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Abstract

Influenza A virus is a zoonotic pathogen whose introduction to humans from
animals could potentially cause a pandemic. Animal-linage influenza A viruses (IAVs)
that infect humans are referred to as variant IAVs, which are designated with a ‘v’ after
the subtype. To better understand the epidemiology of IAV in exhibition swine and
resulting H3N2v in humans, we performed a phylogenetic analysis using full genome
sequences from 279 IAV isolates collected from exhibition swine in 5 states from 2013-
2015 and 23 of the 25 H3N2v cases reported during those same years. Sixty-six fairs
(23.7%) had at least one sample that was positive for IAV and 20 of those fairs (30.3%)
had more than one 1AV genotype circulating in the pigs. An overall 3-year prevalence of
9.7% (95% CI: 9.1-10.3) was observed. However, the prevalence of IAV in swine
significantly decreased from 2014 to 2015 when the proportion of fairs with 1AV infected
pigs decreased from 30.14% (95% CI: 19.6-40.1) in 2014 to 13.5% (95% CI: 6.9-20.1) in
2015. We found 19 IAV genotypes infecting swine and 6 1AV genotypes in humans, with
5 genotypes in both host species. There was a positive correlation between the number of
fairs at which a genotype was present among the pigs and the number of human cases of
that same genotype. Additionally, we showed that H3N2v isolates clustered tightly with
exhibition swine isolates that were prevalent in the same year. Our data indicate that
there are multiple genotypes of swine-lineage AV that can infect humans, and highly

prevalent AV genotypes during a given year are the strains most likely to infect humans.
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Chapter 1. Literature Review

1.1 Influenza History

Influenza is a contagious respiratory illness that has affected humans since ancient
times. There are recorded cases of highly contagious, acute respiratory illnesses that date
as early as 412BC. However, the actual term “influenza” wasn’t coined until the 15"
century. At that time the name denoted the belief that the disease was caused by “the
influence of the stars”. (1) For centuries, man had searched for the cause of these
epidemics. Many sources were implicated including the weather and poisonous gases
from swamps. At the end of the 19" century, the germ theory was becoming widely
accepted and microbiology of infectious diseases had become firmly rooted. In 1889 a
bacillus, haemophilus influenza, was found in the throat swabbing of influenza patients.
This lead to the belief that haemophilus influenza was the causative agent of influenza.
(1) During the 1918-1919 human H1N1 pandemic, a veterinarian discovered that a
respiratory illness seen in pigs was strikingly similar to the one seen in humans at the
same time. He concluded they were caused by the same agent. (2) However, it wasn’t
until the influenza A virus (IAV) was isolated from a pig in 1930 that the true cause of
the illness was discovered. (3) Even after that, it took three more years before the first

strain of IAV was isolated in humans in 1933. (4) In that same year, researchers at the



National Institute for Medical Research in London were able to successfully inoculate
ferrets with influenza from human throat washings. (1)

Anecdotal evidence indicates that animals have suffered from influenza-like
ilinesses for as long as humans. (5) There are numerous historical accounts of respiratory
illness in animals, especially horses, either before or after human epidemics. (1)
However, the correlation wasn’t officially established until the fall of 1918, when the first
official cases of influenza in animals were seen in pigs. (6)

1.2 Etiology of Influenza

Influenza A virus is a member of the family Orthomyxovirddae, which is a family
of 7 different genera. Members of this family include influenza A, B, C, and D. (7)
Although A, B, and C influenza genera can cause respiratory disease in humans, 1AV is
the most burdensome. (8) 1AV is the type of influenza that is of routine clinical
significance in swine. IAV is an enveloped, single-stranded, negative-sense RNA virus. It
is polymorphic, about 80-120nm in diameter, and encodes 10 to 11 viral proteins on eight
separate RNA segments. The eight viral RNA segments are named for the proteins that
they encode: polymerase basic 1 and 2 (PB1 and PB2), polymerase acidic (PA),
hemagglutinin (HA), nucleoprotein (NP), neuraminidase (NA), matrix (M), and non-
structural protein (NS). (9) PB2 acts as a cap binding transcriptase, PB1 acts as an
elongation transcriptase, PA is thought to act as a protease activity transcriptase, HA is a
viral surface projection that binds the virus to the cell it is infecting, NP binds RNA and
transports VRNA , NA is a viral surface projection and acts to relase virus from the cell,

M is a matrix protein, and NS functions for RNA transport, translation, and splicing. (10)



These segments are folded into rod-shaped ribonucleotide complexes (RNP). Each of
these complexes contains the viral RNA, a polymerase, and copies of the viral encoded
nucleoprotein. (11) These eight distinct RNPs are packaged into an enveloped virion
which is then complete enough to infect an animal or human. When a host is infected
with an 1AV, hemagglutinin will attach to sailic acid receptors on the surface of the host
cell and will enter the cell by endocytosis. Once in the cell, the virus will release the
RNPs into the cytosol. From there, the RNPs move into the nucleus where it will use the
host cell’s machinery to make viral proteins and new copies of the RNPs. Finally, these
new RNPs will be gathered along the edge of the cell membrane, where they will be
encapsulated into a new budding virion. (11) Since IAV is an RNA virus, it lacks
proofreading among its RNA polymerases leading to replication errors. (12) The standard
rate of error for the influenza virus is 1 in 10* bases. (13) The evolutionary rate for the
NS gene in influenza is 2 x 10~ substitutions per site per a year. This is about 10° times

the evolutionary rate of germlines in mammals. (14)

1.3 Epidemiology of Influenza

In the present day, 1AV is regularly found in nature. Many species of animal
suffer from strains of influenza virus including humans, ducks, chickens, pigs, horses,
seals, cats, dogs, and mink. (13, 15) Influenza occurs seasonally in humans with
significant influenza epidemics in humans occurring about every 3 years, typically during
the winter season. (16) Although H3N2 and H1N1 viruses are both associated with these
epidemics, H3N2 viruses are more frequently associated due in part to their more rapid
antigenic drift. (16) It has been speculated that over the last 250 years there have been 10
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to 20 influenza pandemics. (1) (17) One of the most deadly influenza pandemics is the
great pandemic of 1918-1919. It is estimated that one third of the world’s population or
about 500 million people were infected and showed clinical signs of illness. Although it
is hard to know the exact number, it is estimated that as many as 20-100 million people
died as a result of infection. (1, 18) This makes the case fatality rate (CFR) > 2.5%,
which is very high considering other influenza pandemic CFR’s were <0.1%. All
influenza pandemics since that time have been caused by descendants or reassortants of
this virus. This includes all HIN1 viruses as well as reassorted H3N2 and H2N2. (18)

Depending on the vaccination rate and success, anywhere from 15 to 61 million
people suffer from influenza A, B, or C associated illness (influenza illness) each year.
This comes out to about 5-20% of the population. (19, 20) There is an average of about
24.7 million cases of influenza illness each year in the United States with around 41,000
deaths. (21) Many of these deaths are in older patients and are attributed to co-
morbidities. This amounts to about 610,656 life years lost per a year. (22) It is estimated
medical care and indirect costs associated with influenza total over 16 billion dollars a
year. (23) In 2003, it was estimated that the total economic burden of influenza across all
age groups in the US was $87.1 billion dollars. (22)

Although a clear majority of influenza cases in humans are endemic human
strains, in recent years there has been an increase in the number of zoonotic cases of
influenza. When a human is infected with an AV strain that normally circulates in
animals, not humans, it is called a variant virus. This is denoted with a lower case “v”

after the subtype, i.e. H3N2v. Human infections with H3N2v, HIN1v, and H1IN2v have



all been detected in the United States. (24) There have been a total 421 cases of variant
influenza in humans since 2005. A majority of these cases (390) were due to H3N2v, but
there were also 20 cases of HIN1v and 11 cases of HIN2v. (25)

1.4 Human Pandemics

Pandemics arise when an 1AV contains 3 properties. It must be antigenically
unique enough to be able to avoid the population’s immunity, it must be sufficiently
adapted enough to easily spread from person to person, and it must cause severe disease.
(26) Due to the quick turn-around time for raising swine, there is always a large
population of naive animals. This allows for less severe immunologic pressure compared
to human populations. (27) Consistent with this practice is the fact that current European
strains of HIN1 show cross reactivity with IAV from the 1980’s meaning that antigenic
drift is much slower than in human influenza viruses. (16) In comparison, the human
population has had several shifts in the HLN1. From 1977 to 2009 there has been enough
shift to warrant 8 updates of the H1 component of the influenza vaccine. (28) The fact
that the human seasonal H1 has drifted much faster than the swine H1 has led to a
significant antigenic gap. This makes swine a reservoir for H1 viruses that could cause

significant illness in humans and could possibly even cause a pandemic. (29)

1.4.1 Spanish, Asian, and Hong Kong Influenza

In the last century, there have been 4 major pandemics. The 1918 Spanish flu
(HAIN1), the 1957 Asian flu (H2N2), the 1968 Hong Kong flu (H3N2), and the 2009
Swine flu (H1IN1). Analysis of the 3 viruses from the 20" century suggested that the

strains may have been generated through a series of reassortment events and that these



happened over a period of several years prior to the pandemic occurrences. It is believed
that all 3 viruses were reassorted with at least one virus of animal origin. The origin of
the animal segments from the 1957 and 1968 pandemics appear to be of avian origin but
the origin of the 1918 pandemic remains ambiguous. (30-32) It is believed that these
reassortments may have occurred in swine, but there is no conclusive proof. (16) (33) We
do know that both the Spanish flu and the Hong Kong influenza A viruses were passed
from humans to pigs regularly under natural conditions. (30, 34) This is in contrast to the
Asian flu which was found to not readily infect swine. Therefore, swine are not believed

to have played a significant role in the epidemiology of the Asian flu. (35)

1.4.2 2009 HIN1

The 2009 H1IN1 pandemic was the first influenza pandemic of the 21% century.
Genomic analysis showed that all the segments were from well-established swine
influenza lineages that had been circulating in swine populations for at least 10 years.
Most of the genes were from North American H3N2 and H1N2 viruses but the NA and M
genes were closely related to an HIN1 avian-like swine virus found in European swine in
1979. This strain was one that had not previously been reported in North American
swine. (32) This pandemic serves as an example of why surveillance in swine populations
is important. The H1N1 pandemic circulated in swine populations for 10 years before
making the jump to humans. (29)

1.5 Human Influenza

Classic influenza syndrome is signaled by sudden onset of fever, headache,

cough, sore throat, myalgia, nasal congestion, weakness, and/or loss of appetite. This



typically occurs between the months of December and April. Transmission between
humans is mostly from direct person to person contact with respiratory secretions. (16)
Influenza in humans can be treated with anti-viral drugs such as Zanamivir and
oseltamivir. For antivirals to be maximally effective, they must be instituted at symptom
onset. (36) This would be before laboratory testing. However, laboratory testing in very
important for characterizing the strain of influenza. Viral collection for human influenza
virus is similar to swine collection. Optimum upper respiratory tract samples include
nasal swabs, nasopharyngeal aspirates, nasal washes, and throat swabs. More invasive
procedures for lower respiratory tract infections such as transtracheal aspirates,
bronchoalveolar lavage, and lung or tracheal tissue are also acceptable. Specimens that
are taken within 3 days of symptom onset are preferable, especially for viral isolation.
Samples need to be stored in a viral transport medium and refrigerated (26-46 °F). If
samples cannot be processed within 2 to 3 days of sampling, they should be kept at -70
°C. (37) (38)

1.5.2 Influenza Surveillance

Domestically, the CDC reports cases of variant influenza in Fluview, its weekly
national influenza surveillance report. (24) (39) As part of the International Health
Regulations set forth by the World Health Organization in 2007, the CDC reports all
cases of novel influenza viruses including variant cases to the WHO. (40) (41) In
addition, influenza associated deaths in children less than 18 years of age is a nationally

notifiable condition. (42)



The influenza division within the Centers for Disease Control and Prevention
(CDC) collects, compiles, and analyzes influenza activity in the United States, Puerto
Rico, and the Virgin Islands. This surveillance system is a combination of several
voluntary reporting sources: virologic surveillance, out-patient illness surveillance,
hospitalization surveillance, and mortality surveillance. Virologic surveillance is
conducted through either the National Respiratory and Enteric Virus Surveillance System
(NREVSS) or the U.S. World Health Organization Collaborating Laboratories System.
(43) Through these tools, the CDC is informed of testing results from clinical and public
health laboratories. Clinical test information includes numbers of positive samples and
age groups of persons infected. Information from public health laboratories include virus
type, subtype, and lineage. The second source of data is the U.S Outpatient Influenza-like
Iliness Surveillance Network. (44) This network is comprised of more than 2,800
outpatient healthcare facilities. Each week these facilities report the number of patients
they saw that week as well as the number of patients that presented for an influenza-like
illness (ILI). (5) This is defined as a fever of >100 °F and a cough and/or sore throat
without a known cause other than influenza. The percentage of ILI cases are then
compared to the national baseline of 2.2%. Hospitalization rates for influenza are
recorded through the Influenza Hospitalization Surveillance Network. (45) Cases are
identified by a positive influenza test. This can be a viral culture, direct/indirect
fluorescent antibody assay, rapid influenza diagnostic test, or molecular assay like
reverse transcription -polymerase chain reaction. Mortality surveillance data is procured

through the National Center for Health Statistics mortality surveillance data. (46) Death



identified from pneumonia and influenza on the death certificate are compared against a
seasonal baseline. This baseline changes based on a periodic regression model. Deaths of
children under 18 years of age from influenza are recorded in the Influenza-Associated
Pediatric Mortality Surveillance System. (42)

1.6 Influenza A Virus in Swine

Influenza in swine has an incubation period of about 1 to 3 days. After which time
there is a sudden onset of clinical signs. Labored breathing and dyspnea are the most
typical signs of 1AV infection. They can also be characterized by high fever (105-106.7
°F), anorexia, inactivity, huddling, reluctance to rise, and tachypnea. Coughing begins a
few days later. The clinical signs only last about 5-7 days with rapid recovery. Acute,
clinical outbreaks of 1AV typically occur in pigs that are seronegative and fully
susceptible to the strain of influenza. This could occur in all ages. (26) The primary route
of infection in swine is pig to pig contact via nasopharyngeal exposure. (16) This is
because viral replication is seen in the epithelial cells of the upper and lower respiratory
tracts in pigs. This includes the lungs, nasal mucosa, and trachea. (26) A heavy viral load
in the lungs is required to produce clinical signs. This is due to the production of
cytokines that are in turn induce lung inflammation. (26)

Influenza virus can go undetected in swine. (47) (48) (49) (50) Infection with
influenza virus can often be subclinical with only 25 to 30% of the herd showing
influenza-like illness. (51) One experiment found that pigs intranasally infected with IAV
can maintain the virus in their lung tissue for at least 3 months without clinical signs

during which time the virus can be spread to other susceptible animals. (52)



1.6.1 Influenza A Virus in Commercial Swine

There are 3 different subtypes of influenza virus that are currently circulating in
swine worldwide. These are HIN1, H3N2, and H1N2. Because of the ease of spread of
the infection, it is hard to prevent infection especially in densely populated swine regions
where the virus is enzootic. (16) Studies looking at influenza strains in the commercial
population have found similar IAVs across the country. One study sampled swine from
multiple midwestern states. It was found that they had similar genomic diversity and it
was believed that they came from the same progenitor. This is consistent with the
knowledge that swine are frequently transported through the country. (53) Geographical
segregation can lead to differences in viruses circulating in swine populations. Animal
movement patterns can lead to genomic diversity in viral populations. Producers in the
USA commonly move swine around the country at different ages after weaning compared
to the EU which very rarely move swine. This leads the Midwest US to have a greater

source of genomic diversity than would be seen with isolated raising regions. (54) (55)

1.6.2 Influenza A virus in Exhibition Swine

In the United States, there are 3 major swine-human interfaces: commercial swine
production, abattoirs, and agricultural exhibitions. The commercial swine industry is
mostly made up of large, high population facilities with stringent biosecurity protocols
and separation of populations based on age and origination site. The USDA conducts
year-round surveillance of influenza A viruses in swine but exhibition swine are
distanced from the commercial population. Most commercial swine will not come into

direct contact with swine used in exhibitions. (56) Exhibition swine only make up
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approximately 1.5% of the US swine heard. Most are raised in backyards or small-farm
settings. They are primarily raised as agricultural projects for education or competition.
(57) Nevertheless, phylogenetic mapping of influenza viruses in exhibition swine show
that there is cross over between commercial swine and exhibition swine populations. (9)

In commercial swine facilities and abattoirs, access is limited to a few individuals
with similar animal exposure histories. In contrast, agricultural fairs facilitate the
exposure of millions of individuals with varying exposure histories to swine. Swine at
agricultural exhibitions come from differing management practices and co-mingle for
extended periods of time. (58) Exhibition pigs can attend multiple agricultural exhibitions
in multiple states each year which provides opportunity for intrastate and interstate spread
of viruses. (9, 56) Since more people come into contact with live swine at agricultural
exhibitions than any other setting in the United States, it is no surprise that we see cases
of influenza in humans from this exposure. (58)

Studies have shown that IAV has been circulating in the exhibition swine
population for decades. In 2016, one study found the prevalence of influenza virus at
studied fairs was 77.5%, indicating that influenza virus spreads quickly in fair
populations. Swine at only 2 out of the 6 fairs sampled displayed wide-spread influenza-
like illness. This demonstrates that many pigs can have subclinical infections of IAV.
(59) One study that sampled pigs at county fairs recovered influenza A virus circulating
in exhibition swine populations without influenza-like Iliness. A study from 2009 to 2011
showed that 12/53 (22.6%) of fairs sampled were positive for influenza virus. Of those 12

fairs, only 2 (3.7%) of the fairs had pigs that looked sick with influenza-like illness.
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Therefore, the prevalence of subclinical influenza at the fair level was 18.9%. (58) Risk
factors for fairs to have Influenza A virus in their pigs include whether the fair has a
breeding show in addition to a junior fair market show and a higher number of pigs at the
fair. The odds of a fair having 1AV infected pigs are 1.27 times higher for every 20-pig
increase in swine show size. (60)

Genomic analysis of influenza in exhibition swine from 2009-2013 demonstarted
that influenza viruses in exhibition swine did not form discrete clades separate from
commercial swine. This suggests that new viral diversity in exhibition swine is
introduced from commercial pigs. There was also little association between geographical
distance and genomic distance between US exhibition swine, which is also consistent
with the theory that commercial swine introduced genomic diversity into the exhibition
swine population. (9) When influenza viruses from 2013 were further analyzed it was
discovered that there were 12 different genotypes. There were nine different H1
genotypes and three different H3 genotypes. (9) During 2013, H3-G1 was found to have
emerged in exhibition swine at least 7 independent times. Further analysis indicates that
H3-G1 genotypes emerged by direct introduction from commercial swine as well as in-
situ reassortment events between non-H3-G1 viruses already circulating in exhibition
swine. (9) Analysis of influenza genotypes from 2009 to 2013 concluded that 5 of the 11
genotypes found had only one segment different from H3-G1. This means that a single

segment substitution through reassortment would produce the H3-G1 genotype. (61)
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1.6.3 Basic Swine Influenza Surveillance

Influenza A virus in swine is not a reported or regulated disease in the United
States. The virus is considered endemic in swine populations in North and South
America, Asia, and Europe. The United States Department of Agriculture cooperates with
state and industry partners to conduct voluntary 1AV surveillance. This surveillance is
used to determine what subtypes are currently circulating in the swine population.
Between October 2010 and July 2012, the USDA’s IAV Surveillance Program tested
12,662 samples from 3,766 lab submissions. Over that time-period, they found 1,488 case
submissions that were positive for IAV. Acceptable samples for this program are nasal
swabs or lung tissues. (62) Virus can be isolated from day 1 to day 7 post-inoculation.
However, it is less likely to be detected after day 7. (26) Virus can be isolated from upper
and lower respiratory tract epithelial cells as well as the tonsils, respiratory lymph nodes,
bronchoalveolar lavage (BAL) fluids, oral fluids, and nasal, tonsil, or oropharyngeal

swabs. (26, 63, 64)

1.6.3.1 Sampling Materials

Over the past few years there have been many publications describing the various
sampling materials and methods for the detection of influenza A virus in non-human
mammalian species. These papers compare several nasal swab materials as well as new,
innovative ways of sampling including Swiffer cloths, cotton gauze, and oral fluid
collecting ropes. Swabs are considered the gold standard ante-mortem specimen for
diagnosis of IAV in swine by the WHO. (41) Although nasal, throat, and tracheal swabs

are all listed as potential sample methods, nasal swabs are the least invasive swab and
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quickest to obtain. Many swab materials have been researched including nylon flocked,
rayon budded, urethane foam, and Dacron budded swabs. (65, 66) Several research
papers looking at IAV in avian and human hosts agree that flocked nylon and rayon
budded swabs have equal efficacy in 1AV detection for both PCR and virus isolation.
Limited data indicates that urethane foam swabs have lower detection rates than nylon
flocked swabs but possibly better than Dacron budded swabs for PCR detection of IAV
from avian hosts. (67)

Several studies compared oral fluid collection with cotton ropes to the nasal swab.
Data show that oral fluids are a viable alternative to nasal swabbing individual pigs for
the PCR detection of IAV in a swine population. Proposed probabilities of IAV detection
ranged from 80% - 100% oral fluid consensus for PCR testing. (63, 64) Oral fluids may
be more useful for detecting 1AV for a prolonged period of time following initial
infection. However, the major limitation to the use of oral fluids for 1AV surveillance is
poor ability of viable virus recovery from these samples. The only IAV positive virus
isolation results yielded just a 50% recovery. (68)

Other new surveillance methods that seem promising but need further research
include the method of nasal swiping. (69) Swiffer cloths and cotton gauze have been used
to collect IAV and other organisms in the environment and from the snout of pigs with

variable results. (70-72)

1.6.3.2 Testing Methods

A definite diagnosis of 1AV is only possible by isolation of the virus, detection of

viral proteins or nucleic acid, or discovery of virus-specific antibodies. (26) The methods
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currently used for diagnosis include virus isolation in embryonated chicken eggs and cell
culture, antigen detection via antibody and ELISA testing, reverse transcriptase
polymerase chain reaction (RT-PCR) assay, and serologic analyses. (73) Testing
techniques are described in full detail by the OIE in their Manual of Diagnostic Tests and
Vaccines for Terrestrial Animals. (74)

Real-time RT-PCR assays are highly specific and sensitive. Studies have shown
that RT-PCR can have 100% specificity and greater sensitivity than viral isolation. (75)
(73, 76) However, due to increased sensitivity, a PCR weak positive sample may actually
contain degraded or dead virus rather than infectious virus. (26) PCR can be used as a
screening tool to determine if a sample is IAV positive. Two of the most common viral
isolation (V1) mediums are embryonated chicken eggs (ECE) or Madin-Darby Canine
Kidney cells. Although ECE is the gold standard VI medium for avian influenza, swine
influenza virus is not readily isolated in ECE. (77) (78, 79) Additionally, ECE are an
expensive testing method and recent studies have shown that MDCK cell lines are a
better alternative to ECE. (80) (81) Original samples or viral isolated propogated samples
can be sequenced.

1.7 Genomic Variability

There are many mechanisms that can cause genomic variability in IAV. These
mechanisms can be divided into those that cause a new subtype and those that cause
variation within an existing subtype. Those that cause a new subtype include
reassortment of surface protein genes between different strains and re-emergence of

strains which had previously circulated and subsided. The term for a reassortment of the
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HA and NA gene is antigenic shift. This occurs when a new HA gene, typically from
another species, is gained possibly leading to increased transmissibility. (82) Causes that
lead to variation within a subtype include point mutations in genes, short deletions and
insertions in genes coding for the HA and NA proteins, and reassortment of internal
genes. (83) Genetic drift is the term used to refer to the continuous accumulation of these
nucleotide substitutions over time. (84) Most base substitutions don’t cause a change in
the amino acid sequence or cause a change in the fitness of the virus. A majority of the
amino acids encoded in the viral genome are negatively selected. Therefore, a gene that
doesn’t benefit the virus will soon disappear. However, if the mutated amino acid has a
positive effect on the virus it will be positively selected allowing future generations of the
virus to contain that nutation. This leads to diversity of the gene pool. One example of
this selection is the gradual change of HA genes which allowed immune escape. This is
known as antigenic drift. (84) Antigenic drift within influenza viral lineages is usually

slower in swine than in humans. (26, 85) (16)

1.7.1 Influenza A Virus Reassortment in Swine

Swine have long been considered a perfect mixing vat for the next novel
pandemic virus. Although avian influenza strains have been seen in humans and it is
believed that some human seasonal strains are from avian sources, differences in HA
receptors prohibit avian influenza viruses from readily infecting humans. (86) Cells in the
swine respiratory tract contain both o2-6-galactose linked (Human preferred) and a2,3-
galactose linked (avian preferred) sialic acid receptors. (87, 88) Therefore, a pig can be

infected with swine, human, and avian influenza viruses at the same time. Human
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influenza virus strains have repeatedly been isolated in swine. This includes H3N2 in pigs
in Asia, Europe, and North America. (51) (89) (53). A study published in 2000, found an
isolate from a pig in Colorado in 1977 and a piglet from Ontario in 1997 that were wholly
human influenza viruses. Fortunately, the 1997 virus from Ontario was not able to spread
from pig to pig and lacked 11 of the 12 HA mutation found in other swine H3N2 viruses
circulating in the same population at that time. (53) However, the risk of a pig being
infected with a human and/or avian influenza strain in always present. If this occurs,
reassortment between the viruses can cause a novel virus to be created. This novel virus
could now have the capability to infect human cells and elude the immune system. (13)
Pigs are presumed to be the species where a swine, avian, and human influenza
reassortment occurs, however, this hasn’t been proven. Initially, this was thought to be
because swine had large amounts of both human and avian receptors. However, it has
recently been found that human type receptors are more abundant than avian receptors on
the tracheal epithelium of pigs. (90) One recent paper looked at the replication and
transmission of HSN1, H5N2, and H5N8 avian strains in swine and found that the avian
virus is poorly adapted for replication and transmission in swine. (91) Another reason that
swine are implicated is because they are the only domesticated mammalian species reared
in abundance that is susceptible to, and allows productive replication of, avian and human
influenza viruses. (51) Reassortment, when it does happen, can take years before it is
found. Genomic analysis of the HIN1pdmOQ9 virus demonstrated that this HIN1
reassortment circulated in pigs for 10 to 17 years before it infected humans. (92)

Although we cannot prove that the 2009 HIN1 pandemic virus came from swine, it is
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speculated that pigs were the source since it was a reassortment of swine, avian, and

human influenza viruses. (92)

1.7.2 Influenza A Virus Lineages in Swine

Influenza virus is categorized by type, subtype, and genotype. The subtype is
defined by the hemagglutinin and neuraminidase glycoproteins found on the outside of
the viral envelope. Although there are 16 different HA forms and 9 different NA forms,
the most common ones seen in swine are HIN1, HIN2, and H3N2. (93) The genotype is
found by sequencing the RNA segments and analyzing them independently on a
phylogenetic tree. This will show the evolutionary lineage of each strain based on host
species and geographic region of the world. (26)

The diversification of H1 in North American swine in the last century is due to
the establishment of non-swine lineage IAV in swine populations. These strains have
subsequently evolved through antigenic shift and drift. Prior to 1998, North American
swine were exclusively infected with classical HLN1 lineage. This strain was the one
discovered in swine in 1930 and was believed to be introduced to swine during the 1918
“Spanish flu” pandemic. In 1998, there was a series of outbreaks of influenza-like illness
in swine in the south and midwest. The causative agent of these outbreaks was discovered
to be H3N2. Further analysis of this outbreak demonstrated that there were 2 separate
genotypes of H3N2 present, most likely introduced from human sources. One genotype,
found in North Carolina, was a double assortment with human HA, NA and PB1 and
swine NS, NP, MP, PB2, and PA segments. The other genotype, found in Minnesota,

lowa, and Texas, proved to be a triple reassortment with human HA, NA, and PB1, swine

18



NS, NP, and MP, and avian PB2 and PA segments. (6, 94) By the end of 1999, viruses
related to the triple reassortment were widespread in the US. However, the double
assortment did not spread well in swine. (94) Co-circulation of the triple reassorted or
TRIG strain of H3N2 with classical swine lineages subsequently generated other strains
of HIN1 and HIN2. (92, 95) Subsequent to the 2009 human H1N1 pandemic, an H1 was
seen in swine that contained 6 gene segments of North American TRIG with a MP and
NA of Eurasian lineage. (96) (29)

Today, there are 6 antigenically distinct H1 clusters, the Hla, H1p, H1y, H181,
H162, and HIN1pdmO09. (97) Viruses from the classical HLIN1 lineage which acquired
the TRIG cassette around 1998 have evolved to form the a-, B-, and y- clusters based on
the genetic makeup of the HA gene. Starting in 2005, H1 subtypes that had HA strains
most similar to human seasonal H1 viruses form the &- cluster. (96) The HA from the -
cluster appears to have emerged from 2 separate introductions of human seasonal HA in
2003 and 2005. (98) These two introductions, from H1IN2 and H1N1 viruses, led to two
distinct subclusters, 61 and 62, respectively. (99) The a-, B-clusters have not been isolated
as often in US swine now, having been overshadowed by the more dominant y- and 6-
clusters. (98) The presence of “human-like” residues in the receptor binding pocket of
HA on some 6- cluster viruses isolated in 2008 demonstrate that although these viruses
have been circulating in pigs for years, they can still retain human-adapted phenotypes.
This adaption allows the possibility of novel reassortment viruses to spill back into the

human population. (98, 99)
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From 1930 to the mid 1990°s North American pigs were almost exclusively
infected by “classical” HIN1. Seroprevalence reports for over half of that time estimated
positive rates from 28-51%. There was evidence that H3 from human seasonal influenza
periodically infected swine during that time as well, but it failed to establish a sustained
transmission pathway, and therefore, was only seen in about 1% of pigs. (100) (98)
However, a dramatic shift occurred in 1997 where seropositivity to H3 jumped to 8%. (6)
Now seropositivity for H3N2 is as high as 28%. (101) Genetic evaluation of H3N2
subtypes in swine since 1998 show at least three separate introductions of human H3
have become established in swine. These introductions have led to the phylogenetic
clusters I, I, and I11. Cluster 111 became dominant in North America and has continued to
evolve into cluster IV. (98)

The genotypes of 1AV are decided based on the sequences of each of the 8
segments. Plotting each of the individual segments on a phylogenetic tree can help to
show how each strain evolved from previous strains. When North American internal
segments (PB2, PB1, PA, NP, MP, and NS) are plotted on a tree they break out into two
major clades; these clades are categorized into TRIG or pdmQ9 lineage. The
neuraminidase protein can be broken down into 2 commonly occurring classifications in
swine, N1 and N2. All N1 circulating in the US swine population is of a classical origin.

There are two N2 lineages from separate introductions in 1998 and 2002. (97) (101)

1.7.2.1 Common Swine Influenza A virus genotypes

Since swine carry many different strains of AV, and because they can serve as a

mixing vat for influenza viruses, it is important that we understand the patterns of genetic
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and antigenic diversity in swine to assess potential risks to both human and swine
populations. Presently, seven distinct HA clusters co-circulate in the US swine population
Hla, H1B, Hly, H181, H162, HIN1pdmO09, and H3 cluster IV. (98) However, recently
there has been an increase in novel human-like H3’s which cluster with human seasonal
H3’s from 2010-2011. (102) By 2011, at least 49 incidences of HLN1pdmO09 and at least
23 incidences of H3 and H1 seasonal virus transmission from humans to swine have been
identified. (103) These introductions have led to reassortment events. The reassortment of
H3N2-TRIG viruses with HIN1pdmQ9 viruses (rH3N2p) are of particular concern. (104)
In 2010, phylogenetic analysis revealed at least 10 different genotypes of rH3N2p
circulating in US swine. (97) By 2016, this number had increased to 44. (88) Genotype 1,
(H3-G1) was detected more frequently in swine than any other genotype at that time. (97,
101) It was also the most spatially diverse having been found in 6 different states. (97)
H3-G4 was the second most frequent genotype in 2010. In that same study, H3-G6 and
H3-G9 were the only other genotypes that exhibited sustained transmission in swine
populations. All the other genotypes did not have sustained transmission and appeared to
have evolved through multiple independent reassortment events. (97) Presently, studies

still show H3-G1 as the predominant genotype with a prevalence of around 32%. (88)
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Genotype PB2 PB1 PA HA NP NA MP NS

H1-G1
H1-G2
H1-G3
H1-G4 classical
H1-G5 classical
H1-G6 classical
H1-G7 classical
H1-G8
H1-G9
Figure 1: H1 influenza A virus genotypes identified in exhibition swine in 2013. The
internal segments (PB2, PB1, PA, NP, MP, and NS) of HIN1pdmQ9 origin are indicated
in blue and TRIG origin segments are indicated in red. The H1 segments are classified as
H131 (peach), H162 (orange), and H1y (green). The neuraminidase (NA) segments are
classified as classical N1 (green) or N2-2002 (purple). (9)
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Genotype PB2 PB1 PA HA NP NA MP NS
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Figure 2: H3N2 influenza A virus genotypes identified in US swine in 2016. The internal
segments (PB2, PB1, PA, NP, MP, and NS) of HIN1pdmOQ9 origin are indicated in blue
and TRIG origin segments are indicated in red. The H3 segments are classified as cluster
IV (green), cluster IV sub-cluster A-F (A: purple; B: pink; C: yellow; D: peach; E: grey;
F: stone), and human origin (neon green). The neuraminidase (NA) segments are
classified as N2-1998 lineage (pink) or N2-2002 lineage (purple). (87)
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Figure 2 Continued
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1.8 Past Cases of Variant Influenza

During the early years of influenza studies, the transmission of swine influenza to
humans was not seriously considered. No extensive studies were done to look at
influenza in persons with swine contact. Since a large percentage of the population had
antibodies to the 1918 swine influenza strain, there wouldn’t be a generation that was free
of 1918 antibodies until the 1950’s. (105)

A literature review of human cases of swine influenza from 1958 to 2005
produced 37 civilian cases. Of the civilian cases, 61% of the patients had swine exposure
including living or working on a swine farm, working with sick laboratory pigs, county
fair visitors or attendants, and abattoir workers. The median age of the patients was 24.5
years. Twenty of the civilian cases were described as healthy. Seven cases were known to
have an underlying medical condition. All six of the fatal cases died of pneumonia and 2
of the fatal cases were reported as previously healthy. HIN1 was the most common
subtype found but H3N2v was found in 4 cases. (106)

1.8.1 HIN1v

In 1961, the WHO had an unpublished report of 5 swine strains of influenza being
isolated from humans However, there was no epidemiologic links to swine. (105) In
1974, a 13-year old boy with Hodgkin’s disease died of respiratory failure due to
pneumonia and underlying Hodgkin’s disease. Postmortem viral isolation discovered
that the boy was infected with an influenza A virus that was antigenically identical to a
swine isolate. Epidemiologic investigation found that the boy lived on a farm with swine.

Influenza A virus was found in some of the pigs on the farm. (107) This was the first-

25



time swine influenza was isolated from a human in the United States. In October 1975, an
8-year old boy living on a swine farm was infected with swine influenza. Investigations
proved that the in addition to the boy, 5 family members who had close contact to swine
on the farm, had antibodies to swine influenza virus. The swine on their farm were also
infected with swine influenza virus. It was concluded that the boy’s illness and the
seropositivity of the family members resulted from direct contact with swine influenza
shed from sick pigs. (108)

In 1976, 13 military trainees at Fort Dix were hospitalized with acute respiratory
disease associated with swine influenza and there was 1 death. Although it is believed
around 230 soldiers were infected, the outbreak only lasted 3 weeks. There was no
epidemiologic evidence of swine exposure and it was believed that the virus was brought
into the camp by a recent recruit. (109, 110)

The first confirmed case of swine influenza in 1976 outside of Fort Dix occurred
in Wisconsin. The patient was a 23- year old male who worked on a pig farm.
Surveillance of the pigs at the farm where he worked showed that there were pigs
infected with influenza at the same time as the patient. A second case in Wisconsin
occurred in a 13-year old boy who lived on a swine farm with sick pigs. (111) Serum
from contacts of the child found antibodies to swine influenza in a classmate without
swine contact. This is the first strong evidence of person-to-person transmission outside
of Fort Dix. (105) In 1979, Dr. Easterday conclusively showed that swine influenza had

been transmitted to farm personnel. Farm workers as well as other occupations that had
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close contact with swine were found to have a higher antibody titer level to swine
influenza. (112)

The first cases of swine influenza associated with exhibition swine occurred in
1979. In February of that year, a 20-year old college student was hospitalized with fever
and influenza-like illness. It was found that the week before illness onset, he served as a
swine barn attendant at a major livestock show. He slept in the barn and had contact with
over 2000 pigs, one of which died of unknown causes. No other pigs appeared sick.
Comparison of his viral proteins indicated that it was of swine origin. In 1980, a 6-year
old boy tested positive for swine origin influenza. Although he did not have direct contact
with swine, he did visit the swine area of a regional livestock show 2 days before
symptom onset. (113) In 1988, a 32- year old women who was 36 weeks pregnant was
admitted to the hospital for pneumonia. She died 7 days later. Post-mortem testing
discovered that she was infected with influenza A virus. RNA fingerprinting and partial
RNA sequencing of 7 of the 8 segments indicated that the genome of her isolate was
similar to that of enzootic swine influenza. Epidemiologic investigation of her exposures
discovered that she had attended a pig barn at a county fair four days before the onset of
symptoms. Veterinarians at the fair indicated that there was ILI present in some pigs at
the fair. (114) (115) In the last decade we have seen a decrease in HLN1v case with only
20 being reported since 2005. (25)

1.8.2 H3N2v

The first human case of H3N2v was reported in The Netherlands in 1993 but

H3N2v wasn’t significant in the United States until 2011. (116) Since 2005, there have
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been 431 H3N2v and 11 H1N2v cases in the United States. (25) Ninety-eight percent of
the H3N2v cases were reported after 2011. (117) In 2011, there were 12 cases of H3N2v.
Six of those cases had exposure to swine. (118) In August of 2011, 2 children under the
age of 5, from 2 different states, were diagnosed with H3N2v virus. One child had direct
contact with swine at a county fair and the other child’s caregiver had direct contact with
swine. Both patients had respiratory specimens tested and they showed a reassortment of
swine H3N2 currently circulating in the swine population and the 2009 influenza A
(HIN1) virus. (119) In 2012 there were 306 cases of H3N2v in 10 states. The median age
of patients was 7 years old. There were 16 patients hospitalized and 1 patient died.
Ninety-three percent of patients reported attendance at an agricultural fair and 95%
reported swine contact. (120) All 320 human cases in 2011-2012 were found to caused by
the H3N2-TRIG/H1N1pdmQ9 (genotype H3-G1). H3-G1 viruses were known to have
been circulating in swine for at least 8 months before they were isolated in humans. It’s
proliferation in swine coincided with the increased human cases. However, it was found
that although all the human cases were within the H3-G1 genotype, the human cases
clustered differently on the N2 phylogeny. This suggests that these human transmission
events were independent. Human to human transmission was very limited with
transmission cases making up less than 5 isolates in the study. (97)

Between 2013 and 2017, there have been 102 cases of H3N2v influenza. Of these
cases 100 had direct swine exposure at a county fair or agricultural exhibition within a
week of symptom onset. (121) (122) (123-126) Phylogenetic analysis of the 18 H3N2v

strains from 2016 found that the variant strains were nearly identical to the strains found
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in the exhibition swine. The variant strains were also found to come from 2 different

clades showing that they emerged separately from each other. (59)
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Chapter 2. The Study

This chapter was prepared as a manuscript for submission to Emerging Infectious
Diseases journal.
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2.1 Introduction

As swine can be infected with avian-lineage and human-lineage influenza A
viruses (IAV), in addition to endemic swine-lineage 1AVs, they serve as a potential
source of reassorted novel I1AVs that are capable of infecting humans. (87, 88) This risk
became apparent with the 2009 H1N1 influenza pandemic. Subsequently, in 2011-2012
there was an outbreak of H3N2 variant cases in humans associated with swine exposures.
Animal-linage 1AVs that infect humans are referred to as variant IAV, which are
designated with a ‘v’ after the subtype. (127). Since 2005, there have been 431 variant
H3N2 (H3N2v) cases reported in the United States. (117) Of the 423 cases reported
during or after 2011, 397 (94%) reported swine exposure, and a majority of those
exposures were to exhibition swine at agricultural fairs. (118, 120, 121) While the
number of swine to which humans can be exposed in commercial swine production is
much higher than exhibition swine, access to commercial swine is limited to relatively
few individuals. In contrast, agricultural fairs facilitate swine exposure to millions of
individuals with varying influenza exposure histories. Since more people come into
contact with live swine at agricultural exhibitions than any other setting in the United
States, there is a risk of IAV transfer from infected swine to humans with varying degrees
of protective immunity. (58) Understanding the patterns of IAV genomic diversity in
exhibition swine populations, and how to control 1AV spread within these populations,

can help to protect the health of swine and the public.
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Exhibition swine only make up approximately 1.5% of the United States’ swine
herd. Most are raised in backyards or small-farm settings and are primarily raised as
agricultural projects for education or competition. (57) A unique aspect of livestock
exhibitions is that animals from many source farms comingle for extended periods of
time; this comingling allows for a mixing of diverse 1AVs. (58) Furthermore, exhibition
pigs can attend numerous agricultural exhibitions across multiple states each year, which
provides repeated opportunities for intrastate and interstate spread of 1AVs. (9, 56)

Influenza A virus has been found in the exhibition swine population since active
surveillance began in 2009. (58) Genomic analyses of IAVs in exhibition swine from
2009-2013 indicated that new viral diversity in exhibition swine is primarily introduced
from commercial swine. (9) To date, forty-four different genotypes of H3N2 have been
described in the US swine population, 37 of which contain HIN1pdmO09 gene segments.
(88) One of the predominant genotypes, H3-G1, a H3N2 reassorted with the pdm09 M
gene is the genotype that caused all 320 H3N2v cases in 2011-2012 and had a prevalence
of around 32% in US swine from 2009-2016. (88, 97)

The large number of H3N2v cases seen in agricultural fair visitors since 2011
serves as a reminder that exhibition swine are a potential source of zoonotic IAV. Since
IAV can be shed from apparently healthy animals, pigs who are shedding the virus may
not be tested. (51) Furthermore, since many exhibition swine go to market at the
conclusion of the fair, swine may not be available for sampling after human cases are
discovered. In response to the increased H3N2v cases in 2012, we expanded our swine

IAV surveillance program. During the course of our active surveillance from 2013-2015,
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H3N2v cases were reported in or near states where we sampled. We sought to use our
active surveillance data to demonstrate that there are multiple genotypes of IAV
circulating in the exhibition swine population and that new genotypes are continuously
emerging. Furthermore, combining our surveillance data with public health
epidemiologic investigations provided proof that multiple IAV genotypes were
transmitted from swine to humans at agricultural fairs over that time span. To investigate
this, we performed a phylogenetic analysis using full genome sequences from 279 IAVs
collected from exhibition swine in 5 states via active surveillance from 2013-2015 and
whole genome sequences from 24 of the 25 H3N2v cases described during those same
years.

2.2 Materials and Methods

Surveillance for IAV in exhibition swine was conducted by collecting nasal swab
or nasal wipe samples from selected swine at participating agricultural fairs in Ohio,
Indiana, Michigan, lowa, Texas, Colorado, West Virginia, and Kentucky from 2013-
2015. Fairs were selected based on their willingness to participate, the size of their swine
shows, and their geographical and temporal locations. Samples were taken from swine
regardless of whether they showed outward signs of illness. (58) These samples were
placed in viral transport medium and stored at -80 °C until they were tested. The samples
were screened for IAV using real-time reverse transcriptase polymerase chain reaction.
(VetMAX-Gold SIV Detection Kit; Applied Biosystems, Austin, TX, USA) Those

samples that were RRT-PCR positive were then inoculated onto Madin-Darby kidney
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cells for viral isolation. The complete genome of representative isolates were sequenced
using previously described protocols. (128)

Whole genome sequences (WGS) of all sequenced strains collected as part of the
exhibition surveillance program from 2013-2015 along with WGS for contemporary
swine-lineage 1AVs were downloaded from Genbank. (9) The sequences from our
isolates were combined with the background sequences and sequences for each gene
segment were aligned separately, with independent alignments made for H1, H3, N1, and
N2. Maximum likelihood trees were built using Influenza Research Database’s
phylogenetic tree generator. (129) We inferred maximum-likelihood trees under a general
time reversible evolutionary model and assessed branch support using a bootstrap
approximation with 1,000 replicates. (130) Trees were visualized and edited using
MEGA7 and Geneious 9.1.8. (131, 132) Internal gene segments (PB2, PB1, PA, NP, M,
and NS) were categorized as triple reassortant internal genes (Trig) or A(HLN1)pdmQ9
lineage (pdm). The H1 trees were assigned a clade based on the Swine H1 Clade
Classification tool on the Influenza Research Database website. (133, 134) These clades
were then categorized into H161, H162, or H1y. (134) The H3 segments all fell within the
CIV clade but were further categorized into subclades of A-F. All N1 segments were
classified as classical origin. N2 segments were classified as N2-1998 or N2-2002.

Nucleotide sequences from all H3N2v cases reported during 2013-2015 were
downloaded from GISAID. One Michigan case from 2013 was excluded from the
analyses because it only had partial genomic sequences. The 2015 New Jersey case was

missing 2 segment sequences, therefore, it was included in the trees but was not
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designated a genotype. County level exposure data was obtained from the Centers for
Disease Control and Prevention.

2.3 Results

Diverse reassorted genotypes were seen in exhibition swine from 2013-2015.
Influenza A virus surveillance among exhibition swine occurred from 2013-2015 in 277
fair/exhibition events across the eight states. Influenza A virus was found at 66 (23.8%)
of the fair/exhibition events. There were 15 exhibitions that were IAV positive more than
one year. In total, there were 47 different exhibitions that were positive in 5 different
states: Ohio, Indiana, lowa, Texas, and Kentucky. Human cases of H3N2v were reported
in lllinois, Indiana, lowa, Michigan, Ohio, New Jersey, and Minnesota. There was a
statistically significant decrease in the proportion of fairs with at least 1 IAV positive pig
per a fair between 2014 and 2015 ; 31% (31/100; 95% ClI: 22.0-40.0) in 2013, 30.14%
(22/73; 95% CI: 19.6-40.1) in 2014, and 13.5% (14/104; 95% ClI: 6.9-20.1) in 2015.
Prevalence of IAV within fairs that had at least 1 IAV positive pig was 41.2% in 2013
(95% CI: 31.6-50.8), 34% in 2014 (95% CI: 23.1-44.9), and 26.0% in 2015 (95% CI:
17.6-34.4). There was a statistically significant decrease in the prevalence of IAV in
exhibition swine every year with 14.9% (487/3276; 95% CI: 13.7-16.1) in 2013, 8.9%
(209/2349; 95% CI: 7.7-10.1) in 2014 and 4.6% (134/2918; 95% CI: 3.8-5.4) in 2015.
The overall prevalence for the three years was 9.7% (95% CI: 9.1-10.3).

There were 19 different genotypes found over the span of 2013-2015 (Figure 3).
These genotypes included 5 antigenically distinct HA segment lineages (H161, H162,

Hly, H3-C4A, and H3-C4B), 3 NA lineages (Classical N1, N2-1998, and N2-2002), and
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2 types of internal gene segments (TRIG and pdm09). In all years, the PB2, PB1, and NS
gene segments were TRIG origin and the M segment was pdmQ9 origin. The fifteen
previously described genotypes were assigned categories based on published
nomenclature. (9, 88, 97) There was a variety of distinct genotypes seen each year
ranging from 13 genotypes seen in 2013 to 7 seen in 2015. We documented four new
genotypes, all of which were of the HLN2 subtype. The number of genotypes per a fair
varied from 1 to 4 (Table 2). H3-G1 was the most prevalent H3N2 virus seen in 2013
(19.2%) and 2015 (57.1%) (Table 1 and Figure 4). Although there were no positive H3-
G1 isolates in 2014, there were 4 other H3N2 genotypes with varying prevalences seen in
the swine over the 3 years.

Transmission of swine H3N2 to humans. There were 5 different genotypes of H3N2v
infecting humans. All 5 of the H3 genotypes seen in swine were associated with at least
one human case over the 3-year time span. Based on epidemiologic exposure data for
human cases, we sampled swine at 4 fairs where a total of 10 human cases were exposed.
Three of these exhibitions had at least one positive pig and the same genotype was
described in swine and humans at 2 of the positive exhibitions.

In all 3 years, the H3 genotypes that were isolated from the highest number of
fairs were also genotypes that were seen in humans (Figure 3). Spearman’s Rank-Order
Correlation demonstrated a positive correlation between the number of fairs a genotype
was found at and the number of human cases of the same genotype (spearmen p= 0.6711,;
p-value= 0.0023). (135) Phylogenetic analysis of H3N2v isolates from humans and IAV

isolates from exhibition swine the same year demonstrated tight clustering (supplemental
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figures 1-10). The hemagglutinin segments of all H3N2v isolates fell within the cluster
IV in the A and B subclusters (figure 5). All H3N2v neuraminidase segments, except for
a New Jersey isolate from December 2015, clustered together with swine isolates within
the N2-2002 lineage.

In 2013, seventy-two percent of human cases were caused by H3-G1, which was
the most prevalent H3 genotype in swine that year (table 1). Interestingly, in 2014 we did
not see H3-G1 in swine. Instead we saw a predominance of H3-G18 which was unique in
that it carried an HA gene from the C4B clade. The following year, there was a human
case associated with another genotype (H3-G19) that contained a HA from the C4B

clade.
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No. variant IAV cases
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Figure 3: Nineteen influenza A virus genotypes found in exhibition swine or humans from 2013-2015. The internal segments (PB2,
PB1, PA, NP, M, and NS) of HIN1pdmO09 origin are indicated in blue and TRIG origin segments are indicated in red. The H1
segments are classified as H151 (yellow), H162 (orange), and H1y (green). The H3 segments are classified as H3IV-A (cyan) and
H3IV-B (lavender). The neuraminidase (NA) segments are classified as classical N1 (green), N2-1998 (light blue) or N2-2002
(purple). The A(HIN1)/A(H1NZ2) genotypes are numbered H1-G1 to H1-G16. The A(H3N2) genotypes are numbered H3-G1 to H3-
G21, consistent with genotype nomenclature used previously. (9, 88)
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Positive Fairs by Year
2013 2014 2015
Genotype| # of fairs/31 (%) | # of fairs/22 (%) | # of fairs/14 (%)

H1-G1 1(3.2) 1 (4.5) --
H1-G2 1(3.2) - -
H1-G3 -- -- 1(7.1)
H1-G4 15 (48.4) 2 (9.1) 1(7.1)
H1-G5 5(16.1) - --
H1-G6 1(3.2) - -
H1-G7 1(3.2) 6 (27.3) 1(7.1)
H1-G8 3(9.7) 1 (4.5) -
H1-G9 1(3.2) 1 (4.5) --
H1-G13 -- 1 (4.5) --
H1-G14 1(3.2) 1 (4.5) 2 (14.3)
H1-G15 - - 1(7.1)
H1-G16 1(3.2) - -
H3-G1 10 (32.3) - 8 (57.1)
H3-G10 3(9.7) - --
H3-G11 7 (22.6) - -
H3-G18 -- 13 (59.1) --
H3-G19 - 1 (4.5) 4 (28.6)
H3-G21 -- - --
mixed 2 (6.5) 2 (9.1) 2 (14.3)

Table 1: Prevalence of genotypes by fair from 2013-2014. Total number of fairs where a
genotype was found divided by total number of positive fairs each year.
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Exhibition ID

No. Genotypes per fair

2013

2014

2015

lowa A

1

lowa B

Indiana A

1+ mixed

Indiana B

Indiana C

Indiana D

PRk -

Indiana E

Indiana F

Indiana G

Indiana H

Indianal

Indianal

1

Indiana K

IR0~ |N

2 +mixed

Indiana L

Indiana M

2+ mixed

Indiana N

3

Indiana O

Indiana P

Indiana Q

Indiana R

Indiana S

Indiana T

Indiana U

Indiana V

Indiana W

Indiana X

Indiana'Y

IndianaZ

Indiana AA

1

Exhibition ID

No. Genotypes per fair

2013

2014

2015

Kentucky A

1

Kentucky B

2 + mixed

Ohio A

Ohio B

Ohio C

Ohio D

NIFR[IN]|-

OhioE

Ohio F

Ohio G

OhioH

Ohio |

OhioJ

Ohio K

Ohio L

2

OhioM

3+ mixed

1 +mixed

OhioN

1

Ohio O

1

Ohio P

1

Ohio Q

OhioR

Texas A

Texas B

Table 2: Number of influenza A virus genotypes seen by exhibition each year
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2.4 Discussion

Identification of variant IAVs in humans with exposure to exhibition swine is a
recent topic that has garnered much attention from both the scientific and mainstream
press. (57, 103, 117, 119, 130, 131) Although the instances of human H3N2v cases
decreased from 2013-2015, we have seen another increase in cases over the last 2 years.
There is concern that the next H3N2v strain will infect a larger group of individuals or
acquire the ability to transmit between humans. Since the exhibition swine population is a
source of new viral diversity, studying the genotypes of IAV circulating in swine
populations can help us better understand the potential risks to swine and human health
from reassorted viruses. (61) Genomic analysis over a three-year time-period
demonstrates that there are multiple different genotypes circulating in exhibition swine
each year and these are continuously evolving from year to year. (figure 3). Pandemics
arise when an influenza virus contains 2 properties. It must be antigenically unique
enough to be able to avoid the population’s immunity and it must be sufficiently adapted
enough to easily spread from person to person. (26) The emergence of new genotypes
provides a continuous source of novel IAV’s to which swine and human populations
might lack immunity. If a newly reassorted genotype also gains the ability to transmit
between humans it could pose a pandemic threat.

Sometimes, when there is a high prevalence of an H3N2 genotype in pigs, we will
see that genotype affect human populations. (96) Fortunately, most H3N2v cases in
humans are not well adapted for sustained human-to-human transmission. (23) In our

study, there were 6 different genotypes that zoonotically infected humans affecting
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anywhere for 1 to 13 people. Although the H3-G1 genotype has affected more humans
than any other genotype, there has been an increase of variant IAV from other genotypes
in humans over the last several years (table 1). We found 5 different H3N2 genotypes in
exhibition swine from 2013-2015 and all 5 were found in at least 1 human case. This
demonstrates that reassortments of the H3-G1 genotype are also able to infect humans.
Although it remains unclear why H3-G1 surged in humans in 2011-2012 and decreased
the following years, explanations include immunity being carried over to the following
year, implementation of prevention strategies, or lower exposure levels due to a decrease
in prevalence within pig populations. (9)

Two of the new genotypes we described only differed from previously established
genotypes by one segment. Although the other two new genotypes, H1-G15 and H1-G16,
varied from the more established genotypes, they only differed from each other by the
NA segment. The increase in genotypes supports previous studies describing continuous
reassortment of H3N2 viruses with the HLIN1pdmO09 viruses in the swine population. (9,
60, 96) Although the HIN1pdmO09 strain was introduced to the commercial swine
population, it did not thrive in the population. Instead, H3N2 viruses reassorted with
H1N1pdmO09 segments appeared. (61) The H3-G1 genotype emerged with a pdm09 M
gene, which has displayed increased replication and transmission characteristics in
animal models. (136) All genotypes that we found contained the pandemic M, which is
the dominant matrix protein in the commercial swine population. Additionally, as the
prevalence of H3-G1 has ebbed and flowed in the exhibition swine population we have

seen the emergence of other genotypes that contain other pdmQ9 internal genes (figure 3).
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(9, 61) Their proliferation increases the probability that a novel virus will emerge with
the potential to transmit among humans or cause severe infection.

The size of the exhibitions we sampled could have some bearing on how many
genotypes were recovered. The extent of our sampling ranged from large national
livestock expositions to small, local county fairs. The larger, regional exhibitions tended
to have an average of 2.7 genotypes compared to the local fairs that only had an average
of 1.5 genotypes. This proves that not only are individual animals a source of
reassortment but that large regional exhibitions foster greater reassortment. Expositions
that comingle multiple animals from various management backgrounds and geographical
regions can be seeding genetic diversity by bringing together IAV’s from different
regions into one central location that might not otherwise be united. In recent history, we
have seen novel zoonotic reassorted viruses coming out of live animal markets especially
in Asia. (4, 132) However, we can see the same potential at swine exhibitions right here
is the United States. Although we have been fortunate that the H3N2v cases have not
been highly virulent, the risk that a new reassortment could have this ability is ever
present.

Since multiple genotypes of swine-lineage IAV are able to infect humans, the best
strategies to prevent inter-species spread is to use a multi-prong approach to decrease
prevalence in swine and to halt risky behaviors in humans that encourage disease
transmission. Factors that can contribute to the increased prevalence of IAV in exhibition
swine populations include participation in multiple shows and allowing pigs to comingle

for multiple days. (133) Since reassortment of 1AV happens readily in swine populations,
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the best practice is produce blanket recommendations that can help to decrease the
prevalence of 1AV in swine coming into the fair and decrease the intra-species spread of
influenza during the exhibitions. Some of these methods have been outlined by the
National Association of State Public Health VVeterinarians.
(http://nasphv.org/Documents/Influenza_Transmission_at_Swine_Exhibitions_2016.pdf)

Although IAV can infect any person, those individuals with compromised
immune systems such as those under the age of 5, over the age of 65, pregnant, or
immunosuppressed are at an increased risk of complications from infection. (134)
Limiting swine contact with these individuals can help to prevent severe IAV infections.
Supplying handwashing or hand sanitizer stations along with signage suggesting washing
hands, could increase hand hygiene compliance, a recommendation to decrease I1AV
spread. Discouraging sleeping in the swine barns is another recommended control
strategy. Since a large portion of those affected by H3N2v are youth exhibitors, educating
youth on zoonotic disease and disease prevention is a crucial component to control.

This study was not without its limitations. Most of our samples were obtained
from exhibitions within the Midwest. Expanding sampling in the other regions of the US
might discover different genotypes. Additionally, representative samples taken from each
fair ranged from 20 to 200 samples. It is possible that there are other genotypes that are
circulating at low levels that were not picked up by our surveillance program. Finally,
increasing sampling to accommodate more exhibitions within each state will help ensure

more accurate prevalence data.
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With an ever-increasing percentage of our population unfamiliar with food
production, county fairs and agricultural exhibitions are an important component of
public agricultural education. However, this education should not come at the risk of
public health. Therefore, surveillance and control strategies need to be present to protect
the health of the public. As we have seen an increase in H3N2v cases the last 2 years,
there is growing concern that the next variant strain might be more virulent. Therefore,
more research is needed to help understand and limit zoonotic transmission of 1AV,
Understanding how these viruses evolve and reassort can help predict and potentially
prevent occurrences. ldeally, active surveillance of influenza dynamics within the
exhibition swine population would inform annual predictions of the threat of zoonotic
IAV. Ultimately, controlling 1AV in exhibition swine should help to decrease the risk of
inter-species 1AV spread and help to ensure a better public health outcome.

2.5 Conclusions

Although there has been a decrease in the prevalence of IAV in exhibition swine
populations from 2013 to 2015, there are still cases of H3N2v in humans attending swine
exhibitions. All five H3 genotypes found in swine during those years were also found in
humans. Even though the fair level prevalence of 1AV significantly decreased from 2013-
2015, a positive correlation was discovered between the number of fairs a genotype was
found at and the number of human cases of that genotype. Additionally, large regional
exhibitions were more likely to have multiple genotypes present in their pigs. Strategies
to decrease the incidences of H3N2v include decreasing fair and pig IAV prevalences as

well as halting risky human behaviors.
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