections were confirmed; one veterinarian with mild symptoms and a second confirmed retrospectively with no symptoms reported. These were the first known human infections with H7N2 129,258.

[bookmark: _Toc92530501]Inter-species transmission risk
Due to the proximity of canines with felines in shelters throughout the U.S., the transmission of CIV to cats happens occasionally 252

Key articles for canine and feline influenza 


[bookmark: _Toc92530502][bookmark: _Toc94105888]Influenza Viruses in Bats
[bookmark: _Toc92530503][bookmark: _Toc94105889]Overview
Despite their ability to harbor more life-threatening zoonoses than any other mammalian species, bats were not suspected as key players in influenza virus distribution until identified in Guatemala in 2009. This discovery was the result of a two-year surveillance study to assess influenza prevalence in Guatemalan fruit bats 259. 

A new H17N10 subtype was discovered in 2012 in Central American fruit bats in Guatemala followed by the detection of H18N11 in fruit bats in Peru 259,260. Sequencing of the H18N11 virus revealed it was phylogenetically close to H17N10, but had exceptionally divergent HA and NA encoding sequences. This drew researchers to the conclusion influenza had been present in bats for much longer than previously thought 260,261. These discoveries evidence the potential for widespread circulation in the Americas; however, substantial genetic modification is likely necessary before bat influenza viruses could infect and spread among humans 261,262. The internal genes of bat influenza virus strains are compatible with human influenza viruses but would require reassortment to acquire the requisite surface proteins for human infection 261.  

Infection with H18N11 has also been reported in the Brazilian free-tailed bat. H9 subtype antibodies have been found in frugivorous bats in Ghana and the IAV strain H9N2 was isolated from Egyptian fruit bats in 2019 196,263,264.

Key articles for influenza in bats


[bookmark: _Toc92530504][bookmark: _Toc94105890]Influenza in Other Animals
[bookmark: _Toc92530505][bookmark: _Toc94105891]Sea mammals
Seals and other pinnipeds are susceptible to influenza virus infection likely resulting from onshore interactions with wild birds. Notable outbreaks among harbor seals include H7N7 in Cape Cod, Massachusetts in 1980, the northeast U.S. in 2011 attributed to H3N8, and H10N7 in Denmark and Sweden in 2014. Seals experience pneumonia from influenza infection which can cause significant mortality. Seals may also acquire influenza B infection originating from humans 145,188,265,266.

[bookmark: _Toc92530506][bookmark: _Toc94105892]Ostriches
An outbreak of the HPAI H5N2 virus occurred in Eastern Cape Province, South Africa in 2004 linked to AIV carried by wild ducks 87. Two additional outbreaks of HPAI H5N2 were reported years later in nearby Western Cape Province, South Africa. The first was in 2011 attributed to an HPAI H5N2 virus, and the second in 2012 was caused by an LPAI H7N1 virus. Extensive serologic testing was conducted in nearly 400 people involved with outbreak mitigation in 2011 and 2012. Human infection with HPAI H5N2 virus from 2011 was confirmed in only three individuals, while four ostrich abattoir workers and four veterinarians had serologic evidence of LPAI H7N1 virus infection from 2012. Mild conjunctivitis symptoms were reported by one veterinarian at the time of the H7N1 outbreak, but the infection was not confirmed to be influenza 75.

[bookmark: _Toc92530507][bookmark: _Toc94105893]Pandas
A single case of H1N1pdm09 was detected in an asymptomatic panda in Hong Kong in November 2018 267.

[bookmark: _Toc92530508][bookmark: _Toc94105894]Penguins
[bookmark: _Hlk92664003][bookmark: _Toc92530509]AIV was detected in Adelie penguins in Antarctica in 2013. Genetic examination evidenced diverse origins, though the majority of segments were from North American lineage viruses with NA genes derived from Eurasian lineages. This discovery highlighted the persistence of influenza viruses, reassortment between lineages in Antarctica, and the potential for devastating introduction of HPAI viruses to the Antarctic penguin population 268. 

[bookmark: _Toc94105895]Ferrets 
Ferrets are susceptible to infection with human influenza viruses and share immunologic similarities, therefore, are frequently used as a model for studying human infection 269. Research investigating the role of wild or domesticated ferrets in influenza transmission is sparse.   

Key articles for influenza in other animals
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Table 1. Summary of Virologically or Serologically Confirmed Reports of Zoonotic Influenza A Virus Infections in Humans, by Subtype Group

Representative
Year First Year Last Confirmed Cases, No.;  Reference(s) for Each

Subtype Group Detected Detected Countries® of Occurrence Confirmed Fatalities, No. Country
HINIY 1958 2016 Canada, China, Czechoslovakia, Italy, Netheriands, a1;6 13, 9-16]

Russia, Spain, Switzerland, Thailand, US
HPAI H7N7 1959 2003 Australia, US, Netherlands 911 17.17.18]
LPAI H7N7 1979 2013 US, Italy, United Kingdom 5.0 16, 19, 20]
HaN2v 1992 2017 Canada, Hong Kong SAR, Netherlands, US, Vietnam 380;2 114, 21-24]
HPAI HEN1 1997 2017 Azerbaijan, Bangladesh, Cambodia, Canada,® China, 856; 453 125-27)

Djibouti, Egypt, Hong Kong, Indonesia, Irag, Laos,

Myanmar, Nigeria, Pakistan, Thailand, Turkey,

Vietnam
LPAI HON2 1998 2015 Bangladesh, China, Egypt, Hong Kong, SAR® 361 128-31]
LPAI H7N2 2003 2017 United Kingdom, US 7.0 12,32, 33]
HPAI H7N3 2004 2012 Canada, Mexico 40 34, 35]
LPAI HION7 2004 2012 Australia, Egypt 40 136,27
LPAI H7N3 2006 2006 United Kingdom 11 118]
HiN2v 2007 2015 Brazil, Philippines, US 10;0 114, 16, 38]
LPAI H7N9 2013 2017 Canada® China, Malaysia, Taiwan® 1393; 534 139]
LPAI HIONE 2013 2014 China 32 140]
LPAI HBN1 2013 2013 Taiwan 1.0 141]
HPAI HENG 2014 2016 China 17:12 1421
HPAI H7N9 2017 2017 China, Taiwan® 84 143]

Adapted and updated from articles by Perdue and Swayne (25, Myers et al [44], and Freidl et al [45]. Influenza viruses that normally circulate in swine are called “variant” viruses and are
designated by the letter v (eg, “HTNTv") when they occur in humans. Human infections with novel influenza viruses, including variant influenza viruses, were notifisble diseases only after
the revision of the Intemational Health Regulations in 2005.

Abbreviations: LPAI, low-pathogenicity avian influenza virus; HPAI, high-pathogenicity avian influenza virus; SAR, Special Administrative Region of China.

#Includes Teiwan and Hong Kong SAR.

Bimported case(s).
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(A) 2005-2009: Early GsGD HPAI outbreaks 2010-2021: Emergence of clade 2.3.4.4
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Azerbaijan 8 5| 8 5
Bangladesh 1 6 1 1 8 1
Cambodia 9 7 47 30 56 37
Canada 1 1 1 1
China 38 25 9 5| 6 1 53 31
Djibouti 1 1

Egypt 90 27 120 50 149 43 359 120
India 1 1
Indonesia 162 134 35 31 3 3 200 168
Iraq 3 2, 3 2|
Lao People's

Democratic Republic 2 2, 3 2
Myanmar 1 1

Nepal 1 1 1 1
Nigeria 1 1 1 1
Pakistan 3 1 3 1
Thailand 25 17, 25 17|
Turkey 12 4 12 4
Viet Nam 112 57| 15 7 127 64
Total 468 282 233 125| 160 48| 863 456
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Figure 3. Comparison of HIN1 Swine Genotypes in Recent Cases

in the United States.

The triple-reassortant strain was identified in specimens from patients with
infection with triple-reassortant swine influenza viruses before the current
epidemic of human infection with S-OIV. HA denotes the hemagglutinin
gene, M the M protein gene, NA the neuraminidase gene, NP the nucleo-
protein gene, NS the nonstructural protein gene, PA the polymerase PA
gene, PB1 the polymerase PB1 gene, and PB2 the polymerase PB2 gene.





image10.png
(o]

American

o

South
American

Florida

e e

|





image11.png
TABLE 1 | Overview of major natural influenza A subtype infections and reassortment events reported in dogs and cats.

Influenza A First isolation Host species Currently reported Severity of Intraspecies Transmission to References
subtype? (origin) geographic the disease® transmissibility? humans®
distribution®
CIV-H3N8 Florida, USA, 2004 Dogs (Horse) USA®, UK, Canada + + Never reported (7-9)
CIV-H3N2 China, 2006 Dogs and Cats Southeast Asia®, ++ ++ Never reported (10-16)
(Avian) North America®
LPAIV H7N2 New York City, USA,  Cats (Avian) USA + + Reported once (17,18)
2016
HPAIV H5N1 Thailand, 2006 Dogs and Cats Thailand, China, +++ —/+ Never reported (19-25)
(Avian) Austria, Germany
A(H1N1)pdm09 Italy, 2009 Dogs and Cats USA, China, Mexico, +++ + Reverse zoonosis (26-34)
(Human) Italy
CIV-H3N1* South Korea, 2010 Dogs (Human) Unknown - - Never reported 35)
CIV-H3N2* South Korea, 2012 Dogs (Human) Unknown ++ + Never reported (36)
CIV-HIN1r* China, 2015 Dogs (Swine) China ++ Unknown Never reported @37)
CIV-HIN2r* China, 2014 Dogs (Swine) China + Unknown Never reported @37)
CIV-H3N2r* China, 2015 Dogs (Swine) China + Unknown Never reported @37)

aCIV, Canine Influenza Virus; HPAIV, High Pathogenic Avian Influenza Virus; pdm, pandemic; LPAIV, Low Pathogenic Avian Influenza Virus; r, reassortant and further highlighted by
an asterisk.

bRefers to endemic subtype in canine population.

CSeverity was defined based one the following criteria: 4+ mild respiratory symptoms; ++ severe respiratory symptoms; + + + systemic infection.

9intraspecies transmissibilty refers to dog-to-dog and cat-to-cat transmission events and was classified as follows: - no evidence of case-to-case transmission; —/+ limited transmission;
++ efficient spreading.

©Reverse Zoonosis refers to an influenza subtype that can be transmitted from humans to companion animals.
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Table 2. Host range of different hemagglutinin (H1-H18) and neuraminidase (N1-N9) subtypes

[43,44,54,68-70].

HA- NA- Human Swine Equine Domestic Waterfowl Sea Mammals Bat
Subtype  Subtype Poultry  Shorebirds  (Seal/Whale)

HI N1 HI/N1  HI/NI H1/N1 HI/N1 HI

H2 N2 H2/N2  H2/N2 H2/N2 H2/N2 N2

H3 N3 H3/N3 H3 H3 H3/N3 H3/N3 H3/N3

H4 N4 N4 H4 H4/N4 H4/N4 H4

H5 N5 H5 H5 H5/N5 H5/N5 N5

H6 N6 H6/N6  H6/N6 H6/N6 H6/N6

H7 N7 H7/N7 H7/N7  H7/N7 H7/N7 H7/N7

HS N8 N8 N8 HS/NS H8/N§

HY HY H9/H9 HY H9/N9 H9/N9 N9

H10 N10 H10 H10 H10 H10 N10

H11 N11 H11 H11 N11

H12 H12 Hi12

H13 H13 H13 H13

H14 Hi14 H14
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Figure 2. Phylogenetic tree of the hemagglutinin (HA) gene of Avian Influenza Viruses. The tree
was constructed using MEGA X software with the Maximum likelihood estimation algorithm
(general time reversible (GTR)+G model) and bootstrap analysis with 500 iterations. Russian H12N2
and H12N5 viruses are indicated using red squares.




