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Summary

In the first study of the present thesis, outbreaks of respiratory disease were investigated
for the presence of swine influenza virus (SIV). In 14 cases the circulating
influenzaviruses were isolated, fully sequenced and compared with other known SIV.
HIN1 (including human pandemic H1IN1) was the most common subtype involved in
the outbreaks (n=6), followed by H3N2 (n=4) and H1N2 subtypes (n=4). In 11/14 cases
the phylogenetic analyses indicated the occurrence of possible reassortment events. In
the second part of the study, the genetic evolution of a HIN1 isolate was assessed over a
six-month period in a longitudinal study in closed group of pigs. Sequencing of 22
isolates retrieved during that follow-up indicated the co-circulation of two different
variants of the same virus. Also, the emergence of SIV reassortants at certain time-
points was evidenced. These results indicate that reassortment events in SIV are
common, and point towards the need for a better understanding of the epidemiology of
SIV, particularly in endemic farms. In the second study of the present thesis, SIV
isolates sequenced in the first study where analyzed by means of the haemagglutination
inhibition assay (HI) using monospecific sera obtained from pigs immunized with the
different isolates. Also, 100 serum samples obtained from seropositive and
unvaccinated commercial farms were analyzed. Based on those analysis, a high
antigenic diversity was found when comparing the HIN1 viruses. In contrast, HN2 and
H3N2 viruses circulating in Spanish swine seemed to have less antigenic diversity
regarding their cross-reactivity in the HI. Comparing the amino acid sequences of the
haemagglutinin of the analyzed isolates, HIN1 viruses had more changes than the other
subtypes. The causes behind this different behavior depending on the subtype are

unknown and probably reflect a different epidemiology.






Resum

En el primer estudi d’aquesta tesi, es varen estudiar diferents brots que presentaven
patologia respiratoria per tal de detectar-ne la presencia de virus de la influenca porcina.
En catorze casos es varen detectar virus de la grip circulants. Aquests van ser aillats,
sequenciats a nivell de genoma complet i comparats amb altres virus de la influenca
coneguts. Els virus aillats pertanyien als subtipus HIN1 (n=6, incloent un virus
pandemic HIN1 huma), H3N2 (n=4), i HIN2 (n=4). En 11/14 casos es van detectar
possibles reorganitzacions genctiques mitjangant 1’analisi filogenética. En una segona
part es va analitzar 1’evolucid genetica d’aillats HINI1 obtinguts en un estudi
longitudinal d’un lot de porcs durant 6 mesos. La seqlienciacio de 22 aillats obtinguts en
aquesta explotacié van indicar la co-circulacié de dues variants del mateix virus, aixi
com |’emergencia de noves soques recombinants en diferents moments. Aquests
resultats indiquen que les reorganitzacions genetiques son comuns i corroboren la
importancia de conéixer la epidemiologia dels virus de la influenza porcina,
particularment en explotacions endémiques. En el segon estudi d’aquesta tesi, els aillats
sequlienciats préviament es varen analitzar mitjangant la inhibicié de 1’hemaglutinacio.
Aquesta analisi es va fer amb 1’Gs de sérums mono-especifics obtinguts de porcs
immunitzats i amb 100 seérums obtinguts d’explotacions porcines comercials
seropositives a grip i no vacunades. Els resultats obtinguts van permetre detectar una
gran diversitat antigénica dels virus HIN1. En canvi, els virus HIN2 i H3N2 circulants
semblen ser més homolegs per subtipus al analitzar la seva reactivitat creuada. Quan es
van comparar les seqiiéncies d’amino acids del gen de la hemaglutinina es va observar
que els virus HIN1 també presentaven una major quantitat de canvis de residus que els
altres dos subtipus. Les causes d’aquestes caracteristiques antigeniques diferents de

cada subtipus no es coneixen i probablement son reflex una epidemiologia diferent.






Resumen

En el primer estudio de esta tesis, se estudiaron diferentes brotes de enfermedad
respiratoria en cerdos para detectar la presencia del virus de la influenza porcina. En
catorce casos se obtuvo el aislamiento de virus influenza A. Los aislados viricos se
secuenciaron en todos sus genes y las secuencias se compararon con otros virus de la
influenza porcina. Los virus aislados pertenecian a los subtipos HIN1 (n=6, incluyendo
un virus pandémico HIN1 humano), H3N2 (n=4), y HIN2 (n=4). En 11/14 casos se
detectaron posibles reorganizaciones genéticas en los genes examinados. En una
segunda parte se analiz6 la evolucion genética de aislados H1N1 obtenidos en un
estudio longitudinal de un lote de cerdos durante 6 meses. La secuenciacion de 22
aislados obtenidos en esa explotacion indicaron la co-circulacion de dos variantes del
mismo virus, asi como la emergencia de virus recombinantes en diferentes momentos.
Estos resultados indican que las reorganizaciones genéticas son comunes y corroboran
la importancia las situaciones endémicas. En el segundo estudio de esta tesis, los
aislados secuenciados previamente se analizaron mediante la inhibicién de la
hemaglutinacion (IHA). Este analisis se hizo con el uso de sueros mono-especificos
obtenidos de cerdos inmunizados con los aislados obtenidos anteriormente y con 100
sueros obtenidos de explotaciones porcinas comerciales no vacunadas. Los resultados
obtenidos permitieron detectar una gran diversidad antigenica entre los virus HIN1. En
cambio, los virus HIN2 y H3N2 circulantes parecen ser mas homdlogos al analizar su
reactividad cruzada. Cuando se compararon las secuencias de aminoacidos del gen de la
hemaglutinina se observé que los virus HIN1 también presentaban una mayor cantidad
de cambios en los residuos aminoacidicos que los otros dos subtipos. Las causas de
estas diferentes caracteristicas antigénicas de cada subtipo no se conocen y

probablemente son reflejo de particularidades epidemioldgicas.
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Chapter 1. Introduction






Chapter 1

1.1.Brief historical account of influenza A and its impact

Historically, influenza or, as commonly named, flu has been one of the most important
viral diseases because of its impact in humans but also because of the great number of
animal species that are affected (Figure 1) (Taugenberger and Morens, 2010).
Descriptions of what could have been influenza in humans and animals are already
found in classical texts. Thus, in the Chant | of The Iliad (circa VIIIth century B.C.),
Homer describes a 9-day epidemic caused by the arrows that enraged Apollo shot first
to mules and dogs and then to human. Four centuries later, Hippocrates described also a
flu-like disease. Diodorus Siculus (first century B.C.) in his work Bibliotheca Historica
described a disease affecting the Athenian army in Sicily in 412 B.C. that could have
been influenza. Afterwards, and until the XVIth century, diseases resembling influenza
and spreading in Europe (sources from other continents are less known) were reported
in 876, 1173, 1293, 1323, 1357 and 1386 (Taubenberger and Morens, 2009). In fact, the
term influenza was coined in 1357 in Italy and was applied also to the 1386 epidemic
(or pandemic). However, the lack of clear medical descriptions of the cases and of a
clear concept about nosology makes difficult to ascertain the nature of any of the

abovementioned epidemics.

The two first descriptions that can be certainly assumed to be influenza epidemics dated
in 1493 and 1510. The first one correspond to spread of seasonal or avian, equine or
swine influenza to Taino people in the island of Santo Domingo during the second
voyage of Colon to America. In this case, the description of the disease is very accurate
and reports a four-to-five days respiratory disease that induced immunity in recovered

individuals and devastated native Taino populations (Mufioz-Sanz, 2006). The 1510
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episode probably is the first influenza pandemic recorded. The disease, that was thought
to be originated in Asia, appeared in the summer of that year and in Asia but rapidly
spread to the whole European continent and Africa along the trade routes (Morens et al.,
2010). In this case, there is a large number of descriptions and the signs reported
correspond to influenza without doubt. After this first descriptions and up to XXth
century at least nine possible influenza pandemics have been suggested (Taugenberger
and Morens, 2009) of which at least five are almost beyond doubt: 1729-1733; 1781-
1782; 1830-1833, 1847-1851 and 1889-1893. This last episode known as the Russian
flu, probably involved an H3N8 (Morens et al.,, 2010). Three major influenza
pandemics were reported in the XXth century: in 1918 (“the HIN1 Spanish flu”), in
1957 (“the H2N2 Asian flu”) and in 1968 (“the H3N2 Hong Kong flu”). In 1976-77 a
HIN1 virus circulating since the decade of 1950s re-emerged and although it spread
worldwide (the Rusian flu episode), the high proportion of people still having immunity

against the 1950s virus limited the importance of the spread.

Of all the XXth century flu pandemics, “Spanish flu” is the most important in
epidemiological, social, economic and historical terms and has become a symbol of how
a deadly disease can spread rapidly in the modern world. Most studies attribute about
20-40 million deaths to the 1918 pandemic (Patterson and Pyle, 1991; Johnson and
Mueller, 2002; Taugenberger and Morens, 2006); however, it is difficult to calculate the
real impact of the disease in terms of the number of deaths caused solely by the Spanish
flu. This is so because this pandemic occurred before the antibiotic era and thus the
effect of the concurrent infections was probably substantial at that time. Secondly,
because hygienic conditions and medical resources were far from the current ones

(Barry, 2005). One of the striking features of the 1918 pandemic was that fatality rates
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peaked in young adults contrarily to what usually occurs in human influenza. This
unusual pattern has been the subject of a large number of studies (reviewed by
Taubenberger et al. 2001 and Taubenberger and Kash, 2011) and suggested an immune
component in the high virulence of the 1918 strain. It is also relevant that soon after the
beginning of the Spanish flu, a similar disease was detected in pigs (Koen, 1919). As a
matter of fact, the first isolation of an influenza virus was carried by Richard Shope in
1931 (Shope, 1931) from pig samples. The isolated virus was a descendant of the 1918
HIN1 Spanish flu. The other XXth century pandemics did not have the same impact
although they still were a cause of excess mortality in humans for several years (Louria
et al., 1959; Viboud et al., 2005). Each flu pandemic counts its deaths from hundreds of
thousands to millions around the world. For example, in the case of the last 2009
pandemic, resulted in 580,000 confirmed human deaths (World Health Organization,
2009a). In addition to the pandemics, influenza causes seasonal epidemics in humans
every year with a toll between 250,000 and 500,000 deaths worldwide (World Health

Organization, 2009a).

The impact of influenza in animal is also important. The more extreme case is that of
the highly pathogenic influenza on domestic fowl that causes mortalities close to 100%
of the infected animals. Beyond that, the cost of controlling influenza in animals is high
because of the need for mobilizing economic and human resources aimed to the
identification and elimination of infected animals and, eventually, the vaccination of
susceptible animals at risk. Moreover, when influenza spreads in domestic animals,
particularly chicken and hens it can cause a shortage in food supply or rises in the price

of food.
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Finally, current knowledge indicates that new human influenza A viruses are generated
by reassortment between animal and human viruses or by adaptation of animal influenza

viruses to humans (Smith et al., 2009a; Smith et al., 2009b)

Therefore, it is still an important threat for humans and animals that keeps the constant
attention of the scientific community. Nevertheless, there are many questions to be
solved regarding its epidemiology, genetic and antigenic evolution and control of the
virus. Actually, influenza still is one of the most important infectious diseases and, in
fact, the World Health Organization considers that lower respiratory infections, in
which influenza plays an important role, is the fifth more important cause of death in

high-income countries, and the third cause of death in low-income countries.

1.2. Etiology

1.2.1. Taxonomy and structure

Influenza A viruses are enveloped, single-stranded, negative sense, RNA viruses of
about 80-120 nm of diameter belonging to the Orthomyxoviridae family, genus
Influenzavirus A. Family Orthomyxoviridae also includes four other genera:
Influenzavirus B, Influenzavirus C, Isavirus and Thogotovirus (MacCauley et al., 2011).
Influenza A viruses are further subdivided into subtypes based on the surface
glycoproteins hemagglutinin (HA) and neuraminidase (NA). Up to now 17 HA
(Webster et al., 1992; Rhom et al., 1996; Fouchier et al., 2005; Tong et al., 2012), and 9
NA have been reported. Figure 1 shows the species where each HA and NA have been

described.
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Figure 1. Haemagglutinin and neuraminidases detected in different mammals and birds.

The existence of a tenth neuraminidase in bats is not confirmed yet.
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Virions can be either spherical or filamentous. The viral genome is segmented in 8
fragments which encode for twelve proteins (Wright et al., 2005; Jagger et al., 2012).
Viral genes are designated as follows: PB2, that encodes for basic polymerase 2; PB1,
encoding for basic polymerase 1 and with a frame shift for PB1-F2 (which seems to
promote the apoptosis of the infected cell); PA encoding for the acid polymerase and the
PA-X fusion protein; HA, encoding for the haemagglutinin (synthesized as a HAO
polypeptide precursor which becomes functional when it is cleaved into HA1 and HA2
subunits); NA, encoding for the neuraminidase, NP, encoding for the nucleoprotein; NS,
encoding for non-structural proteins 1 and 2 (nuclear export protein), and M, encoding
for matrix proteins 1 (capsid) and 2 (a ion channel protein). Each segment has common
terminal sequences with RNA ends partially complementary. RNA segments are
complexed with multiple monomers of the nucleoprotein and a single copy of the
polymerase complex which is composed by the basic polymerases 1 and 2 and by the
acid polymerase (PB1, PB2 and PA respectively). The whole structure made of the viral
genome plus the nucleoprotein molecules and the polymerase is called

ribonucleoprotein (RNP) (Figure 2).

1.2.2. Replication

The first step in the process of a viral infection is the attachment of the virion to the
target cell. In this step, constitutive proteases present in the respiratory tract (for birds
and mammals) and digestive tract (birds) will cleave HAO precursos in the position
arginine 338 — 340 (depending on the strain) into HA1 and HAZ2 subunits. The

attachment of the virus is mediated by the interaction of HA1 with the sialic acid
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receptors a-2,3 or 0-2,6 in the cell surface. Once attached, the viral particle enters the

cell via endocytosis.
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Figure 2. Structure of influenza A virus. Genes PB2, PB1, PA, HA, NP, NA, M and NS
are indicated in italic. PB1-F2, PA-X, NS1 and NEP proteins are not shown in the

figure.

The acidification of the endocytic vesicle —a physiologic

mechanism- causes a

conformational change in HA resulting in the activation of the HA2 subunit. Then, HA2

mediates the fusion of the viral membrane with the host cell membrane. At that point,

H' ions are pumped into the virion through M2 causing its disruption and the release of

the RNP to the cytoplasm. Viral RNA will be then actively transported to the nucleus

where viral genome will be transcripted to mRNA. Once viral proteins have been

translated, virions are packaged in the cytoplasm and then they are released from host

cells thanks to the sialidase activity of the NA.
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1.3. Evolutionary patterns of the A influenza viruses

Influenza A viruses are subject to two main evolutionary phenomena: a) antigenic drift,
that is, the production -and eventually fixation- of minor but constant antigenic changes
caused by the error-prone viral RNA polymerase (Figure 3a) and, b) antigenic shift; an
abrupt change in the antigenic characteristics caused by the genetic reassortment
between two or more different A influenza virus that might even result in a new subtype

for a given host species (Figure 3b).

1.3.1. Antigenic drift

One common characteristic of most viral RNA polymerases is the lack of proof-reading
abilities (Nelson and Cox, 2008). In the case of the influenza A polymerase, the
mutation rate is estimated to be about 10 (Drake, 1993; Nobusawa and Sato, 2006).
Taking into account that the influenza A genome is about 13 kb, in average, the chance
for a new virion incorporating a mutation is about 0.1 - 0.01%. The relevance of a given
mutation will depend on whether or not that mutation causes a change in the amino acid
sequence of the protein. For example, non-synonymous mutations in the polymerases
will affect the efficiency of viral replication and can be thus reflected in the virulence of
a given strain (Seyer et al., 2012; Zhu et al., 2012). In NS1 and NS2/NEP, mutations
would have relevance in terms of how the virus can modulate the immune response of
the host, virulence and the efficiency of the replication (Ma et al., 2010; Forbes et al.,
2012; Ménz et al., 2012). Changes in NA are important in resistance to antiviral drugs
(Abed et al., 2011). Finally, changes in HA could affect the entrance of the virus into
the cell and also may affect in the adaptation of a strain to different hosts, and its

virulence and transmissibility (Seyer et al., 2012; Herfst et al., 2012).
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Figure 3. Mechanisms leading to genetic drift and genetic shift (a); genetic drift is a
mutation due to the error prone of the RNA polymerases which can be causative of a
mutation in the final translated protein, and (b); genetic shift is a major change due to
the reassortment of gene segments of two viruses that infect in a same moment a same

cell. The new reassortant virus will contain genes from both viral ancestors.
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The phenomenon of antigenic drift is particularly important for HA and NA because
they are directly exposed to antibodies with implication in the protection against the
infection. So, amino acid mutations in the antigenic domains of both proteins may result
in a mechanism for escaping pre-existing immunity in the host and may allow the
spread of viral variants of a circulating subtype (Webster et al., 1982). This antigenic
drift and plays an important role in the ecology of influenza A viruses as will be

discussed in the following sections.

1.3.2 Antigenic shift

Contrarily to the slow and gradual nature of the antigenic drift, antigenic shift, is a
major and abrupt change that generates a completely new strain of influenza that never
existed before through genetic reassortment between pre-existing influenza A strains
(Murphy et al., 1999). Antigenic shift can occur when two or more different influenza A
strains infect simultaneously the same cell. During the replication of those strains, and
because of the fragmented genome of influenza A viruses, a mixture of viral genome
segments will exist in the cytoplasm of the cell. When virions are packaged, genes of
different strains may package together and thus a new influenza strain harbouring genes

of two or more viral ancestors may be created (Scholtissek, 1995).

1.4. Epidemiology of A influenza viruses

Influenza A viruses are present worldwide and can infect a wide variety of birds,
particularly aquatic migratory species (such mallards) and domestic birds (quail,

chicken, turkey, etc), aquatic mammals (whales, seals), terrestrial mammals (pigs,

12
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horses, dogs, cats, etc.) and humans (Webster et al., 1992). The lineages of these viruses
are strongly related with the infected host being possible in many instances to establish
philogenetically whether or not a given isolate circulates primarily in a given species
(e.g. human viruses, avian viruses, etc.). Therefore, the epidemiology of influenza A

viruses depends considerably on the ecology of its hosts.

Historically, it has been hypothesized that the restriction of host range for influenza A
viruses depends firstly on the type of cell receptors, a-2,3 or 0-2,6 predominant in a
given species and, secondly, on the affinity of the HA for one type of receptor or the
other (Rogers and Paulson, 1983). In the case of avian species and the horse, the
predominant receptor for influenza A is the a-2,3, while in the case of other mammals,
is the a-2,6 linked receptor. Pigs have both a-2,3 and a-2,6 receptors in the respiratory
tract. Until recently, it was assumed that avian influenza viruses necessarily needed
adaptation in pigs to become transmissible to humans (Kida et al., 1994). Nowadays, it
is know that humans possess both type of receptors in sufficient numbers to grant that at
least some avian influenza A strains can be transmitted directly from birds to humans
(Reviewed by Imai and Kawaoka, 2012). Actually, direct interspecies transmission of
influenza A viruses have been reported from birds to humans and pigs. The episodes of
avian H5N1 (Subbarao et al., 2000) are a practical demonstration of this. Also, human
viruses easily circulate in pigs and swine viruses can infect humans (Pensaert et al.,
1981; Subbarao, 2000; Fouchier et al., 2004; Adiego Sancho et al., 2008; Howden et

al., 2009; Smith et al., 2009b)

Aquatic birds are the central elements in the epidemiology of influenza since they can

be infected by any subtype of influenza A (Olsen et al., 2006) acting thus as the main
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reservoirs of influenza A in Nature. In contrast, only a few virus subtypes are able to
establish in mammals (Figure 1 and 4). For example, for horses only two subtypes have
been detected so far: H7N7 and H3N8 and, of these, H7N7 is thought to be extinct
(Webster et al., 1993; Bryant et al., 2006). Marine mammals are mostly infected by
avian viruses of different subtypes, for example: H3N3, H4AN5, H7N7, H13N2, H13N9
(Webster et al., 1981; Hinshaw et al., 1986; Callan et al., 1995; Anthony et al., 2012).
In the case of dogs, infections by H3N8 are the commonest with other human and avian
viruses sporadically reported (Gibbs and Anderson, 2010; Rivailler et al., 2010;

Damiani et al., 2012; Lee et al. 2012; Park et al., 2012).

Figure 4. Influenza A virus reservoirs and transmission range. Aquatic birds are the
reservoirs of influenza A in nature. Transmission from aquatic birds to other species has
been reported. Also, direct transmission between human and pigs, poultry to human,
domestic poultry and horses to dogs, pigs to minks and human to dog and minks can be

found described in the literature.
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In human and swine only some subtypes have been detected, mainly H1 and H3, but a
wide range of variants and reassortants can be found infecting human and pigs.
Characteristics of avian, human and swine influenza A viruses are reviewed in detail in

the following sections.

1.4.1. Influenza in avian species

As commented before, birds can be infected by all influenza A subtypes. However, it is
in the Order Anseriformes (duck, geese, swan, etc.) and in the Order Charadriiformes
(qulls, terns, waders, etc.) where the widest variety of influenza A subtypes have been
detected (World Health Organization, 1980). Both orders constitute the major reservoirs
of influenza A (Olsen et al., 2006). Subtypes H13 and H16 seem to infect more
specifically some Charadriiformes and it has been suggested that these subtypes belong
to a genetically isolated branch of avian influenza A viruses (Fouchier et al., 2005;

Olsen et al., 2006).

The spread of influenza in birds is related with the routes of the migratory species of the
abovementioned orders (Olsen et al., 2006). In summer and early fall the prevalences of
influenza A in migratory birds is higher, probably because the season of births takes
place in summer, and thus the bird population receives a flow of new susceptible
animals during those months. In contrast, in spring the prevalence of influenza-infected
birds is lower because the population comprises older animals that probably have been
infected before and were thus immune. As a result, northwards migration in spring
contribute little to the spread of influenza while southwards migration in autumm is a

serious source of new influenza viruses (Olsen et al., 2006).
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As a result of long-term isolation of hosts depending on the migratory flyways avian
influenza A viruses have evolved in two main lineages, the Eurasian and the American
(Donis et al., 1989). Nevertheless, viruses carrying genes from both lineages have been
detected (Liu et al., 2004; Wallensten et al., 2005; Koehler et al., 2008), indicating that
this separation is partial and that the epidemiology of influenza A viruses of birds is

probably more complex than thought.

1.4.2. Influenza in humans

The human influenza has by two main epidemiological presentations: seasonal
epidemics and global pandemics. The seasonal form occurs when a human influenza
virus (HulV) circulates endemically. In that case, the pre-existing immunity of the
population selects viral variants that harbor antigenic changes —because of the antigenic
drift- allowing them to escape from the immune system. The time needed for the rise of
a new variant of an already circulating strain in a non-naive population is of about one
year. Thus, after that period a seasonal epidemic will take place (White and Fenner,
1994). That is one of the reasons for the need of constant actualization of HulV

vaccines.

Pandemic influenza is a phenomenon representing the global spread of a new influenza
A strain. that requires three conditions: 1) The generation of a new strain against which
the population do not have any pre-existing immunity; 2) the adaptation of the new
strain to replicate efficiently in the human host and, 3) the strain has to be easily

transmitted between the hosts (World Health Organization, 2005).
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Usually, the spread of the new epidemic strain is very fast and in about six months the
virus can be detected worldwide. This has been observed in all pandemics since Spanish
flu of 1918 (Cox and Subbarao, 2000; Taugenberger and Morens, 2006). After this first
phase of global spread, secondary waves of spread will occur. These secondary waves
are influenced by the previous development of immunity in the human population and
the subsequent outbreaks will affect smaller numbers of people. At this point, the
pandemic strain has usually displaced seasonal strains and later on becomes a seasonal

virus in a new inter-pandemic phase.

At present, the three main subtypes of influenza A viruses circulating in humans are the
H1IN1, the H2N2 and the H3N2 (Morens et al., 2010). In the last 100 years. Two HIN1
strains that have been involved in pandemics; the oldest is 1918 Spanish flu. It has been
suggested that that virus was directly adapted from birds to humans (Smith et al.,
2009a). The second H1NL1 strain is the 2009 virus originated in North America, which
has been demonstrated to be closely related with triple reassortant HIN1 (trH1N1) (see
section 1.4.3.7) swine viruses circulating in North American farms and that became
adapted to human (Smith et al., 2009b). Russian flu of 1977 was directly related with

the seasonal HINT circulating in the 50’s and derived from the 1918 strain.

In the 1957 a new pandemic occurred. In that case, was a H2N2 virus reassortant
containing the HA, NA and PB1 genes from H2N2 avian viruses and the PB2, PA, NP,
M and NS from the previously circulating HIN1. In 1968, the H3N2 virus causing the
so-called Asian Flu pandemic was the product of a new reassortment between the H2N2

of 1957 an avian H3. The new virus acquired also the PB1 gene segment from this avian
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virus. It is unclear in what species those reassortments took place although it has been
hypothesized that pigs could have played a role in the generation of those pandemic

strains (Ito et al., 1998; Suzuki et al., 2000).

Human infections with avian H5, H7 and H9 viruses directly transmitted from birds
have been reported (Yuen et al., 1998; Saito et al., 2001; Fouchier et al., 2004). In most
cases, those infections have been mild except for the H5N1 strain spreading from Hong
Kong area since 1997 which fatality rates for humans were very high (Yuen et al.,

1998).

1.4.3. Swine influenza

1.4.3.1. Diversity of swine influenza viruses

For a proper understanding of the epidemiology of swine influenza it is important to
understand firstly the ecology of domestic pigs. In many countries, pig production is
concentrated in commercial units managed under industrial criteria. Thus, pigs are often
confined indoors in large groups and exportation of live animals between regions or
even countries (e.g. Netherlands to Spain; Denmark to Hungary) take place between
those commercial units where pigs are produced but live pigs rarely travel from
continent to another. Nevertheless, familiar pig production still exists in substantial
numbers in non-EU Eastern Europe countries, Asia, Latin America and Africa. In
industrial units, new susceptible animals are continuously introduced because of the
short life span of fattening pigs and the high replacement rates (30%-50%) of sows.

These two factors explain at least partially why only three main subtypes of swine
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influenza viruses (HIN1, HIN2 and H3N2) are found and also may explain the
divergent evolution of swine influenza viruses in two different continents. Moreover, in
spite that mutation rates are similar in human and swine influenza viruses, the antigenic
drift is slower for pig viruses, probably because of the constant flow of the new naive
animals, a fact that decreases the selective pressure created by antibodies against

circulating subtypes (Noble et al., 1993; De Jong; et al., 2007).

As long as new sequences of SIV are studied, genetic diversity of influenza viruses is
found in a given geographical region (Vincent et al., 2009; Kuntz-Simon and Madec,
2009; Moreno et al., 2012; Vijaykrishna et al., 2011). Thus, phylogenetic trees based on
nucleotidic composition of the SIV show that, if compared with human influenza A
viruses, in pigs there are more differentiated evolutionary lines but with less genetic
drift regarding common ancestors. This genetic heterogenicity observed in SIV has been

also reated with antigenic heterogenicity in HLN1 strains (de Jong et al., 2001).

As mentioned above, antigenic shift plays an important role in the generation of new
SIV strains. In fact, most of current SIV strains are products of reassortment events
(Olsen et al., 2002; Kuntz-Simon and Madec, 2009) and it has been demonstrated that
swine influenza viruses circulating in Europe present a high reassortment rate (Lycett et
al., 2012).In the next sections the distribution of SIV in the different continents will be

reviewed.
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1.4.3.2. SIV in Europe

Genetic and antigenic diversity of SIV in Europe (Figure 5) have distinctive features.
Earliest SIV isolations in Europe were done between 1938 and 1940 (Lamont, 1938;
Blakemore and Gledhill, 1941). Those isolates were very close to the predominant 1918
Spanish flu-derived HIN1 and could be differentiated from the American HIN1 SIV, a
fact that suggested different evolutionary lines (Neumeier et al., 1994). That HIN1
remained predominant in European pigs until 1976, when the North American classical
swine HIN1 (csH1N1, see section 1.4.3.4) was introduced in Southern Italy and spread
to other countries of Europe (Nardelli et al., 1978; Masurel et al., 1983; Abusugra et al.,
1987; Roberts et al., 1987). There are evidences that the 1977 Russian flu virus also
spread in the European swine as seen in serological studies performed in several
countries (Yus et al., 1992; Brown et al., 1993b). In 1979, an HIN1 strain of avian
origin entered in swine of Belgium and Germany (Pensaert et al., 1981), and spread
across Europe. The new HIN1 strain displaced the previous csHIN1 (Schultz et al.,
1991) and established the avian-like H1N1 lineage (avH1N1) that currently is the
predominant HIN1 in the continent (Kyriakis et al., 2011). Other H1N1 strains of other
origins have been isolated as well but did not establish in the swine population

(reviewed by Kuntz-Simon and Madec, 2009)

With respect to the H3N2 subtype, this was detected firstly related to the 1968 human
pandemic H3N2 (huH3N2) and is supposed to have been introduced in pigs from
humans (Miwa et al., 1987). In fact, the huH3N2 isolates obtained during the following
16 years maintained a high genetic and antigenic similarity with seasonal human H3N2

isolates (Aymard et al., 1980; Ottis et al., 1982; Castrucci et al., 1994) suggesting a
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constant introduction of human viruses to the pig population more than an adaptation of

the virus in pigs.

In 1984, a reassortment event between the avH1IN1 and the huH3N2 resulted in the
generation of a strain containing the internal genes of the avH1N1 and the glycoproteins
of the huH3N2 (Castrucci et al., 1993). This virus, named “reassortant human like
swine” H3N2 (rH3N2), was well adapted in pigs and spread in Europe. Thus in Spain,
Italy, Denmark, Belgium, the Netherlands or Germany (Bottcher et al., 2007; Van Reeth
et al., 2008; Simon-Grifé et al., 2011) the seroprevalence of H3N2 is moderate to high
while the virus is absent in France, Great Britain and Ireland and cannot be detected by
serology in the Czech Republic (Franck et al.,, 2007; Rosembergova et al., 2007;
Kyriakis et al., 2011). In Poland, the introduction of these new H3N2 is recent since in
2008 could not be detected (Van Reeth et al., 2008; Kowalczyk et al., 2010). The last
SIV subtype emerging in Europe is the HIN2. The diversity observed within HIN2
isolates strains when compared with either the HIN1 or H3N2 European is high, and it
is thought to be the subtype which has been implicated more reassortment events in
Europe (reviewed by Kuntz-Simon and Madec, 2009). In fact, the first SIV HIN2
isolate obtained in Britain (France) in 1987 (avH1N2) was a reassortant strain which
contained the HA of the avH1N1 and the other genes came from the huH3N2 (Gourreau
et al., 1994). However, this SIV subtype was not established in the swine population
until 1994. At that time emerged a new reassortant harboring HA related to the Russian
flu HIN1 of 1977 (see section 1.4.2) and the rest of the gene segments comes from the
rhsH3N2 virus (named “reassortant human-like swine” HIN2 (rH1N2) (Brown et al.,
1995). The HA of those HIN2 does not present any cross reactivity with the avH1IN1

HA and both viruses can be differentiated by serological assays (Brown et al., 1998)
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while other HIN2 of different origin have been detected as well. For example, HIN2
viruses containing the NA segment of the “seasonal-human” H3N2 have been found in
Italy (Moreno et al., 2012), others carrying a HA related to the avH1N1 virus found in
Denmark and France (Hjulsager et al., 2006; Kuntz-Simon and Madec, 2009) and
recently one HINZ isolated in Sweden and Italy harboring the NA from the rH3N2 than

the rHLN2 (Balint et al., 2009; Moreno et al., 2012).

1.4.3.3. SIV in Asia

Epidemiology of Asian influenza viruses of pigs present a number of particularities
compared to the infection occurring in other regions. This is probably attributable to the
existence of a very large pig population often raised under extensive systems and in
contact with migratory birds. The first particularity of Asian SIV is the existence of two
main lineages within the HIN1 subtype (csH1IN1 and avH1N1) as well as a wide
variety of different reassortants belonging to this subtype (Vijaykrishna et al., 2011,
Choi et al., 2012). The diversity of H3N2 strains in Asia is more complex than in
Europe or North America. In fact, in Asia there are H3N2 reassortants between
huH3N2, rH3N2 and the North American triple reassortant H3N2 (trH3NZ2; see section
1.4.3.4). As a matter of fact, H3N2 SIV isolated in China and Thailand have never been
reported elsewhere (Chutinimitkul et al., 2008; Takemae et al., 2008; Yu et al., 2008).
To add complexity to this picture, since 2006 there are no evidences for the circulation
of the H3N2 subtype in China (Vijaykrishna et al., 2011) although that H3N2 circulates
in Korea and other Asian countries(Song et al., 2003; Lee et al., 2008). Taking into

account that China is the first pig producer of the world, this is not a negligible fact
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In Asia HIN2 was firstly isolated in 1978 (Japan), earlier than in Europe and North
America. In that case, the HIN2 virus was a reassortant between the csH1N1 and
seasonal human H3N2 viruses. That reassortant established a lineage in Japan which has
been circulating in that country since then (Yoneyama et al., 2010). In Korea a triple
reassortant HIN2 related to the North American viruses has been circulating since 2002
(Choi et al., 2002; Pascua et al., 2008). In China, strains belonging to the North
American triple reassortant H1NZ2 (trHIN2, see section 1.4.3.4), rH1N2, and
reassortants of both strains have been described (Yu et al., 2009; Vijaykrishna et al.,

2011).

1.4.3.4. SIV in North America

Influenza virus isolated in North America or elsewhere (1931) was an HIN1 strain of
pigs closely related with the Spanish flu HIN1 of 1918 (Shope , 1931) (Figure 6). In
fact, in 1919 a first description of a flu-like disease was observed affecting pigs in North
America close in time to the spread Spanish Flu (Koen et al., 1919). The descendants of
that HIN1 strain established what is called the classical swine HIN1 lineage that still
circulates nowadays presenting different antigenic variants (reviewed by Olsen et al.,

2002).

The H3N2 subtype was first detected detected in pigs of North America in last years of
the 1970 decade, having a low clinical impact (Hinshaw et al., 1978). Introduction of
H3N2 viruses probably took place as indicated by serologica evidences in Canada
(Bikour et al., 1995). Those Canadian H3N2 strains were close to the seasonal human

H3N2 strains isolated in 1975 (Bikour et al., 1994; Bikour et al., 1995). In 1997, a
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reassortment between the csH1N1 and the seasonal human H3N2 resulted in a new
H3N2 strain which changed drastically the presence and the clinical impact of the H3N2
viruses in North American farms because of its higher virulence (Karasin et al, 2000a).
From that moment, the new H3NZ2 strain suffered reassortments which resulted in the
introduction of internal gene segments (all but HA and NA) from avian and human
influenza viruses circulating in North America in that time (Zhou et al., 1999; Karasin
et al.,, 2000a). Of these, a triple pig-avian-human reassortant H3N2 (trH3N2) was

established in pigs (Van Reeth et al., 2012).

The H1IN2 subtype was firstly isolated in 1999 in North America. The original HIN2
SIV of North America harbored HA from the csH1N1 and the rest of the segments were
of the trH3N2 virus. This virus has been described in several states of the USA and also
in Canada and it is known as the triple reassortant HIN2 virus (trH1N2) (Karasin et al.,
2000b). Additionally to these triple reassortant H3N2 and H1N2, since 2000, viruses
presenting the HA and NA from csH1N1 viruses have been detected (Yassine et al.,

2009) and are named as trH1N1 viruses.

Additionally, different authors have proposed the existence of different clusters based in
the HA phylogeny and antigenic recognition of the North American SIV. There are 4
main differentiated clusters for the HI1 strains (o, B, 9, y) and for the H3 strains (I-1V)
(Vincent et al., 2009; Lorusso et al., 2011; Kumar et al., 2011). However, whether this
classification have impact in the epidemiology, pathogenesis and cross protection have

not been deeply studied.
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1.4.3.5. SIV in Latin America

Little is known about the status of SIV infection in Latin America and most of the data
account for serological analysis using the haemagglutination inhibition test (HAI). This
is case for Chile (Vicente et al., 1979) Brazil (Mancini et al., 2006 ; Rajao et al., 2011),
and Venezuela (Boulanger et al., 2004). These works indicated that HIN1 and H3N2
swine strains related with the North American lineages are circulating in Latin America.
More recently, Cappuccio and coworkers (2011) described an H3NZ2 circulating in pigs
in 2008. This virus was related with human seasonal H3N2 viruses circulating in 2003.
However, the number of SIV sequences available from Latin America is scarce and this

makes difficult to draw adequate conclusions.

1.4.3.6. Other influenza subtypes in pigs

Infections by subtypes other than HIN1, H3N2 and H1N2 have been also documented
sporadically in pigs. For example HIN7, H3N1, H3N3, H4N6, H4N8, H6N6, H7N2,
H7N7 viruses have been reported in pigs either by isolation, PCR or by serology
(Brown et al., 1994; Karasin et al., 2000c; Karasin et al., 2004; Lekcharoensuk et al.,
2006; Moreno et al., 2009; de Jong et al., 2009; Kwon et al., 2011; Zhang et al., 2011;
Su et al., 2012). In none of those cases the viruses had any particular virulence. Other

subtypes such H2N3, HON2 and H5N1 deserve a more detailed comment.

The H2N3 subtype was isolated from two swine herds in Missouri (USA) (Ma et al.,
2007). Under experimental conditions the virus was able to infect pigs, was
transmissible among pigs and ferrets without prior adaptation and produced an overt

disease. For HIN2 viruses, two main type of strains have been described in China
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infecting pigs from 1997 to 2007 (Yu et al., 2011). The first type contained strains of
bird origin, indicating direct transmission from birds to pigs. The second type of HON2

were reassortants including one to four genes from H5 viruses.

Finally, the highly pathogenic avian H5N1 strain has been detected in pigs of Asia
(Choi et al., 2004; Choi et al., 2012) without causing clinical signs. This has been
confirmed under experimental conditions, where the avian H5N1 replicated in pigs but

failed to cause disease (Shortridge et al., 1998; Isoda et al., 2006).

1.4.3.7. The 2009 H1N1 pandemic and its impact in SIV

Soon after the beginning of the HIN1 pandemic of 2009 the virus was found in a swine
farm from Canada suffering an Outbreak (Howden et al., 2009). Afterwards, the HIN1
strain (pHIN1) has been detected in pigs of many countries: Argentina, Italy, Korea,
United States, etc. (Pereda et al., 2010; Moreno et al., 2010; Kim et al., 2011; Ducatez
et al., 2011). Interestingly, countries which pigs were previously free of SIV such as
Norway or Australia became infected by the pHINL1 strain, with a high number of

affected farms (Hofshagen et al., 2009; Deng et al., 2012).

Reassortants between previously circulating SIV strains and the 2009 pH1N1 have been
reported in different continents (Vijaykrishna et al., 2011; Han et al., 2012; Hiromoto et
al., 2012; Moreno et al., 2012; Starick et al., 2012; Tremblay et al., 2011; Ali et al.,
2012; Liu et al., 2012). For example, trH3N2 and rH1N2 reassortants containing the M

gene from pH1N1 have been detected infecting in pigs of Canada and Italy (Tremblay et
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al., 2011; Moreno et al, 2012). Moreover, a reassortant virus containing genes from the
swine trH3N2 and pH1N1 was identified in 12 human cases in the United States
(Nelson et al., 2012; Kitikoon et al, 2012). The isolated virus did not cross-react with
seasonal H3N2 human viruses. Human-to-human transmission of this strain has been

suggested.

1.4.4. Transmission of Influenza A viruses between individuals

The main routes of transmission of influenza viruses depend on the type of host and the
environmental conditions. So, in birds, where the virus replicates in the gastrointestinal
tract, transmission mainly occurs by the faecal-oral route, being particularly facilitated
by the humid environments where most migratory birds live (Webster et al., 1978;
Ellstrom et al., 2008; Stallknecht et al., 2009). Also, closed environments, with high
density population or the use of common feeders and watering holes -as the case of

domestic poultry- make transmission much easier.

In the case of humans, it is a common idea that transmission takes place by Pfluger
droplets in aerosols. However, the low R, (1-2) indicates that a closer contact is needed
for the transmission to occur and it is believed that contaminated hands may be one of
the main sources of infection (Bean et al., 1985; Boone et al., 2005). Thus, in crowded
spaces (underground transportation system, airports, schools or commercial surfaces)

the transmission would be optimal.
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In swine, transmission probably occurs similarly by aerosols but also by nose-to-nose
contact or by contact with contaminated surfaces. Infection by contaminated water
could also occur since viral particles remain infective in the water for long periods
(Stallknecht et al., 2009). The role of arthropods acting as mechanical vector has not been
studied properly. However, transmission by biological vectors is negligible due to the
lack of infectiveness to mammals in blood of influenza A viruses (White and Fenner,

1994).

The routes of entry of influenza A viruses in a swine herd are diverse. In a work carried
out in Spain (Simon-Grifé et al., 2011) where risk factors for higher seroprevalence of
influenza A viruses were analyzed, the higher the replacement rate of sows and an
uncontrolled access to the farm were considered a risk for a higher seroprevalence.
However, other factors as the use of birdproof nets, the lack of insect or rodent control
programs or the existence of other farms in the nearby represented an increasing risk. In
fact, most of the isolates obtained from pig herds are viruses of swine origin and some
others are of human origin. Avian strains are rarely detected in pigs. These data are
indicative that influenza A viruses are mostly introduced by the entrance of foreign pigs

or personal such as veterinarians or sales representatives visiting pig farms.

1.4.5. Epidemic and endemic presentation of influenza infections in pigs

It is a common assumption that when a new influenza strain enters in a pig herd the
infection will spread rapidly affecting almost the 100% of the animals but with a low
fatality rate (Van Reeth et al., 2012). After this initial outbreak, immunity against the

infecting SIV strain will be generated and the virus would disappear from the
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population. This form of the disease can be named a “classical outbreak” or

a“epidemic” presentation.

Endemic forms of SIV infection in pigs have been also described (Madec et al., 1985;
Simon-Grifé et al., 2012). In those cases, incidence is lower and most of the infected
pigs suffer subclinical infections with an undetermined impact in the porcine respiratory
complex (PRC). It is still uncertain which form of the infection is the commonest, but
serological studies carried out in apparently healthy and unvaccinated herds resultedin
high seroprevalences of SIV, suggesting that the endemic and subclinical forms are
frequent (Simon-Grifé et al., 2012). These endemic presentation is the ideal scenario for
allowing long-term circulation of influenza virus. Under these circumstances evolution

of new variants or reassortants is easily underestimated.

1.4.6. Prevalence of SIV in swine herds

In Spain, two studies carried out in the last 10 years (Maldonado et al, 2006; Simon-
Grifé et al., 2011) demonstrated serologically that all three common SIV subtypes are
present in pigs with high prevalences. In the most recent study (Simon-Grifé et al.,
2011) 40% of the studied pigs were seropositive against more than one subtype. Also,
prevalence of seropositive sows was significantly higher in sows than in fattening pigs
suggesting that SIV infections are common. More importantly, only a low percentage of
the studied farms were reported to present a recent record of clinical signs compatible
with flu indicating that either SIV infection was subclinical or, alternatively, that swine
veterinarians fail to recognize the disease (see section 1.5.2). Similarly, Loeffen and co-
workers (2009) reported that incidence of respiratory outbreak, was much lower than

that of SIV seroconversion.
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In other countries of Europe with intensive swine production high seroprevalences
(>30%) have been reported (Van Reeth et al., 2008). Nevertheless, in countries where
pig production is less intensive such as lIreland, Poland or the Czech Republic,
seroprevalences were lower, ranging from 0% to 11%, with HIN1 as the predominant
subtype and lacking evidences for H3N2 circulation. A recent virological surveillance
carried out in five European countries, failed to find evidences for the circulation of
H3NZ2 viruses in France and in the United Kingdom. Finally, it is worth to note that in
regions as Southern China, serological analyses have demonstrated circulation of a high
diversity of influenza A viruses of different serotypes, for example H4, H5, H6, H7 or
H9 (Ninomiya et al., 2002; Zhang et al., 2011; Choi et al., 2012; Kwon et al., 2012). In
that area, extensive pig production systems allow a greater contact with wild and
domestic birds that can be the source of those different subtypes (Shortridge and Stuart-

Harris, 1982).

1.5. Pathogenesis, signs and lesions of influenza in different species

1.5.1. Avian influenza

Based on the virulence for avian species, influenza A viruses in birds are classified in
two groups: the low pathogenic avian influenza viruses (LPAIV) and the highly
pathogenic avian influenza viruses (HPAIV). LPAIV infection in aquatic birds is mostly
asymptomatic, while in poultry causes a mild condition with diarrhea and/or respiratory
signs (Akey, 2003; Suarez, 2010). In contrast, HPAIV can cause severe disease in wild
and particularly, in domestic birds. Up to date, all HPAIV isolates have been classified
within the H5 and H7 subtypes. They cause a systemic disease with hemorrhagic lesions

that are most prominent in guts, proventricle, aerial sacs and lungs but also causing
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lesions in brain, pancreas, heart and other organs (Tang et al., 2009). Morbidity and
mortality in poultry may reach 100% while virulence is lower for aquatic birds (Iglesias
et al., 2009). The reason explaining the systemic nature of HPAIV lies in the presence
of a poly-arginine chain present in the cleavage site of the HAO precursor that render the
haemagglutinin susceptible to the cleavage by almost all body proteases and not only
respiratory and digestive proteases as occur with the LPAIV cleavage site (Neumann

and Kawaoka, 2006; Garten et al., 2008).

1.5.2. Influenza in swine and other mammal species

In mammals, influenza A is purely a respiratory process and the virus does not spread
systemically. Even in severe cases of infection of humans by the highly virulent avian
H5N1 systemic dissemination did not take place (Yuan et al., 1998). In all mammal
species including humans, influenza courses as a mild to severe respiratory disease with
conjunctivitis, sneezing and cough. High fever, muscular pain and prostration are
common signs in affected animals. The disease usually resolves within a week if
secondary infections are not present or are adequately treated, and complete recovery is
the common evolution (White and Fenner, 1994). In the case of pigs, SIV is generally
included in the group of components of the Porcine Respiratory Complex (PRC) —the
respiratory syndrome of weaned and growing pigs- along with other swine pathogens
such as porcine reproductive and respiratory syndrome virus, porcine circovirus type
2, Mycoplasma hyopneumoniae, Pasteurella multocida or  Actinobacillus
pleuropneumoniae among others. Its role is a subject of some debate. In a recent work
it has been shown that the clinical outcome of the infection could be different depending

on the strain used for inoculation. Thus, the disease was reprudiced with rHIN2 but this
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was not achieved with an avH1N1. However, when the experimental infection with SIV
was combined with M. hyopneumoniae, classical respiratory signs of flu developed with
both strains (Deblanc et al., 2012). In any case, the main lesion observed in lungs of
SIV infected pigs is a bronchointerstitial pneumonia (BIP) (Van Reeth et al., 2012)
characterized by the presence of a diffused pulmonary consolidation mainly, but not
exclusively, in cranial lobes. Another particularity of SIV infections in swine is that
they are often associated with abortions in pregnant sows. Abortion cases are usually
attributed to the high fever since no dissemination of the virus to the placenta or fetuses

has been proved (Van Reeth et al., 2012).

1.6. Diagnosis of swine influenza

Diagnosis of SIV in pigs is usually done firstly by the observation of clinical signs and
by recording the epidemiology (an acute respiratory syndrome affecting a high
proportion of the present animals). However, since many other respiratory pathogens
are often circulating in the farm and because of the different virulence of different SIV
strains the clinicoepidemiological approach cannot be used as a definitive diagnostic of
SIV infection. Therefore, laboratory confirmation is needed. This confirmation can be
obtained either by the direct detection of the virus in biological samples or by the
detection of antibodies. In the second case, it is important to note that during the acute

phase of the disease animals are seronegative against the infecting strain.

In the event of an outbreak, samples to be collected for detection or isolation of the
virus from live animals are nasal swabs or oral fluids. Lungs should be collected as well

when possible from naturally dead or euthanized pigs. However, due to the short
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duration of the (Van Reeth et al., 2012) -7 to 10 days-, the moment of the sampling is
crucial for a good detection of the pathogen, particularly if nasal swabs are to be taken
since the virus is shed in nasal mucus only in the first days of the infection (Brown et
al., 1993a). Oral fluids perform worse than nasal swabs in terms of virus recovery by
isolation, but in contrast, the sampling is easier and the sensitivities are similar or even

higher for PCR (Romagosa et al., 2012a).

A pretty convenient system for performing a rapid in-farm diagnosis of SIV is the
ready-to-use Kits based on immunochromatographic methods (for example, Flu-Detect
by Synbiotics). In this case, acutely diseased animals with high fever (>40°C) and clear
respiratory signs should be selected for sampling (nasal swabs). This rapid system of
detection indicates the presence of SIV in the samples but, usually, does not permit the
identification of the subtype involved. Thus, additional tests are usually required for a
complete diagnosis of the outbreak. Finally, lung sampling is recommended if animals
representative of the outbreak are available for necropsy, avoiding pigs with chronic

disease.

Characterization of the influenza virus involved in one outbreak can be carried out by
means of molecular or serological approach. For subtyping, both conventional and real
time RT-PCR have been used (Foni et al., 2003; Alvarez et al., 2008; Gall et al., 2008;
Chiapponi et al., 2012). If the phylogeny of the strain has to be determined (e.g.
epidemiological surveys or determination of the origin of the strain), conventional
sequencing can be used. For these purposes, primer sets can also be found in the

literature (Hoffman et al., 2001; Simon-Grifé et al., 2012; World Health Organization,

35



Chapter 1

2009b). More recently, high-throughput sequencing has been used in phylogenetic
studies (Lorusso et al., 2011). However, these methodologies are rarely used for

diagnostic purposes due to its elevated cost.

Serological identification requires the isolation of the virus in either MDCK cells or
chicken embryonated eggs and the confrontation of the isolate with specific antisera
against different subtypes -or different variants of a subtype- using the
hemagglutination inhibition assay (HI) (OIE, 2008). Classically, HI has been used to
determine the antigenic relationships between swine influenza viruses (de Jong et al.,

2001; de Jong et al., 2007; Vincent et al., 2009; Kyriakis et al., 2011)

Another way to approach the diagnostic of influenza is through the serological analysis
of affected individuals. Both blood samples and oral fluids can be used for serology. HI
still is the reference technique for serological diagnosis of influenza and is useful to
differentiate subtypes or even strains belonging to different variants of a subtype (e.g.
HIN1, avH1IN1 and HIN2) (OIE, 2008). However, the test lacks some sensitivity and
specificity and laboratories performing HI have to update constantly the panel of SIV
strains used. It is generally assumed that titres >1:160 are the product of infections
caused by a strain close to the used in the test (OIE, 2008). Yet, different studies have
shown that after consecutive infections or repeated vaccination, antibodies recognizing
heterologous strains and even other subtypes could be generated and detected by HI
(Van Reeth et al., 2006; Kyriakis et al., 2011). This indicates that interpretation of HI
titers should be done very carefully to avoid false positive results (Figure 7 summarizes

the timing and use for each type of sampling and technique).
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Alternatively, several ELISAs are available in the market. The four most commonly
used for diagnosis of influenza in pigs are CIVTEST influenza (HIPRA), IDscreen
(ID.vet), ldexx Influenza A Ab Test (Idexx) and Idexx Herdcheck HIN1 and H3N2
(Idexx). The first three are based in the detection of antibodies against influenza A
viruses with no precise distinction of subtypes. The fourth ELISA can detect
specifically anti-H1 or anti-H3 antibodies. These ELISA are useful to detect SIV
seroconversion or for seroprofiling swine herds but are of little use in the diagnosis of
SIV outbreaks in endemic areas. In addition, the sensitivity of these tests is different for

the different subtypes (Maldonado et al., 2007; Barbé et al., 2009).

1.7. Control and prevention of SIV infection in pigs

Measures implemented for SIV control and prevention vary depending on perception of
the importance influenza as a problem for pig herds. For example, in the USA and
Canada, swine influenza is considered an important economic threat for swine and by
vaccination is a common practice in the areas where pigs are produced intensively.
Contrarily, in Europe vaccination against SIV is less frequent and is mostly restricted to
sows of farms suffering repeated influenza outbreaks that resulted in abortions.
Biosecurity measures also contribute to create a firewall for the entrance of SIV in a
farm. In the following sections, the major measures for treatment, control and

prevention of SIV infections will be summarized.
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1.7.1. Commercial vaccines

Vaccines marketed in Europe and North America are made of inactivated and
adjuvanted SIV. These vaccines are based on the lineages of the different subtypes
circulating in each continent although they may contain either “old” or “current” strains
of SIV. In Europe, the most recent influenza vaccine is Gripovac 3® (Merial),

containing HIN1, HIN2 and H3N2 strains from 2000 to 2003 (Table 1).

P t ) .
Productor roduc Strains used for each vaccine
name
. . A virus/New Jersey/8/1976 (HLN1)
Merial Gripovac ®

A virus/Port Chalmers/1/1973 (H3N2)
Suvaxyn A virus/swine/Netherlands/25/1980 (HIN1)

Fort Dodge Flu® A virus/Port Chalmers/1/1973 (H3N2)
) ) A virus/swine/Olost/1984 (H1N1)
Hipra Gripork® A virus/Port Chalmers/1/1973 (H3N2)
IDT- Respiporc A virus/swine/Belgium/230/1992 (HIN1)
Biologika Flu® A virus/swine/Belgium/220/1992 (H3N2)

A virus/swine/Hasellinne/IDT2617/2003 (H1N1)
Merial Gripovac 3® A virus/swine/ Bakum/1832/2000 (H1N2)
A virus/swine/ Bakum/IDT1769/2003 (H3N2)

Table 1. Vaccines commonly used in Europe.

The efficacy of commercial SIV vaccines is difficult to ascertain given the diversity of
SIV that circulate in pigs. Studies carried out with vaccines marketed in the USA,
showed that vaccination partially protected pigs and contributed to decrease viral
shedding after an experimentally challenge. However, lung lesions were still reproduced
in vaccinated pigs (Macklin et al., 1998). Another study showed that a H3N2 vaccine
provided cross-protection against a heterologous H3N2 isolate (Rapp-Gabrielson et al.,

2000). In another experiment, partial cross-protection between heterologous strains was
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demonstrated in spite that cross-reacting antibodies were not detected in HI (Platt et al.,

2011).

A recent experimental vaccination/challenge study has shown different results
depending on the homology of the HA between the vaccine strain and the challenge
strain. Thus, when the challenge and the vaccine strains where the same, protection was
complete; in contrast, unvaccinated pigs became infected and shed enough virus to be
able to transmit the infection (Ry>10 for a 5-day period). Pigs vaccinated with a
commercial vaccine which HA was only 92% homologous to the challenge strain, had
only partial protection (Ro=1) but in a 14-day period 40% of the contact animals became
infected (Romagosa et al., 2012b). In any case, it is known that few changes in antigenic
positions of the hemagglutinin can generate lack of serological recognition under
experimental conditions (O’Donnell et al., 2012), suggesting that similarity of HA is not

enough to predict protection.

One of the practical difficulties in assessing the extent of the protection afforded by a
given SIV vaccine is the lack of adequate correlates of protection. In Europe, several
studies demonstrated that after vaccination HI titers >1:160 were able to protect pigs
against the development of clinical disease and against the replication of the virus in
lungs (Van Reeth et al., 2001). However, lower titers may be effective against challenge

with a lower virus dose or under field conditions (Bikour et al., 1996)
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In most situations, vaccination is only performed in sows with the aim of minimizing
the reproductive impact of influenza should an outbreak occur. Vaccination of sows
results in the transfer of maternal antibodies to piglets. It has been shown that
hiperimmune sows may transfer maternal antibodies that will last until the 16™ week of
age at titres >1:40 as determined in HI (Van Reeth et al., 2012). However, under natural
conditions colostral-transferred immunity can wane before than 6 weeks of age (Van
Reeth et al., 2012; Simon-Grifé et al., 2012). Vaccination in growers or finishers is
rarely used, being implemented only when SIV outbreaks are recurrent. However, if
sows have been vaccinated, interactions between the maternal antibodies and the

vaccination may occur (Vincent et al., 2008; Gauger et al., 2011).

1.7.2. New insights on SIV vaccination

Vaccines available for swine only give partial protection against heterologous strains.
Under this situation, protection when new a new influenza strain or variant appears is
uncertain and there is a need for developing new vaccine platforms providing a broader

protection. Several new SIV vaccine formulations are being developed and tested.

Experimental DNA vaccines based in the HA of SIV have been tested. According to
Maclin and co-workers (1998), the use of a DNA vaccine afforded partial protection
consisting of a a reduction in the extent and duration of viral shedding. However, other
studies with DNA vaccines failed to demonstrate protection (Larsen et al., 2002)

although priming was observed.
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Live vaccines have been recently tested and demonstrated to be able to induce higher
protection against heterologous influenza viruses than inactivated vaccines (Vincent et
al., 2012). However, in that study, animals vaccinated in the presence of maternal
derived antibodies (MDA) showed an enhanced respiratory disease compared to
controls (Vincent et al., 2012), indicating that some type of interaction of the vaccine

efficacy by colostrum-derived antibodies.

Another strategy of vaccination recently tested in pigs is the use of replication defective
adenovirus-5 encoding influenza hemagglutinin (Braucher et al., 2012). In this case, the
vaccination elicited protective immunity against the homologous challenge and partial

protection to heterologous challenge.

Recently, an H3 alphavirus replicon-based vaccine has been tested in pigs and has been
shown to induce anti-H3 antibodies at titers high enough to provide protection. This
strategy could be interesting for the fast generation of new vaccines that can be adapted
easily to the changes in the variants of circulating influenza strains (Vander Veen et al.,
2012). Vergara-Alert and co-workers (2012) induced both humoral and cell-mediated
immune responses in pigs against pH1IN1, HPAIV H5N1 and two swine isolates (HIN1
and H1N2) by using one conserved HA peptide as a vaccine although they fail to show

protection in the case of pigs.

1.7.3. Biosecurity measures and other strategies for SIV control in swine herds

Implementation of biosecurity measures can be useful not only for the control of SIV

but for other respiratory pathogens as well. As seen in section 1.4.4, high replacement
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rates have been suggested to be a risk factor for having a higher within farm
seroprevalence. This result could be explained by the introduction of new SIV subtypes
or variants with the introduction of animals or by the maintenance of the virus due to
the entrance of new susceptible animals in the farm. In any case, quarantine and
vaccination are useful to minimize the impact of new virus entrances (Lee et al., 2007;
Torremorell et al., 2009). Besides this, hygienic measures for farm workers, visitors and
veterinarians —taking a shower, frequent handwash, change of clothes, etc- may help to
reduce introduction of new SIV strains or to hamper the dissemination of the virus
within the farm. All in/all out management systems accompanied by cleaning and
disinfection of the facilities should prevent the maintenance of SIV in the farm and later
circulation of the virus in new batch susceptible animals by environmental
contamination. A work flow that considers the different production stages of pigs can be

also implemented to prevent enhanced circulation of pathogens.

Unfortunately, the lack of controlled studies makes difficult to assess the precise
efficacy of all the above mentioned measures. A study carried out by Torremorell and
co-workers (2009) accomplished efficient elimination of an H3N2 strain through the
application of changes in the management of pigs, changes in the quarantine procedure
and on the origin of replacement gilts and a total depopulation of nurseries and finishing
units. Elimination of SIV resulted in an improved growth rate of 123 g/day and a 2%
decrease of mortality in nurseries. However, the impact of these measures are probably
not only attributable to SIV elimination but to the elimination of other respiratory

pathogens as well.
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The recent discovery in pigs herds of new H1IN1 reassortant viruses including genes
from the pH1N1 (see section 1.4.3.7) indicate that the entrance of human viruses can
occur frequently in swine. Another measure that could have significance to prevent the
entrance of new influenza viruses in herds is the vaccination of farm workers or other
personnel related with pig the production at any level. This measure is especially
important, not only from an economical point of view but due to its implication on the

generation of new influenza variants with zoonotic potential.
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Pigs have been proposed to act as a mixing vessel where avian and mammalian
influenza A viruses reassort to produce new influenza A strains. Nevertheless, the
knowledge on the epidemiology of influenza A viruses in pigs is relatively scarce
compared to what is known for birds or humans. As a matter of fact, for many years
influenza in pigs has been described almost solely as a disease appearing in an epidemic
form that strikes the farm rapidly and vanishes as rapidly as it appeared. Although
epidemic outbreaks are relatively easy to recognize there are also endemic situations in
which a given influenza virus persists in the farm for a long time. Thus, while epidemics
may reflect the introduction of new and virulent influenza strains in a naive population,
endemic situations are the field where drift and shift more probably occur. It has been
suggested that genetic diversity of influenza viruses of swine is high; however, since
antigenic drift seems to be slower in pigs than in human, it is difficult to foresee
whether or not this genetic diversity can impact in the antigenic diversity of swine
influenza viruses (SIV). When looking at the Spanish situation, almost nothing is
known on the molecular epidemiology of SIV or on the antigenic cross-reactivity of
circulating influenza viruses. While the first point can provide valuable information on
the diversity, sources and spread of SIV; the second point would contribute to foresee

the potential circulation of viruses of a given subtype in partially immune populations.

Based on the abovementioned previous knowledge and considerations, three hypotheses

were proposed in the present thesis:

1) Reassortment will be a frequent phenomenon in currently circulating Spanish

SIV.
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2)

3)

In an SIV endemic pig farm the generation of new SIV variants, either by
reassortment or by drift could be observed.

Genetic diversity of currently circulating Spanish SIV will have a reflect on the

antigenic diversity of these viruses.

With the aim to provide answers to the abovementioned hypotheses, three objectives

were formulated:

1)

2)

3)

To determine the existence of reassortment events in SIV isolated from
respiratory disease cases in pig farms and to establish the phylogenetic
relatedness of each viral gene of the obtained isolates.

To determine the evolutionary patterns at a whole genome level of SIV present
in an endemically infected farm.

To determine how genetic diversity of SIV isolated in Spanish pig farms
correspond to an antigenic diversity based in the results of the

haemagglutination inhibition assay.

50



51

Chapter 2






Chapter 3. Study 1.

Phylogeny of Spanish swine influenza viruses isolated from
respiratory disease outbreaks and evolution of swine
influenza virus within an endemically infected farm.

Authors: Martin-Valls GE, Simon-Grifé M, Van Boheemen S, de Graaf M, Bestebroer

TM, Busquets N, Martin M, Casal J, Fouchier RAM and Mateu E.

Submitted to the Emerging Infectious Diseases (EID) journal






Chapter 3

Abstract: In the present study, outbreaks of respiratory disease were investigated for
the presence of swine influenza virus (SIV). In 14 cases the circulating SIV strains were
isolated, fully sequenced and compared with other known SIVs. The viruses causing the
outbreaks belonged to the HIN1 (including human pandemic HIN1), H3N2 and H1N2
subtypes. In 11/14 cases the phylogenetic analyses indicated the occurrence of probable
reassortment events. In the second part of the study, the genetic evolution of HIN1 SIV
was assessed in a longitudinal study in closed groups of pigs over six months.
Sequencing of the 22 isolates indicated co-circulation of two different variants for the
same virus, as well as the emergence of SIV reassortants at certain time-points. These
results indicate that reassortment events in SIV are common, and point towards the need

for a better understanding of the epidemiology of SIV, particularly in endemic farms.

Supplementary information (in Chapter 5): Table S1; correspondences between the
strains from the Chapter 3 with the Chapter 4. Tables S2 and S3; accession numbers of
the sequences used in the present chapter. Figures S1 a — f; phylogenetic trees obtained
in the present work; Figure S2: Scheme of the results obtained in the longitudinal study;

Figure S3; phylogenetic tree obtained with the high throughput sequencing.
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Introduction

Swine influenza viruses (SIV) belong to the genus Influenzavirus (type A) within the
Orthomyxoviridae family. Influenza viruses are enveloped single stranded negative
sense RNA viruses in which the genome is organized in 8 different segments encoding
12 different proteins. One of the key characteristics of influenza viruses is their potential
for rapid evolution. On the one hand, evolution of influenza viruses is based on the lack
of proof-reading activity of the viral RNA-polymerase, allowing the continuous
generation of mutations that are responsible for the genetic and antigenic drift (1). In
pigs, antigenic drift phenomena have been said to play a minor role in SIV evolution
when compared with human viruses (2, 3). This has been attributed to the high
replacement rate in pig herds that implies a high and constant flow of susceptible
animals, resulting thus in a low selective pressure for the virus. On the other hand,
antigenic shift, that is the arising, by genetic reassortment, of new influenza viruses
containing genes of different subtypes, is considered to be a major force in the
generation of influenza pandemics. For example, the avian-like H3N2 and the human-
like HIN2 SIV circulating in Europe are the product of the reassortment between
European avian-like HIN1 and human H3N2, and between human H3N2 and human

HIN1, respectively (4).

It is also known that pigs can be infected with avian, swine and human influenza A
viruses, and for that reason, pigs have been classically proposed to be the mixing vessel
where reassortant “humanized” influenza strains can arise (5). The reason behind this
concept is related to the fact that avian influenza viruses have a high affinity for a-2,3

sialic acid receptors while mammalian influenza viruses usually bind to a-2,6 receptors.
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Pigs have both types of receptors. It is now known that avian viruses can infect humans
without previous adaptation in pigs, as is the case with the highly virulent avian H5SN1
(6). Nevertheless, the recent emergence of a human pandemic influenza A HIN1 virus
(pHAIN1) harbouring SIV genes and the arising of new reassortants between an avian
H3N2, a human H1IN2 and the pH1N1 isolated from pigs and minks are evidence

favouring the notion that reassortment occurs frequently in SIV (7,8).

The entry of a new influenza virus into a swine herd is classically considered to cause a
clinical outbreak with common flu signs: fever, lethargy, conjunctivitis, nasal discharge,
coughing, laboured breathing and eventually abortions (9). However, increasing
evidences indicate that SIV infections are often endemic and may remain as a
subclinical or insidious problem (10). Thus, endemic situations where viral circulation
keeps on going for prolonged periods are optimal for studying drift and shift
phenomena. The objective of the present study was to characterize influenza A virus
isolated in clinical outbreaks in Spanish swine herds and to establish their genetic
relationship with other SIV, as well as to assess the evolutionary events in SIV

circulating in an endemically infected pig farm.

Material and Methods

Ethics Statement

The present study was carried out in accordance with the guidelines of the Good
Experimental Practices (GEP) standard adopted by the European Union, and with the

recommendations approved by the Animal and Human Ethics experimentation
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Committee (CEEAH) of the Universitat Autonoma de Barcelona, that ensures the
protection and welfare of the animals used in research, in agreement with the current

European Union legislation.

Sampling

a) Outbreaks of respiratory disease suspected to be swine influenza

This study was conducted from January 2010 to August 2011 in a NE Spain area that
accounts for more than 40% (>10 million pigs) of the Spanish pig production, with the
collaboration of swine veterinarians who reported the cases. Twenty-two reports of
respiratory disease outbreaks compatible with SIV were followed-up. For each
suspected case, clinical data and the age group of affected animals were recorded. In
each case, nasal swabs from 20 animals showing clinical signs were collected. These
swabs were immediately suspended in 1ml of transport medium (PBS, 0.15 M, pH 7.2
70%; glycerol 20% and 10% of penicillin/streptomycin solution) and sent to the
laboratory at 4°C where they were processed (<24 h after collection). When possible,
lungs from dead or euthanized pigs were also sent to the laboratory. Two additional
cases with no clear signs of influenza were included in the study because of in-field
positive influenza results (Flu Detect Swine test; Synbiotics, Lyon, France) reported by

the veterinarian.

b) Longitudinal study carried out in a farrow-to-finish farm.

Infection dynamics, clinical outcome and subtype characterization of the viruses

isolated in the farm are described in Simon-Grifé et al. in 2012 (10). Briefly, a whole
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batch of 3-week-old piglets (n=121; 11 litters) was followed up during the whole
productive period until pigs were sent to the slaughterhouse. Animals were ear-tagged at
the beginning of the study in order to follow them individually, and were sampled (nasal
swabs) weekly form 3 to 13 weeks of age. The pigs were then sampled at 15, 17, 20 and

24 weeks of age.

Processing of samples

Viral RNA was extracted with a commercial kit (Qiamp, Qiagen) according to the
instructions of the manufacturer, and detection of SIV was performed by means of a
Tag-Man real time reverse transcriptase/polymerase chain reaction (RRT-PCR) aimed
at detecting the M gene of influenza A viruses (11). Samples yielding RRT-PCR
positive results were inoculated into specific pathogen free (SPF) embryonated chicken
eggs (ECE) in an attempt to isolate SIV. Briefly, nasal swab suspensions were
centrifuged, and 100 pl of the supernatant were inoculated into the allantoic cavity of 9—
11-day-old ECE. Allantoic fluid was harvested 3 days after inoculation and viral growth
was detected by the haemagglutination assay using chicken red blood cells. Negative
allantoic fluids in the first passage were inoculated in ECE again before being
discarded. At the same time, nasal swab suspensions were inoculated into Madin-Darby
Canine Kidney (MDCK) cells cultured with added trypsin (2ug/ml)(Sigma-Aldrich).
Cell culture supernatants were collected at approximately 75% cytopathic effect,
centrifuged and later tested as above. Samples were discarded if negative after the

second passage in cell culture.
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Sequencing and phylogenetic analysis

All SIV genes were sequenced. Primers used and the segments of the genome amplified
are shown in Table 1. Sequence analysis of isolates retrieved from outbreaks was
carried out initially to determine the grouping of each viral gene for each isolate. For
that purpose a database was constructed for each viral gene. The database initially
included sequences from SIV isolates contained in the Influenza Sequence Database

(ISD; http://www.flu.lanl.gov ) that had been sequenced in full (all the available

sequences of European HINI“avian-like”, European H3N2 and HIN2 “human-like”
SIV were included). Also included was a selection of sequences representative of the
different Asian SIV reported by Vijakrishna et al. 2011 (12) including “avian-like”,
“classical” HINT1 and triple reassortant HIN2 strains. Additional American and Asian
H3N2 SIV isolates from ISD corresponding to different years were also included for a
total of 229 sequences for each gene. This set of sequences was aligned using Clustal W
(14) and compared in a maximum likelihood analysis (MLA, 100 iterations for
bootstrapping) with a generalised time-reversible model with both MEGA 5.0 and
PhyML 3.2 software (13, 14). In order to produce trees reflecting the maximum
diversity with the minimum number of isolates, redundant sequences (>99.5%

similarity) were eliminated as long as the grouping of isolates was preserved.

Once each of the isolates of the present study was assigned to a given cluster for a given
gene, the database was further enriched with individual gene sequences (HA, NA; M,
etc...) available at ISD and Genbank, and clustering with each of the genes of the

isolates of the present study. A new MLA (100 iterations for bootstrapping) (15) was
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Gene

Forward primer (5°-3”)

Reverse primer (5°-3”)

PB2
PB2
PB2
PB2
PB2
PB1
PB1
PB1
PB1
PA
PA
PA
PA
HA
HA
HA

NP

1-AGCAAAAGCAGGTCAA-16
533-ATGGAAGTTGTTTTCCC-550
974-ATATGCAAGGCTGCAATGGG-994
1640-TCATCGTCAATGATGTGGGA-1660
3-CRAAAGCAGGTCAAWTATATTC-22
1-AGCGAAAGCAGGCAAACCATTTGAATG-27
598-AGGGACAACATGACCAAGAAAATG-621
1036-AGCATTGCTCCTATAATGTTCTC-1058
1621-AATATGATAAACAATGACCTTGG-1643
1-AGCGAAAGCAGGTACTGATCCAAAATGG-28
466-TTCTCATTCACTGGGGAGGAAATGGC-491
1123-AAGTGGGCACTTGGTGAGAATATGGC-1148
1570-GATGTGGTAAACTTTGTGAGTATGG-1594
1-AGCAAAAGCAGGGG-14
773-AATAACATTCGAAGCAACTGGAA-795
7-CTACGTCTCTGGGGAGCAAAAGCAGG-21

1-AGCAAAAGCAGGGT-14

2341-AGTAGAAACAAGGTCGTTTTTAAAC-2316

1622-CTCCCACATCATTGACGATG-1602

785-CTTTTGTCATTGTGTTCAGTGTCAGTGC-712
1092-AGCTTCATGCTCTTACTTTCGAAC-1115
1708-GTTTGAATTTGTGTGTCACCTCTGTC-1733
2320-AGTAGAAACAAGGCATTTTTTC-2341
653-GTTCCTGTGATTTCAAATCTTTCTTC-628
1260-GTTGAATTCATTCTGGATCCAGCTTG-1235
1777-GGCAGCGCCTCATTTCCATTCCCC-1754
2233-AGTAGAAACAAGGTACTTTTTTGGAC-2208
1743-AGTAGAAACAAGGGTGTTTT-1724
857-TCTGAAATGATAATACCAGATCC-835
979-GTGATGGGATGTACATTCTG

1565-AGTAGAAACAAGGGTATTTTTC-1544



NA 1-AGCAAAAGCAGGAGT-15
NA 680-TGAGAACACAAGAGTCTGAATGTG-700
MA 1-AGCAAAAGCAGGTAGAT-17

MA deep 5-AAAGCAGKTAGATRTRTTGAAARATG

NS 1-AGCAAAAGCAGGGTG-15

1467-AGTAGAAACAAGGAGTTTTTT-1447
1140-TTCGGATCCCAAATCATCTC-1120
1027-AGTAGAAACAAGGTAGTTTTTTACTC-1002
564-ACCATTCTGTTYTCATGYCTG

AGTAGAAACAAGGGTGTTTTTTA

Table 1. Primer set used to amplify each segment of the SIV. Primer set used to amplify each segment of the SIV and information about the

begin and end positions of each one. Abbreviations: polymerase genes, PB2, PB1, PA; hemagglutinin gene, HA; nucleoprotein gene, NP;

neuraminidase gene, NA; matrix gene, MA; non-structural gene, NS.
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conducted for each enriched database of genes and clusters. In a final step, and in order
to determine potential reassortment events between human and porcine viruses,
sequences belonging to the internal genes of European influenza strains isolated from
humans (n=64) were compared with the internal genes from SIV isolates retrieved in the
outbreaks. Supplementary Table S1 shows the identification of SIV sequences used for

comparison

In the longitudinal study, sequences of the SIV genes of the isolates retrieved during the
follow up were compared by means of MLA (1000 iterations for bootstrapping) using
Phyml 3.2 software. Deep sequencing of the first 500 nt of the viral matrix gene was
performed on six isolates. RNA obtained directly from six original nasal swab samples
from 3 week-old positive piglets was selected for the high throughput sequencing. The
first five-hundred nucleotides from the M gene were amplified using an RT-PCR
(primers are summarized in Table 1). DNA concentration was determined using the
Nanodrop Spectrophotometer 1000 (Thermo Fisher Scientific) and 168 ng from each
sample were used for the sequencing. The DNA library was prepared by the ligation of
different adaptors for each amplified sample. Procedures of library preparation,
emulsion PCR and sequencing methodologies were carried out according the
manufacturer’s instructions (Rapid Library Preparation Method Manual, emPCR
Amplification Method Manual —Lib-A and Sequencing Method Manual for GS Junior
Titanium Series. Roche) and sequencing was carried out in a 454 GS Junior Titanium
Series (Roche). For the output data analysis, CLC genomics workbench software was
used (CLC bio, 2005, Denmark). Finally, maximum likelihood trees were obtained

using PhyML 3.2 and were repeated with Mega 5 software.
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Results

Study of respiratory disease outbreaks

Twelve out of the 22 studied outbreaks yielded positive results for SIV. Further
characterization by sequencing revealed five HIN1 strains (designated as /01 to /05),
four H3N2 (/01 to /04) and three HIN2 (/01, /02 and /03). HIN1/01 and /02 were
detected in fattening units while HIN1/03, /04 and /05 were detected in farrow-to-finish
farms. In all cases, respiratory disease was evident, mainly in fatteners. As regards
H3N2 isolates, H3N2/01 and /03 were detected in farrowing farms (only sows) while
H3N2/02 and H3N2/04 were retrieved in a farrow-to-weaning farm. In these cases, the
disease was only seen in sows, with abortions and sudden death of pregnant sows being
reported by veterinarians. HIN2/01 and /02 with overt respiratory disease were detected
in farrow-to-finish farms. Besides the outbreaks, samples of two farms were added
because of previous on-farm detection of SIV. This resulted in 2 SIV isolates, one
HIN1 (H1N1/06) and one H1N2 isolate of (H1LN2/04) were found. In both cases,

respiratory disease was mild and restricted to weaners.

All examined genes for all isolates belonged to European lineages of SIV, with the
exception of two. HLIN1/04 was identified as a pH1NL1 closely related to human isolates,
and the NA of H1N2/03 clustered with some American strains. Four of the five
remaining SIV H1NL1 isolates were identified as avian-like. For one (H1N1/05) the HA
clustered with HI1 of reassortant “human like” European HIN2. All H3N2 isolates

belonged to the reassortant human-like European clade (Figures 1 to 4).
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The four HIN2 isolates of the present study belonged to the reassortant human-like
H1N2 clade and formed a separated and statistically significant cluster within that group
for HA. The HA of HIN1/05 was also included in this cluster. Three of the four HIN2
also clustered together, but the fourth (H1IN2/03) contained an NA closely related to a
group of H3N2 and H1N2 SIV isolates, mainly formed by American and Asian strains,

but also containing some swine isolates of Italy retrieved from 2005 onwards.

Interestingly, for most isolates (n=11) except pHIN1 and H3N2/02 and 03, when
clustering of internal viral genes was examined it was seen that the same strains could
cluster in different groups depending on the examined gene, a further indication of the

occurrence of reassortment (Figure 5).

As expected, the percentage of similarity among isolates of the present study clustering
together was high for internal genes, and much lower for HA and NA. Table 2 shows the

similarity matrices and the closest known isolate for HA and NA.
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Figure 1. Maximum likelihood tree including HIN1 and HIN2 hemagglutinin from
swine strains. Black symbols indicates the strains obtained in the present study. White

symbol indicates the closest relative strain for each isolate. Bootstrap values lower than

70 are omitted.
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Figure 2. Maximum likelihood tree including H3N2 hemagglutinin from swine strains.
68

Black symbols indicates the strains obtained in the present study. White symbol
indicates the closest relative strain for each isolate. Bootstrap values lower than 70 are

omiftted.
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HIN1

HA 01 02 03 05 NA 01 02 05

01 ID 01 ID

02 92 ID 02 95.9 ID

03 95.3 928 ID 03 96  96.3

06 94.8 924 956 ID 05 949 951 953 ID
06 954 0988 955 94.7
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Average similarity: 95,58%; SD: 1,16%
CKS: A/Sw/Spain/53207/2003 H1N1
Average similarity with CKS: 96,4%; SD:

Average similarity: 93,82%; SD: 1,6%
CKS: A/Sw/Spain/53207/2003 H1N1

Average similarity with CKS: 96,47%; SD : 1,7%

2,6%

H1N2

HA 01 02 03 04 NA 01 02 03 04
01 ID 01 ID

02 95.8 ID 02 97 ID

03 95.8 995 ID 03 97 99 ID

04 94.1 943 944 1D 04 944 932 931 ID
Average similarity: 95.65%; SD=2% Average similarity: 95.6%; SD = 2,4%
CKS: CKS:

AJSw/Hungary/13509/2007 H3N2
AJSw/Spain/54008/2004 H3N2
Average similarity with CKS: 97,8% - 96,5%;

A/Sw/Hungary/13509/2007 H3N2
A/Sw/Spain/54008/2004 H3N2
Average similarity with CKS: 96,5% - 95,6%;

SD: 1,3% SD: 0,7%

H3N2

HA 01 02 03 04 %\}.}Nl NA 01 02 03 04
01 ID 0. 1D

02 %2 D 02 9.4 ID

03 958 959 ID 03 838 8 ID

04 984 965 959 ID 04 984 967 837 ID
HINL/O5 962 994 958 963 ID

Average Similarity: 97,2% - 83,5% ; SD: 1,1%

Average similarity: 96,65%; SD= 1,2%
CKS: A/Sw/Bakum/1832/2000 H1N2

-0,4%
CKS:

Average similarity with CKS: 92,04% SD: 0,2%
d y ’ ’ A/Sw/Cotes d'Armor/604/1999 HIN2

A/Sw/Minnesota/593/1999 H3N2
Average Similarity with CKS: 95,8% - 95,1%
SD: 2,8%

Table 2. Nucleotide identity of within all but PH1N1 isolate (H1N1 04) by subtype and
glycoprotein segment (HA and NA). The Closest Known Strain (CKS) for each group

of strains, average similarity and standart desviation (SD) are also shown.
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Ref HIN1 PB2 PB1 PA NP MP NS1

H1N1/01 97.9 -94.2' 97.5 -

H1N1/02 973 96.9 97 946 95.1 97.2
H1N1/03 — 97.3 94.9 -E
H1N1/04 834 85.2 85.3 82.7 929 80.5
H1N1/05 97.2 971 96.6 946 '
H1N1/06 ' :
H1N2/01
H1N2/02
H1N2/03
H1N2/04
H3N2/01 96.8 97.3 98.2 95.2 98.1 98.1
H3N2/02
H3N2/03
H3N2/04
Long 1 (a)
Long 1 (b)

Figure 5. Percentage of nucleotidic similarity of each gene segment and strain when
compared with the virus A/Swine/Spain/51915/2003 is shown in the figure. The
different colors indicate different clustering of the strains supported by bootstrap values

>70. Trees are shown in the supplementary figures S1 a-f.

Longitudinal study

The sequence analyses for the 22 examined isolates revealed that HA, NA, PB1, PB2,
PA and NS genes were highly conserved among all isolates (average similarity >99%).
Two different variant genes were present for M and NP, designated from now on as Mj,
My and NP,, NP, with a similarity of 94.7% and 97.1%, respectively. Ma was present in

most of the isolates (20 out of 22) while My was only detected in two samples of 3-
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week-old piglets. Most isolates harboured NP, (21 out of 22), and one sample from a 7-
week-old pig contained the NP, gene. Interestingly, the isolate harbouring the rare NPy
had the predominant M, gene. The closest known sequences to the different M and NP
genes were A/H1N1/Sw/Spain/53207/2004 (M,), A/H3N2/Sw/Seesen/IDT3055/2004
(Mp), A/HIN1/Sw/Spain/51915/2003 (NP,) and A/H1N2/Sw/Bakum/1832/2000 (NPy)
with which they share a similarity of between 97.6% and 98.6% in MP, and 98% and

98.6% % in NP.

A more detailed analysis of the HA indicated the potential existence of two variants
(<1% of difference) among circulating isolates (bootstrap value 97%, tree not shown).
In order to further check the existence of those two potential variants, sequences of HA,
NA, PB1, PB2, PA and NS were concatenated and re-analysed as above. M and NP
sequences were excluded. The analysis of concatenated segments (Figure 6) showed the
actual existence of two variants of the same strain. Those two branches arose because of
some nucleotide mutations (12 in HA, 8 in PA, 7 in PB1 and NS, 6 in PB2 and NA).
These changes represented non-synonymous mutations in HA (positions 78 1->V; 151
A->S; 158 A->S; 159 R>N; 214 A>T, 417 I->L), NS1 (52 M1->L; 79 T->I, 84
V->M; 176 I->N; 209 D->N), PA (positions 29 K>R; 204 K->N), PB1 (Positions 336
V->1; 384 S>L), PB2 (Position 461 V->1). Interestingly, all changes in NA were
synonymous and HA A158S and R159N changes are both included in the Ca antigenic

site (16).
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Tree of PB2, PB1, PA. HA, NA, NS PB2 PB1 PA HA NA NS
_:09‘ orcrrnaoccAnlarcccccrvrnoococnoar(o((utar ATTGAGC
893 cvoreroclAACArcccoorrr»aocacaonrcac(AarI-trvc.Acc
93 r—09.3 GTGTTAGGCTAACATITCCCGGTITTAGGCGCAGATCGCCAGTIGATTIGAGC
_E GTGTTAGGCTAACATCCCGGTTTAPGCGCAGATCGCCAGTGATTIGAGC
934 GTGTTAGGCTAACATCCCGGTTTAPGCGCAGATCGCCAGTGATTIGAGC
pr— 50,3 ArGr!AGGc'AAlAYCCCGGIJ’YAGGCGCAGAYCGCCAGI‘GAIYOAGC
- pr—96.7 GTGTTAGGCTAACATCCCGGTTTAGGCGCGATCGCCAGTGATTGAGC
g™ 103.4 GTGTTAGGCTAACATCCCGGTTTAGGCGCGATCGCCAGTGATTIGAGC
— 02 .4 GTGITAGGCTAACATCCCGGTITTAGGCG GATCGCCAGTGATTIGAGC
R p e T P GCOAACAY(GCGGCYCAG ot GCCAGTGAYCGAGC-
- pr—103.13 ccaacarceccocereraclciBacarBoccallrcare
. 91 |9.13 GCEAACATCCCGGETEAG AG TRGCCA GATE
l __Luu oc_g‘AAcArcccccchAc AG'Y GCCA GATE
—1 15 GCEBAACATCCCGGRTEAG AGATHIGCCAGTGATE
99 [—115.3 ACGETAGGCEGACATTGAGGECECGGGARNCARAATCGCCGGTGETEGARNT
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Figure 6. 100 bootstrap maximum likelihood tree obtained from the concatenation of the genes PB2. PB1. PA. HA. NP. NA. and NS. In the
figure it is also shown all the mutation sites observed in more than one isolate. Black line separates the two main branches observed in the
longitudinal study. Discontinuous line separates the subclades that are not observed in all the segments.
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Deep sequencing of the M gene was carried out on six samples of 3-week-old piglets.
Those six animals included one harbouring the My, gene, and five in which isolate
harboured the M, gene. Analysis of M, isolates did not provide any more evidence of
the existence of a number of quasi-species differentiable by just a few mutations (up to
three). Two different matrix segments were identified in My and thus, 275/280
sequences clustered with the consensus sequence M, obtained by conventional Sanger
sequencing from this animal (similar to A/H3N2/Sw/Seesen/IDT3055/2004), but 5/280

yielded a sequence with between 99.9% and 100% similarity to the consensus M,.

Discussion

The intensive research on the epidemiology of influenza viruses carried out in recent
years has shown that the complexity of the natural history of these viruses is much
higher than previously thought. In the present work we aimed to determine the
characteristics and phylogenetic relationships of SIV isolates from respiratory disease
outbreaks of swine, as well as to investigate the evolution of SIV within an endemically

infected farm.

The efficiency of the outbreak surveillance must first be mentioned. In our hands, only
about one half of the supposed influenza outbreaks could be confirmed by virological
examinations. This fact points towards two different elements that are relevant to the
development of surveillance programs for influenza in pigs. The first one relates to the
actual ability of veterinarians to distinguish influenza from other respiratory diseases.
On one hand, the presence of multiple respiratory pathogens in a farm may create

confusion as regards establishing a clinical suspicion and, on the other hand, as shown
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in two cases of the present study, influenza may only produce a mild disease without
signs in adults. Besides this, it is worth noting that abortions were only seen associated
to H3N2, a fact that would merit further field surveillance. Secondly, the short period in
which SIV is thought to be shed (17, 18) may contribute to the failure in detecting true
cases of SIV. In any case, a passive surveillance system for influenza in pigs based on
the reporting of outbreaks does not seem to be very effective for the rapid detection of

new strains.

In the present work, all SIV isolates from outbreaks corresponded to the expected
subtypes and lineages known to circulate in pigs, namely HIN1, H3N2 and H1N2, with
predominance of avian-like HINI and reassortant “human like” European H3N2 and
H1INZ2. The pH1N1 virus was also found to circulate in pigs, demonstrating the potential
for spread of this virus from humans to pigs, as others have shown (12, 19, 20)
although, in our case, reassortment between pH1N1 and porcine SIV was not observed

as others have reported (8, 9, 12) .

More interesting are the data regarding HIN2 isolates. In this case, HIN2 strains of the
present study formed a cluster of their own and separate from other European HINZ2, a
fact that suggests the emergence of a locally generated variant in this area of NE Spain.
Besides this, one H1N2 isolate harboured a NA that was common to American and
Asian HIN2 and H3N2 strains. This observation suggests that reassortment between
HIN2 or HLIN2 and H3N2 strains occurred in the recent past. This HIN2 isolate was
also close to some lItalian SIV isolates that were reported to be related with human

seasonal H3N2 viruses. A similar origin could be speculated for our HIN2/03.
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It is also worth noting that 11/14 (79%) isolates retrieved from respiratory disease cases
presented internal genes that clustered differently from HA and NA, further evidence
indicating that probably most of the SIV circulating in pigs are reassortants or, in other
words, that reassortment events are extremely frequent in SIV, probably much more

than previously thought.

Genetic and antigenic drift can be seen as a process that develops relatively slowly and
that would be favoured by sustained transmission along time in a susceptible
population. Thus, an SIV endemic farm would be the ideal scenario to examine this
drift. In the present study, 121 animals were followed from weaning to the end of their
productive period. The analysis of the sequences of 22 isolates from that farm indicated
that at least three different HIN1 reassortants circulated in that period, corresponding to
two different M and NP genes, while the other six genome segments were constant. This
observation opens up the question of the origin of such viruses. With the data currently
available it is impossible to determine the sequence of events leading to the generation
of those four reassortant viruses. However, the fact that My, was already detected in the
first sampling week (3-week-old piglets) suggest that if a reassortment with other
influenza viruses occurred, this phenomenon should have taken place before the
beginning of the study or just at the starting point. In any case, My viruses were not
detected later on, indicating that probably they were not able to persist in the examined
population. On the other hand, for NP, NP, appeared suddenly at 7 weeks of age and
then faded out. This would be consistent with either a reassortment with other
undetected virus circulating in the farm at that time, or with a low level co-circulation of

the NPy, virus in previous weeks that was only detected at 7" week of age. Also, those
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reassortants could have originated in any other part of the farm (for example sows) and

be introduced in the fattening herd at a given time.

Further analysis of the other viral genes in SIV isolates of the farm, indicated the
existence of two variants of the same strain that persisted over time. These two variants
had less than 1% of dissimilarity and co-existed at almost all sampling times, indicating
that they were probably equally efficient in terms of transmission and persistence within
a herd. In any case, the biological implication of the coexistence of two viral variants

within a farm should be studied in more depth.

Deep sequencing analysis of the M gene produced different results for My and My,
While the analysis of M, only provided evidence of a generation of quasi-species with a
few nucleotide changes, the examination of M, indicated that a small percentage of
sequences corresponded to M,. This was an unexpected result. A first hypothesis to
explain it is that a contamination occurred either at sampling in the farm or in the
laboratory. This cannot be ruled out, although blank samples produced the correct
(negative) result. If the observed result reflects the real composition of the examined
sample, then the alternative hypotheses to be considered are: a) the pig was indeed co-
infected by two different viruses, a fact compatible with the generation of reassortants
or, b) M, and M, are the product of mutation of a single virus, the latter being less likely

given the relatively low similarity (94.7%) between M, and My,
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In conclusion, the present study shows that reassortment events are probably quite
common in SIV, and also indicates that within a given farm infected endemically by
SIV, different reassortants of the same subtype can co-circulate and even, different
variants of the same strain can be maintained for months circulating within the herd.
Thus, there is a need to gain further insight in the epidemiology of SIV in order to

understand how new influenza strains may emerge.
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Abstract

Isolates obtained from respiratory outbreaks and longitudinal assessments in farrow-to-
finish farms where analyzed antigenically by means of the HI by the use of mono
specific sera obtained with immunized pigs and 100 serum samples obtained from
seropositive and unvaccinated commercial farms. Based on these analyses, a high
diversity was found when comparing the HIN1 viruses. In contrast, HN2 and H3N2
viruses circulating in Spanish swine seem to be more homologous regarding their cross-
reactivity in the haemagglutination inhibition assay. When contrasted the amino acid
sequences of the haemagglutinin of these isolates, the HIN1 viruses presented also a
larger amount of changes than the other subtypes. The causes behind this different
behavior depending on the subtype are unknown and probably reflect a different

epidemiology.

Supplementary information (in Chapter 5): Table S1 shows the correspondences
between the strains in Chapter 3 and Chapter 4. Table S4 shows the results obtained in

the factorial analysis.
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Introduction

HIN1, HIN2 and H3N2 are the three commonest subtypes of influenza A virus
infecting pigs worldwide (Van Reeth et al., 2012). Within each subtype different
lineages that have a common geographical distribution have been reported and within
each lineage there is also a considerable genetic diversity (Kuntz-Simon et al, 2009;
Vijakrishna et al. 2011; Webby et al., 2004). Regarding the origin of the predominant
strains within each subtype, both human and avian influenza genes are found in pig

isolates (Brown et al. 1998, Karasin et al., 2000a, b).

The adscription of a given swine influenza virus (SIV) isolate to a particular subtype
and lineage can be done by sequencing and phylogenetic analysis of the haemagglutinin
(HA) and neuraminidase (NA) genes (Vincent et al., 2009; Moreno et al., 2009 and
2012; Vijakrishna et al. 2011). However, the classification of an isolate as belonging to
a given subtype and lineage is not enough prediction of neither the antigenic similarity
between isolates. In fact, an amino acid substitution in one of several positions of the
HA can result in a different antigenic clustering of phylogenetically related strains and
may cause a different recognition by specific antibodies against HA (Strengell et al.,
2011). In H1 influenza A viruses, four main antigenic sites (Ca, Cb, Sa and Sb) have
been described for the globular head of subunit HA1 while five sites are known for H3

viruses (A, B, C, D and E) (Caton et al., 1981; Skehel et al, 1984; Webster, 1980).

Classically, the haemagglutination inhibition assay (HI) has been used as the reference
serological technique for the analysis of cross reactivity between influenza A strains of

the same subtype and to guess the degree of protection against infection afforded by a
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given strain against another one (Van Reeth et al., 2001; van Reeth et al., 2004). Using
the HI, it has been shown that porcine HIN1 and HIN2 influenza A viruses usually
does not cross-react (Van Reeth et al., 2004). Similarly, cross reactivity between SIV
isolates belonging to the classical and avian HIN1 SIV lineages or of these with the
pandemic H1NL1 is limited although it has been reported that consecutive infections with
different HIN1 may result in broader reactivity of anti-H1 antibodies (Kyriakis et al.,

2010).

At present, SIV vaccines marketed in Europe are made either of “old” (1970s-1990s)
HIN1 and H3N2 or, for the newest products, of a combination of inactivated HIN1,
H1N2 and H3N2 isolates circulating already almost one decade ago (2000 — 2003). The
circulation in pigs of more recent SIV strains including human pandemic H1N1
reassortant viruses (Tremblay et al., 2011; Moreno et al., 2012), poses the question of
the cross-reactivity of current strains with older ones or with vaccine-induced
antibodies. The objectives of the present study were to analyze the antigenic clustering
of recent field isolates from Spanish farms and to determine the cross reactivity of those

isolates against monospecific antisera and field sera.

Materials and methods

Ethics statement

All the procedures involving animals in the present study were carried out according to

an experimental protocol (code 5796) approved by the Ethics Committee from the
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“Universitat Autonoma de Barcelona” and certified by the “Departament d’ Agricultura,

Ramaderia, Pesca i Medi Natural de la Generalitat de Catalunya” (reference: 1189).

Antigen preparation

Fourteen SIV isolates retrieved from pigs of Spanish farms between 2008 and 2011
were examined in the present study (Table 1). Thirteen of them have been isolated from
respiratory disease outbreaks and the other two corresponded to endemic strains isolated
in the course of longitudinal studies in 2009-2011. Additionally, one human pandemic
HIN1 virus and one classical swine HIN1 obtained from the ATCC (ATCC number:
VR-1683™) were included for comparative purposes. Viruses were grown in parallel in
SPF embryonated chicken eggs (ECE) and MDCK cells (passage <3) according to
previously described procedures (Simon-Grifé et al., 2012). Chorio-allantoic fluids
were collected at day 3 post-inoculation. In MDCK inoculated cells, after the
development of cytophatic effect, cells were frozen at -80°C, thawed and centrifuged at
550 g for 15 min. Cell culture supernatants or chorio-allantoic fluids were then
examined by means of a real-time RT-PCR targeting the matrix gene segment of
influenza A viruses (Simon-Grifé et al., 2012) and titrated by means of the
haemaglutination assay (OIE, 2008). For a given isolate, the highest titrating product in
the haemagglutination assay (MDCK cell culture supernatants or chorio-allantoic fluids)
was selected for inoculation of pigs. In case that the equal titres were obtained or that
the isolate failed to haemagglutinate, the product yielding the higher number of genomic

copies in the RT-PCR was selected.
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Selected isolates were then inactivated with binary ethylenimine (BEI). With this
purpose, 205 mg of 2-bromoethylenimine hidrobromide (Sigma-Aldrich, ref: 06670)
were added to a 10 ml of a 0.175M NaOH solution. Then, BEI solution was incubated
1h at 37°C and pH was measured (pH=9). Inactivation was performed by adding 10ml
of virus in 351 pl of the BEI solution (28.5:1 v/v). The virus-BEI mixture was incubated
at room temperature for 24 h. To inactivate BEI, a 1M solution of Na,S,03 was added
in the virus-BEI mixture (1:10 v/V). BEI inactivation was confirmed by inoculation of
BEI-treated viral suspensions in MDCK cells. The absence of cytopathic effect after
three consecutive passages was considered as effective inactivation. The isolates were

used for immunization at the highest possible haemagglutinating titre.

Immunization of pigs and selection of field samples

Eighteen groups (1 to 18) of two specific-pathogen-free (SPF) piglets of 28 days of age
devoid of antibodies against SIV (as tested by Civtest influenza ELISA, HIPRA, Spain)
were placed in separated pens of an experimental farm facility at Institut de Recerca i
Tecnologia Agroalimentaria (IRTA). Groups 1 to 16 were vaccinated with the different
inactivated SIV isolates (2 ml of a mixture containing 1ml of the virus and 1 ml of
Diluvac Forte® as adjuvant). Group 17 received IM 2 ml of a mixture of 1ml of chorio-
allantoic fluid from SPF ECE and 1 ml of Diluvac Forte®. Group 18 was administered
IM a mixture of 1ml of MDCK cell culture supernatant and 1ml of Diluvac Forte®
(Table 1). Pigs were immunized four times, at 42, 56, 70 and 84 days of age by IM
injection of 1ml of the virus-adjuvant mixture in the neck and 1ml in the posterior limb.
Blood samples were collected each time that pigs were inoculated and two weeks after

the last inoculation when pigs were euthanized.
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Also, 100 field sera were selected to be analysed by the HI against the 14 Spanish SIV

isolates used in the present study. Sera were selected from a serum bank built in a

previous study (Simon-Grifé, et al. 2011) through a random sampling of Spanish pig

Group Strain Origin/Year Subtype Phylogeny HAU/mI Pr:;l:é:rtrilon
1 s1 (outbfe";ik“)‘jzoog HINL  Avian-like 1,280 ECE
2 S2 (outbfe";ik“)‘jzmo HINL  Avian-like 20,480 ECE
3 s3 (Outbf;’;t‘;zoog HINL  Pandemic 80 MDCK
4 sS4 ( outb?gI(n)G;ZOll HIN1  Avian-like 1,280 ECE
5 S5 (outb?ZZer];zoll HIN1 Ff—?zs-sl—?{tNagt 0 MDCK
6 S6 ond (-Z-Sr:l]\liicr;(/92009 HINI  Avian-like 1,280 ECE
7 s7 (outb?:;r)?zon HIN2  euHIN2 1,280 ECE
8 S8 (outb?gkn)ZOll H1N2 eUH1N2 1,280 MDCK
9 S9 (outb?gkn)ZOll H1N2 eUH1N2 1,280 MDCK

Swine Reassortant
10 510 endemiozore MAN2 NAhuman 640 MDCK
H3N2
11 s11 (outbi\e’;t];zoog H3N2  euH3N2 1,280 ECE
12 s12 (Outbfe";ik“)‘jzmo H3N2  euH3N2 20,480 ECE
13 s13 (Outbfe";ik“)‘jzmo H3N2  euH3N2 20,480 ECE
14 s14 (outbi\a,;ikn)(jmll H3N2  euH3N2 1,280  MDCK
15 phuH1IN1 Pa”deg“oig;‘”ma” HIN1  Pandemic 320 MDCK
16 cSWHIN1 vareCiw  HINL  American 1280  MDCK
17 Egg/adjuvant SPF egg N.A. N.A. N.A.
18 MDCK/adjuvant Su';’é?nit'z . NA N.A. N.A.

Table 1. Distribution of groups and viruses used for immunization.
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farms. Sera had been previously tested against HIN1, HIN2 and H3N2 SIV by HI using
commercially available SIV isolates (GD Deventer, the Netherlands). The set of 100
samples was composed by five sera negative to all three subtypes and 95 positive sera
of which 44 were positive against HIN1, 27 were positive against HIN2 and 56 were
positive against H3N2. 14 samples were simultaneously positive to HIN1 and H1NZ2,
28 sera were positive to HIN1 and H3N2, 23 were positive to HIN2 and H3N2, and 13
were positive against the three subtypes. Range of titres for positive sera was 1:40 to

1:5,120.

Haemagglutination inhibition assay

All sera included in the study were analyzed by the HI assay using all the different SIV
strains described above. The HI assay was performed according to the World
Organization for Animal Health (OIE) protocol (OIE, 2008) using 4 haemagglutinating
units (HAU) of each virus in a 25 pl volume. Each serum was analyzed in triplicate. In
the case of the sera obtained from immunized pigs they were adjusted to a homologous
HI of 1:320 for HIN2 and H3N2. In the case of HIN1 antisera, that produced much
lower HI titers, they were adjusted to 1:160 or, when this was not possible, to the

immediately lower feasible titer (1:80 or 1:40).

Analysis of the amino acid subtitutions in antigenic sites of HAl

To complement the analysis of the serological results, the amino acid sequence of the
subunit HAL of the HA from the isolates used in the present study was analyzed. For

this reason, available sequences (Martin-Valls et al. 2012, in preparation) were aligned
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using CLUSTAL W including as reference European SIV strains for which the
complete HA sequence was available (HIN1: A/Swine/Spain/51915/2003; H1NZ2:
A/Swine/Cdtes d’Armor//2000; H3N2: A/Swine/Spain/54008/2004) and a consensus
sequence was generated by subtype by using these sequences as well as the H1N1,
HIN2 and H3N2 strains against which the field sera have been previously tested.
Amino acid changes for each of the 14 Spanish field isolates included in the present
study were recorded and compared by subtype to the consensus sequence. The HAl
from European SIV (156 H1N1 sequences, 88 H1IN2 sequences and 51 H3N2 sequences
available at the ISD database) was downloaded. Based on this dataset, positional

entropy of the amino acid sequence of HA1 was calculated using Bio-Edit.

Statistical analysis

HI results obtained with the 100 field samples were analysed statistically in order to

determine the influence of the use of each SIV strain and the agreement between assays.

Factorial analysis

To determine if HI titres could be explained only by subtypes or by lineages, a factorial
analysis was carried out using R for Windows (R development team, 2008). For a
proper comparison of the HI titres, these were re-categorized as 0 (negative), 1 (1:20), 2

(1:40), 3 (1:80), 4 (1:160), 5 (1:320), 6 (1:640), 7 (1:1280) and 8 (>1:1280).

Distribution of HI titers for field sera using each SIV isolate and comparison of results.

In order to figure out if the use of any of the studied isolates resulted in significantly
higher prevalences or titres in the HI a statistical analysis was carried out. Comparison

of prevalences for each isolate within a given subtype was performed by the McNemar
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v* (Fleiss, 1981) with binomial categorisation as positive (>1:40) or negative. Also, a
pairwise comparison of the average log, (titre) produced by each strain was carried out
within each subtype by means of the Kruskall-Wallis test for non-parametric data

(Kruskal and Wallis, 1952). Significance level was set at p<0.05.

Agreement of results obtained with the different SIV isolates was calculated in two
different ways: firstly, by a regression analysis using the categorisation of titres
explained above for the factorial analysis and secondly, by means of the weighed Kappa
values for >3 raters and categories (Fleiss, Nee and Landis, 1979). For the calculation of
Kappa values, titres were categorized as negative (<1:40), low (1:40-1:80), moderate
(1:160-1:640) and high (>1:640). StatsDirect software 2.7.9 was used for these

calculations.

Results
Production and testing of monospecific antisera

Immunization with any of the isolates induced homologous HI titres >1:40 except for
the H1NL1 strain S5. In that case, the virus lacked HA activity in the haemagglutination
assay and therefore, it was not possible to measure HI antibodies against it. However,
sera of pigs inoculated with S5 reacted strongly with all HLN2 isolates included in this
study indicating that the virus acted as an efficient immunogen. HIN1 pandemic strains
(S3 and pH1N1) used in the present study induced low homologous HI titres in

immunized pigs (1:80).

Analysis of the cross reactivity in HI using adjusted sera showed that HIN1 isolates had

very low cross-reactivity among them (Table 2). In contrast, reactivity of anti-HLN2 or
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anti-H3N2 antisera against isolates of the same subtype was much higher, and in the
case of the H3N2 the use of one strain or another resulted in just two dilutions of

difference.

HI analysis of the 100 field sera

Factorial analysis

Given the scarce cross-reactivity of HIN1 viruses in the previous HI analysis with
monospecific sera, it was considered the possibility of distinguishing different groups of
positive sera in field samples based on the reactivity against different HIN1 viruses. To
clarify this, a factorial analysis was carried out. Results showed that positive sera
grouped by subtype (H1N1, HIN2 and H3NZ2) but was not possible to distinguish
pH1N1 or other HIN1 variant as an additional factor of grouping (Supplementary table

S4).

Descriptive analysis: frequencies and mean comparison of the titers

In the case of HIN1 viruses, use of strain S4 in HI resulted in the higher percentage (p <
0.05) of positive samples (72%) and in higher average titres (7.28 log,) compared to the
other strains of the same subtype (Figure 1). For HINZ2, the use of one isolate or another
did not produce significant differences except when titres against S10 were compared
with titres against S7. For H3N2, differences were only seen regarding the percentage of

positive samples obtained with each isolate.
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Antigen used in the hemagglutination inhibition test

H1N1 H1N2 H3N2
M‘X‘notsigff;f'c PHIN1 cSwHINI S1  S2 S3 S4 S5  S6 S7 S8 S9  SI0 S11 S12 S13  Sl4
pHIN1 80 - 40 - 40 - ND. - - - - - NA. NA NA NA
cSWHIN1 ; 80 ; ; ; ; ; - - - ; ; NA NA NA NA
H s1 - - 160 - - 40 ND. - - - - - NA NA NA NA
1 s2 ] - - 160 - - ND. - - - - - NA NA NA NA
N s3 80 - - - 80 - ND. - - - - 40 NA NA NA NA
1 s4 ; - - - - 40 ND. - - - - - NA NA NA NA
S5 ; - - - - - ND. - 160 160 320 160 NA NA NA NA
s6 ; ; ; ; - - ND. 160 - - - - NA NA NA NA
H s7 - - - - - - ND. - 320 160 80 80 NA NA NA NA
1 S8 ] - - - - - ND. - 160 320 80 80 NA NA NA NA
N s9 - - - - - - ND. - 80 80 320 80 NA. NA NA NA
2 S10 - - - - - - ND. - - 320 80 320 N.A. NA NA NA.
H s11 NA. NA.  NA NA NA NA ND NA NA NA NA NA 320 160 160 320
3 S12 N.A. NA.  NA NA NA NA ND NA NA NA NA NA 320 320 320 320
N s13 N.A. NA  NA NA NA NA ND NA NA NA NA NA 320 320 320 320
2 S14 N.A. NA.  NA NA NA NA ND NA NA NA NA NA 320 160 80 320

Table 2. Reactivity of antisera and antigens used in the study as determined in the haemagglutination inhibition (HI) assay. The table shows the

reciprocal of the titer obtained in each assay (triplicates). For HLN1, antisera were adjusted to a homologous HI of 1:160 or the maximum

possible (1:80 or 1:40) when this titer was not achieved. For HIN2 and H3N2, antisera were adjusted to produce a titre of 1:320 that was the

common homologous titer.
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Correlation and Kappa values

Correlation of results for field sera and calculation of kappa values are shown in table 3.
Inter-subtype comparison of results produced correlation coefficients <0.45 indicating a
very low, if any, correspondence of HI results between different subtypes. In within
subtype comparisons, correlation of HI results obtained with H1N1 isolates was in
general lower (average correlation coefficient = 0.69) than that of HIN2 (average

correlation coefficient = 0.79) and H3N2 (average correlation coefficient = 0.84).

Similarly, kappa values were higher for the comparison of HI results within H3N2 or

H1N2 compared to HIN1 (Table 3).

Analysis of amino acid subtitutions in antigenic sites of HAL

Comparison of the HAL sequence of Spanish isolates with the consensus sequence
produced with the sequences of the isolates from the present study, revealed 36, 16 and
15 variable sites for HIN1, HIN2 and H3N2 isolates, respectively (Figure 2). It is worth
to note that, individually, 3/4 avian-like HIN1 (S1, S2, S4 and S6) strains presented
more than 10 amino acid changes; only 1/4 HIN2 had that number of substitutions and
none of the H3N2 presented more than 6 changes. All the strains in the present study
presented at least one change in an antigenic site, and in the case of the strain S2 six of
the observed substitutions were located in Sa and Ca antigenic sites. The pandemic
HIN1 strain presented 23 and 32 amino acid changes when compared with the HIN1

and HIN2 consensus sequences respectively (data not shown).
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H1N1 strains
Correlation Kappa
HIN1GD S1 S2 S3 S4 S6 HINIGD S1 S2 S3 S4 S6
H1N1 GD 1 1
S1 0,75 1 0,59 1
S2 0,69 0,72 1 0,58 056 1
S3 0,62 068 069 1 0,44 052 0,30 1
S4 0,63 0,66 0,67 052 1 0,37 0,38 0,36 0,23 1
S6 0,69 0,73 0,57 0,67 0,68 1 0,49 056 0,42 049 056 1

HIN2 strains

Correlation Kappa
HIN2GD S7 S8 S9 S10 S3 HIN2GD S7 S8 S9 S10 S3
H1IN2 GD 1 1
S7 0,63 1 0,38 1
S8 0,66 085 1 0,41 067 1
S9 0,54 0,75 0,73 1 0,47 056 0,70 1
S10 0,59 083 084 074 1 0,40 059 0,73 081 1
S3 0,35 0,23 0,23 026 023 1 0,20 0,20 0,26 0,26 016 1
H3N2 strains
Correlation Kappa
H3N2 GD S11 S12 S13 S14 H3N2GD S11 S12 S13 S14
H3N2 GD 1 1
S11 0,71 1 0,48 1
S12 0,79 086 1 0,61 068 1
S13 0,78 0,78 097 1 0,59 0,53 0,83 1
S14 0,66 0,90 0,80 0,74 1 0,51 0,83 0,72 0,65 1

Table 3. Pairwise correlation and weighed kappa values obtained with the 100 field
sera. Results are shown by subtype. Pandemic strain S3 values are also shown against
the H1N2 strains.

99



Chapter 4

H T
I Artgenicsres 2 ‘s G G Ssfa S SeCa
: ,,,?!‘,.“‘;ﬂ_,f!"l“,‘!“ 06 110 124 12 v;._lu W 1u 151 15 i e
1 Comsanss 5 | N K A R T 8 A N E K V A 8 N V G N 3 K G 1
1 Nat I N AR T 8 ANDRTITI | A S X%V O N S 1
1 HINI GO I N ENBR 38 s A0 e A 2R v ol 1
1 8 8 | N'R AK T 8 ADECKTVASNIEEN s :
] 2 I N K AR TIEA N E N v AlIlRx v ¢ u NGO g
: H * B B A 51 5 A h E X V.8 S NV - 1
o 5 V. O N R T 8 A NV 1
L B ] 1t
1 __Emgy  0sapspop a1 19p 0TS sk 08 nbénﬁplwbubnﬁnbibnbz- 27 !
]
Astigenicsies S0 b S W R 1
i ~mmmmwmugumwmmmmk.
I N Censerss [ N H V G RV G 5 H S :
I Rt D § ? N M V G ¥ v l A M ni Y G " !
I | wvico W s s NN v o - o WG O 55 {
I st D & T N M | G ¥ VB A a 3 I 1" H
: 2 D & T N M V [l N3 a - | K 6 1
H [ - - M HV OKRVEA ADO - H s]|8 1
i = l-l-‘ 6 K A VEADG X 68 sie 3 |
1 kD ompmo.l 0380200910691 080470.440,110,780.53 vazomomw == :
0 o o s 0 0 e e s o o o o - - o = o G —— - o o -
i e e sl . 0 . 5 0 0 e a0
Antigesic stes Ca ® 1
: ~Peaton 5 G4 104 155 15 7 1 16 18 nm T S
[] Consensus K AR YV P P & V NNAKTS * MR R.A K N B 1
[} et R oK | v E BN N REEEE N E 1
I MIN2 GO R K | 8 1 ¥ L VYV NRETEMKWSE 1
: ss K R VPP BV NNA K K Q| MDRRIENEE !
H s7 K AR Y P P SV NNAK K'Q ) M NIBER X HIB 1
1 s K R V P P 8 V N N A K K Q | M NI R K H E =
1 H ) K RV P P SV NNA K K Q u o R R KNG H
1 SR K ,'ri,-,“,,i V N N K XK Q s_:r._-;_ H
: 1 Entropy 091 DS 00DSED V6 2‘0)‘9_ ‘Nﬂ '20”0!’1311)‘0})|R.ﬁ'§“ﬂl)hl°|l°.n 1
_Entropy 1091 D523 000580 150200. 4 AR 3
. ; ¢ 1
Antigesicaltes 0 @ )
PN resmen mowN s s oe B s e 01 A !
[} nsus ~ C AR 1 Lol -BoNA ¥ 9% 1
[} 2 et v i AT V TN 1
] KIN2 GO 3] il ATV 1D e 1
: M VY TT0ENATEZERS =
H 7 N Y T T O E N L 16
1 s Y r T-9 E N L 118 =
[ $ M VYT T DENATTE I <] 5 2 1
- 810 M Ll Tl ¢ A !
L _ Entropy 086 1320220000250000 280 T80 009060010,
L L T I T T T I I I I ' ' ' ' '™ "'’ "'"""""" "'

ﬁ

NZWT

Artsgenic sites C g B D D
Pesitien M CETE mlw 185 208 211 216 233 0 M2 6 27 20 20 291
Cansergen $ Q F D T AL CORE OB D T O B
HINZ GO N . 1 a1t vasolll'¥y i x¥HKx (oD
Pt NS G F D P L P I | A S GO | I N ¥ Q K VD
m - $ 0 F O - b RT3 - LR M JoaYR Yip
s12 % QG .F DPEL BT ) $ G I ¥ | '4 QR Y
18] K P B AL BT | l B G I 32 | 3 KV .
8w x s g Fror 21 i AMAO L - I Q E VD
gy BIIBAYEIEEAVL 0B M6 AR 56 VB 808 200,290 09D, 11D BATE M0 241 831 3655095,

Position B0 X6 S Loy 2ml: Ac
Cons N K K | £

weco % x x 1 [l
Pt N K KX Ej2 1
m N K K EIS 1
812 O R XKV Ejs
{ 1}] N K V EIs 2
s N_K v Els

Entropy 10810 16033040043,

e B 0 0 D

Figure 2. Amino acid changes in the HA1 subunit of the HIN1, HIN2 and H3N2
isolates. Antigenic sites are indicated as Ca, Cb, Sa, Sb for H1 viruses and A, B, C, D or

E for H3 viruses. Consensus sequence (>50%) was produced based in the sequences of

the isolates used in the present study. Hidrophobic, hidrophilic, neutral and size changes

are marked in red, blue, yellow and bold-underlined, respectively. Positional entropy

values obtained after the dataset of ISD sequences are shown at bottom row. First

column show the strain for which results are presented.
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Discussion

Pigs have been classically proposed as a mixing vessel for avian and mammalian
influenza A viruses. However although birds can be a source of influenza viruses for
pigs those avian viruses are not easily established in swine. One exception is the avian-
like SIV H1NL1 that is a wholly avian virus that was adapted and persisted in pigs
(Kuntz-Simon et al., 2008). In fact, the epidemiology of SIV is greatly influenced by
the way in which pigs are produced. Thus, in countries were pig production is intensive
three SIV subtypes, HIN1, HIN2 and H3N2, are almost the only ones found while
when pigs are raised in more extensive conditions, particularly in Asia, viruses and
antibodies against several different subtypes can be found, many of them of avian origin

(Ninomiya et al., 2002; Zhang et al., 2011; Choi et al., 2012; Kwon et al., 2012).

In spite of the predominance of the three abovementioned subtypes, recent studies have
shown that genetic diversity of SIV is greater than originally expected (Vincent et al.,
2009; Vijaykrishna et al., 2011; Moreno et al., 2012). In the present work, we aimed to
analyze how the diversity of current SIV strains of a given country (Spain) resulted or

not in an antigenic diversity.

The results obtained using monospecific antisera revealed that, in general, Spanish
HIN1 SIV were diverse antigenically, presented smaller cross-reactivity between them
and induced low HI titres when pigs were immunized with them. When field sera were
analyzed using those same H1N1 viruses, it was noticed that apparently some cross-
reactivity existed and it was not possible to clearly distinguish serological responses by

the SIV isolate used in the HI. This apparent contradiction could be explained if
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multiple different HLN1 strains were circulating in pig farms causing consecutive
infections. As others have reported, consecutive infections with SIV result in a broader
reactivity of sera in HI even against strains of other subtypes (Van Reeth et al., 2004;
Kyriakis et al., 2010). However, compared to the other subtypes, HI results with HIN1
isolates resulted in the lower correlation coefficients, kappa values and the biggest
differences on percentage of seropositive pigs compared to any other subtype, indicating
that the observed antigenic diversity will probably have a serious impact on the
measurement of antibodies against H1 and also poses the question of whether or not
vaccines for SIV can provide effective immunity against this diversity of HIN1

variants.

It is interesting to note that field sera with relevant titres (>1:160) against isolate S3
(pandemic H1N1) were found. This result was somewhat surprising since sera reacting
with the pandemic virus were collected before the emergence of pandemic HIN1 in
Mexico in 2009. Two hypotheses could explain these results; a) a HIN1 strain related
with the 2009 pandemic H1NL1 strain was circulating in Spain before that date or b)
cross-reactive antibodies against the pandemic virus were the result of repeated
infections by other H1 viruses as mentioned above (Kyriakis et al., 2010). The first
hypothesis, although possible cannot be supported by experimental or published data.
Since all the positive samples to S3 were positive to other “avian-like” HINI1 strains the

second hypothesis seems to be the more plausible.

Isolate S5 was a H1N1 that induced antibodies cross-reactive with H1IN2 viruses.

Sequencing and phylogenetic analysis of the H1 of S5 (shown in chapter 2 of the
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present thesis) showed that this strain is a reassortant including a H1 commonly found
in HINZ isolates of Europe. This type of reassortant strains has been detected in France
(Kyriakis et al., 2011) but not in Spain or other European countries. However, we were
unable to demonstrate haemagglutinating activity for S5. This phenomenon has been
documented before for HINZ2 viruses (Long et al., 2004) that were unable to
haemagglutinate chicken erythrocytes but haemagglutinated turkey or guinea pig red
blood cells. In the present study only chicken red blood cells were used, and this could
explain why S5 failed to haemagglutinate in spite of having adequate immunogenicity.
Thus, double checking of SIV isolates with red blood cells of different origins could be
convenient when lack of haemagglutinating activity occurs. Moreover, the results
obtained with S5 point out that for swine H1 viruses precluding whether or not two
isolates will cross-react based solely on the subtype can be inaccurate and thus, an
adequate picture of the diversity of porcine H1 viruses will require serological and

molecular characterizations.

When the amino acid sequence of the antigenic region HAL1 was examined, HIN1
strains presented more amino acid changes than HIN2 or H3N2 isolates. These results
could explain the lack of cross-reactivity observed between H1N1 strains and probably

indicates different antigenic drift evolutionary lines.

Globally, the results obtained for HIN1 suggest that the introduction in the Spanish
swine population of different HIN1 strains is very common or that the generation of
antigenic variants by antigenic drift is higher than thought before; even both hypothesis

can be true simultaneously. As a matter of fact, the phylogenetic analysis of the SIV
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strains included in the present study supports the first hypothesis (chapter 2 of the
present thesis) but also Simon-Grifé et al. (2012) have shown endemic circulation of
HIN1 strains in a Spanish pig farm and deep sequencing of the variants circulating in
that farm suggested the potential co-existence of several variants of the same strain

(chapter 2 of the present thesis).

In contrast to HIN1, HIN2 and particularly H3N2 isolates seem to form a more
compact group with very low antigenic diversity affecting HI. It is difficult to find an
explanation for this evident difference with HINL1 isolates. It cannot be discarded that
some bias have been inadvertently introduced in the selection of isolates because of the
temporal or spatial frame of the sampling, however, after a careful review of the
available data for the source outbreaks, such a bias could not be identified. A molecular
and antigenic monitoring with a higher number of isolates could corroborate the

observations of the present study.

In summary, Spanish HIN1 SIV present a high antigenic diversity while HIN2 and
H3N2 isolates seem to be more closely related in HI. The results of the present study
indicate that HI is not a suitable technique for the detection of anti-H1 antibodies except
if a wide panel of variant viruses is used and also suggest the need for a continuous
testing of available SIV vaccines against circulating HIN1 viruses. Moreover, more
intensive epidemiological research is needed to gain understanding on the different

diversity of HLN1 viruses compared to HIN2 and H3N2 ones.
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Table S1. Correspondences of the nomenclature of the strains used in Chapter 3 and 4.

Chapter 3 Chapter 4
HIN1 01 S1
HIN1 02 S2
H1N1 03 Not used
H1N1 04 S3
HIN1 05 S4
H1N1 06 S5

Longitudinal strain 99.3 S6
H1N2 01 S8
H1N2 02 S9
H1N2 03 S7
H1N2 04 S10
H3N2 01 S11
H3N2 02 S12
H3N2 03 S13
H3N2 04 S14
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Table S2. Accession numbers of the ISD dataset of whole genome viruses.

Whole genome strains

Strain name Subtype Accession numbers
AF225522.1; AF225542.1; AF225518.1; AF225526.1; AF225514.1;
A/sw/Shizuoka/110/97 H3N2 AF225534.1; AF225538.1; AF225530.1
AF225523.1; AF225543.1; AF225531.1; AF225519.1; AF225527.1;
A/sw/Shizuoka/115/97 H3N2 AF225539.1; AF225535.1; AF225515.1
AF225524.1; AF225544.1; AF225532.1; AF225520.1; AF225528.1;
A/sw/Shizuoka/119/97 H3N2 AF225540.1; AF225536.1; AF225516.1
DQ469964.1; DQ469963.1; DQ469965.1; DQ469966.1;
Alswine/Alberta/14722/2005 H3N2 DQ469967.1; DQ469968.1; DQ469969.1; DQ469970.1
CY092328.1; CY092326.1; CY092324.1; CY(092322.1; CY092327.1,
Alswine/Argentina/CIP051-A2/2008 H3N2 CY092325.1; CY092323.1; CY092321.1
EU053146.1; EU053148.1; EU053150.1; EU053149.1; EU053151.1;
A/swine/Bakum/1832/2000 H1N2 GQ161107.1; GQ161102.1; EU053147.1
GQ161134.1; EU478807.1; GQ161132.1; GQ161126.1; GQ161136.1;
Alswine/Bakum/IDT1769/2003 H3N2 GQ161128.1; GQ161137.1; GQ161135.1
CY037902.1; CY037900.1; CY037898.1; CY037896.1; CY037901.1;
A/swine/Belgium/WVL1/1979 HIN1 CY037899.1; CY037897.1
CY037970.1; CY037968.1; CY037966.1; CY037971.1; CY037969.1;
A/swine/Belgium/WVL2/1983 HIN1 CY037967.1; CY037965.1
CY037994.1; CY037992.1; CY037990.1; CY037988.1; CY037995.1;
A/swine/Belgium/WVL5/1989 HIN1 CY037993.1; CY037991.1; CY037989.1
AB598522.1; AB598516.1; AB598510.1; AB598504.1; AB598498.1,
A/swine/Binh Duong/03_06/2010 H3N2 AB598492.1; AB598486.1; AB598480.1
AB598523.1; AB598517.1; AB598511.1; AB598505.1; AB598499.1;
AJ/swine/Binh Duong/03_08/2010 H3N2 AB598493.1; AB598487.1; AB598481.1
AB598525.1; AB598519.1; AB598513.1; AB598507.1; AB598501.1;
A/swine/Binh Duong/03_10/2010 H3N2 AB598495.1; AB598489.1; AB598483.1
AB598526.1; AB598520.1; AB598514.1; AB598508.1; AB598502.1;
A/swine/Binh Duong/03_13/2010 H3N2 AB598496.1; AB598490.1; AB598484.1
AB598527.1; AB598521.1; AB598515.1; AB598509.1; AB598503.1;
AJ/swine/Binh Duong/03_14/2010 H3N2 AB598497.1; AB598491.1; AB598485.1
GQ161173.1; GQ161168.1; GQ161167.1; GQ161170.1; GQ161169.;
AJ/swine/Bissendorf/IDT1864/2003 H3N2 GQ161172.1; GQ161171.1
CYO077946.1; CY077944.1;, CY077942.1; CYQ077940.1; CY077945.1,;
A/swine/Brabant/1984 H3N2 CY077943.1; CY077941.1;, CY077939.1
DQ469975.1; DQ469976.1; DQ469977.1; DQ469978.1;
AJ/swine/British Columbia/28103/2005 H3N2 DQ469972.1; DQ469971.1; DQ469973.1; DQ469974.1
ABA434348.1; AB434346.1; AB434344.1; AB434342.1; AB434347.1,
A/swine/Chachoengsao/2003 H3N2 ABA434345.1; AB434343.1; AB434341.1
EU053145.1; EU053143.1; EU053141.1; EU053139.1; EU053144.1;
A/swine/Cloppenburg/IDT4777/2005 H1N2 EU053142.1; EU053140.1; EU053138.1
AJ344025.1; AJ293933.1; AJ311508.1; AJ293943.1; AJ311458.1;
Alswine/Cote dArmor/3633/84 H3N2 AJ311464.1; AJ311461.1
CY038026.1; CY038024.1; CY038022.1; CY038020.1; CY038027.1;
A/swine/Denmark/WVL9/1993 HIN1 CY038025.1; CY038023.1; CY038021.1
EU053136.1; EU053134.1; EU053132.1; EU053130.1; EU053137.1;
A/swine/Doetlingen/IDT4735/2005 H1N2 EU053135.1; EU053133.1; EU053131.1
JF290394.1; JF290392.1; JF290390.1; JF290388.1; JF290395.1;
A/swine/England/1382/2010 H1N2 JF290393.1; JF290391.1; JF290389.1
CY037910.1; CY037908.1; CY037906.1; CY037904.1; CY037909.1;
A/swine/England/WVL10/1993 HIN1 CY037907.1; CY037905.1; CY037903.1
CY037918.1; CY037916.1; CY037914.1; CY037912.1; CY037917.1;
A/swine/England/WVL11/1994 H1IN1 CY037915.1; CY037913.1; CY037911.1
CY037924.1; CY037922.1; CY037920.1; CY037925.1; CY037923.1;
AJ/swine/England/WVL12/1995 H1IN1 CY037921.1; CY037919.1
CY037940.1; CY037938.1; CY037936.1; CY037934.1; CY037939.1;
A/swine/England/WVL14/1996 HIN1 CY037937.1; CY037935.1
CY037948.1; CY037946.1; CY037944.1; CY037942.1; CY037947.1,;
AJ/swine/England/WVL15/1997 HIN1 CY037945.1; CY037943.1; CY037941.1
CY037956.1; CY037954.1; CY037952.1; CY037950.1; CY037955.1;
A/swine/England/WVL16/1998 HIN1 CY037953.1; CY037951.1; CY037949.1
CY038010.1; CY038008.1; CY038006.1; CY038004.1; CY038011.1;
A/swine/England/WVL7/1992 HIN1 CY038009.1; CY038007.1; CY038005.1
EU417843.1; AJ344037.1; AJ316059.1; AJ344015.1; AJ311463.1;
Alswine/Finistere/2899/1982 HIN1 AJ311462.1; AJ311457.1
CY037932.1; CY037930.1; CY037928.1; CY037926.1; CY037933.1;
A/swine/France/WVL13/1995 HIN1 CY037931.1; CY037929.1; CY037927.1
CY037978.1; CY037976.1; CY037974.1; CY037972.1; CY037979.1,
A/swine/France/WVL3/1984 HIN1 CY037977.1; CY037975.1; CY037973.1
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Alswine/France/WVL4/1985
Alswine/France/WVL8/1992
Alswine/Fujian/F2/2007
Alswine/Granstedt/IDT3475/2004
Alswine/Greven/IDT2889/2004
AJ/swine/Guangdong/01/1998
A/swine/Guangdong/01/2005
A/swine/Guangdong/04/2005
AJ/swine/Guangdong/102/2002
A/swine/Guangdong/106/2002
A/swine/Guangdong/107/2002
AJ/swine/Guangdong/110/2002
A/swine/Guangdong/111/2002
A/swine/Guangdong/113/2002
Alswine/Guangdong/164/06
A/swine/Guangdong/165/06
A/swine/Guangdong/166/06
Al/swine/Guangdong/223/2006
A/swine/Guangdong/423/2006

A/swine/Guangxi/1/2004

AJswine/Haseluenne/IDT2617/2003

A/swine/Heilongjiang/10/2007

A/swine/Hong Kong/101/1979

A/swine/Hong Kong/1111/2004
A/swine/Hong Kong/1304/2003
A/swine/Hong Kong/1435/2009
A/swine/Hong Kong/1479/2009
A/swine/Hong Kong/1559/2008
A/swine/Hong Kong/1562/2005
A/swine/Hong Kong/1578/2003
A/swine/Hong Kong/1669/2002
Al/swine/Hong Kong/189/2010

A/swine/Hong Kong/201/2010

Alswine/Hong Kong/2299/2009
A/swine/Hong Kong/2314/2009
AJ/swine/Hong Kong/2885/2009
A/swine/Hong Kong/2886/2009

A/swine/Hong Kong/2894/2009

HIN1

HIN1

H3N2

H1N2

HIN1

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

HIN1

H3N2

HIN1

HIN2

H1IN2

H1IN2

HIN2

HIN1

H1N2

H1N2

HIN1

HIN1

HIN1

HIN1

H1IN2

HIN1

HIN1

HIN1
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CY037986.1; CY037984.1; CY037982.1; CY037980.1; CY037987.1;
CY037985.1; CY037983.1; CY037981.1
CY038018.1; CY038016.1; CY038014.1; CY038012.1; CY038019.1;
CY038017.1; CY038015.1; CY038013.1
IN105976.1; JN105974.1; IN105972.1; IN105970.1; IN105977.1;
JIN105975.1; IN105973.1; IN105971.1
GQ161161.1; GQ161166.1; GQ161165.1; GQ161164.1;
GQ161160.1; GQ161163.1; GQ161162.1
G0161159.1; GQ161154.1; GQ161153.1; GQ161156.1;
GQ161155.1; GQ161158.1; GQ161157.1
FJ830858.1; FJ830856.1; FI830854.1; FJ830852.1; FI830850.1;
FJ830857.1; FJ830855.1; FJ830853.1
EFA455568.1; EF455566.1; EF455569.1; EF455567.1; EF455565.1;
EF455564.1; EF455562.1; EF455563.1
EU620746.1; EU620744.1; EU620742.1; EU620740.1; EU620745.1;
EU620743.1; EU20741.1; EU620739.1
GQ422426.1; GQA22420.1; GQ422414.1; GQ422408.1;
GQ422402.1; GQ422396.1; GQ422390.1; GQ422437.1
GQ422435.1; GQA22427.1; GQ422421.1; GQ422415.1;
GQ422409.1; GQ422403.1; GQ422397.1; GQ422391.1
GQA22432.1; GQA22422.1; GQ422416.1; GQ422410.1;
GQ422404.1; GQ422431.1; GQ422401.1; GQ422395.1
GQ422430.1; GQ422394.1; GQ422433.1; GQ422423.1;
GQ422417.1;: GQ422411.1; GQ422405.1; GQ422399.1
GQ422436.1; GQA22428.1; GQ422412.1; GQ422406.1;
GQ422398.1; GQ422392.1; GQ422425.1; GQ422419.1
GQA22434.1; GQA22424.1; GQ422418.1; GQ422400.1;
GQ422429.1; GQ422413.1; GQ422407.1; GQ422393.1
EU273779.1; EU273803.1; EU273799.1; EU273795.1; EU273791.1;
EU273787.1; EU273783.1; EU273775.1
EU273780.1; EU273804.1; EU273800.1; EU273796.1; EU273792.1;
EU273788.1; EU273784.1; EU273776.1
EU273781.1; EU273805.1; EU273801.1; EU273797.1; EU273793.1;
EU273789.1; EU273785.1; EU273777.1
GU086126.1; GU086128.1; GU086130.1; GU086132.1;
GU086127.1; GU086129.1; GU086131.1; GU086133.1
GU086135.1; GU086137.1; GU086139.1; GU086141.1;
GU086134.1; GU086136.1; GU086138.1; GU086140.1
FJ157993.1; FJ157991.1; FJ157989.1; FJ157987.1; FJ157992.1;
FJ157990.1; FJ157988.1; F157986.1
EU478811.1; GQ161115.1; GQ161117.1; GQ161121.1; GQ161109.1;
Q161124.1; GQ161118.1; GQ161120.1
HM765435.1; HM765433.1; HM765431.1; HM765429.1;
HM765436.1; HM765434.1; HM765432.1; HM765430.1
CY084885.1; CY084883.1; CY084881.1; CY084879.1; CY084884.1;
CY084882.1; CY084880.1; CY084878.1
CY085666.1; CY085664.1; CY085662.1; CY085660.1; CY085665.1;
CY085663.1; CY085661.1; CY085659.1
CY085594.1; CY085592.1; CY085590.1; CY085588.1; CY085593.1;
CY085591.1; CY085589.1; CY085587.1
CY061657.1; CY061655.1; CY061653.1; CY061651.1; CY061656.1;
CY061654.1; CY061652.1; CY061650.1
CY061665.1; CY061663.1; CY061661.1; CY061659.1; CY061664.1;
CY061662.1; CY061660.1; CY061658.1
CY085882.1; CY085880.1; CY085878.1; CY085876.1; CY085881.1;
CY085879.1; CY085877.1; CY085875.1
GQ229336.1; GQ229334.1; GQ229335.1; GQ229337.1;
GQ229332.1; GQ229333.1; GQ229338.; GQ229331.1
CY085610.1; CY085608.1; CY085606.1; CY085604.1; CY085609.1;
CY085607.1; CY085605.1; CY085603.1
CY085538.1; CY085536.1; CY085534.1; CY085532.1; CY085537.1;
CY085535.1; CY085533.1; CY085531.1
CY061808.1; CY061806.1; CY061804.1; CY061802.1; CY061809.1;
CY061807.1; CY061805.1; CY061803.1
CY061817.1; CY061815.1; CY061813.1; CY061811.1; CY061816.1;
CY061814.1; CY061812.1; CY061810.1
CY061736.1; CY061734.1; CY061732.1; CY061730.1; CY061737.1;
CY061735.1; CY061733.1; CY061731.1
CY061745.1; CY061743.1; CY061741.1; CY061739.1; CYO061744.1;
CY061742.1; CY061740.1; CY061738.1
CY061768.1; CY061766.1; CY061764.1; CY061762.1; CY061769.1;
CY061767.1; CY061765.1; CY061763.1
CY061776.1; CY061774.1; CY061772.1; CY061770.1; CYO61777.1;
CY061775.1; CY061773.1; CY061771.1
CY061784.1; CY061782.1; CY061780.1; CY061778.1; CY061785.1;
CY061783.1; CY061781.1; CY061779.1
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Alswine/Hong Kong/294/2009
A/swine/Hong Kong/2974/2009
AJ/swine/Hong Kong/2995/2009
A/swine/Hong Kong/39/1977
A/swine/Hong Kong/414/2009
Alswine/Hong Kong/421/2006
A/swine/Hong Kong/558/2007
A/swine/Hong Kong/5609/1999
A/swine/Hong Kong/59/1977
A/swine/Hong Kong/638/2003
A/swine/Hong Kong/676/2008
A/swine/Hong Kong/69/2006
A/swine/Hong Kong/70/1977
A/swine/Hong Kong/715/2008
A/swine/Hong Kong/72/2007
A/swine/Hong Kong/78/1978
A/swine/Hong Kong/78/2003
A/swine/Hong Kong/8512/2001
A/swine/Hong Kong/8944/2001
A/swine/Hong Kong/915/2004
A/swine/Hong Kong/95/1979)
A/swine/Hong Kong/9656/2001
A/swine/Hong Kong/NS129/2003
A/swine/Hong Kong/NS152/2009
A/swine/Hong Kong/NS157/2004
A/swine/Hong Kong/NS1583/2009
A/swine/Hong Kong/NS1809/2009
A/swine/Hong Kong/NS1810/2009
A/swine/Hong Kong/NS1890/2009
A/swine/Hong Kong/NS1892/2009
A/swine/Hong Kong/NS210/2005
A/swine/Hong Kong/NS252/2009
A/swine/Hong Kong/NS318/2004
AJ/swine/Hong Kong/NS605/2003
Al/swine/Hong Kong/NS623/2002
A/swine/Hong Kong/NS728/2002
Alswine/Hong Kong/NS837/2001

A/swine/Hong Kong/NS857/2001

H1N2

HIN1

HIN1

HIN1

HIN1

HIN1

HIN1

H1N2

HIN1

HIN1

HIN1

HIN2

HIN1

H1IN2

HIN1

HIN1

H1IN2

HIN1

H1IN2

H1IN2

HIN1

HIN1

HIN1

HIN1

H1IN2

HIN1

HIN1

HIN1

H1N2

H1N2

HIN1

H1N2

HIN1

H1IN2

H1IN2

H1IN2

HIN1

H1N2
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GQ229345.1; GQ229340.1; GQ229341.1; GQ229346.1;
GQ229339.1; GQ229344.1; GQ229342.1; GQ229343.1
CY061792.1; CY061790.1; CY061788.1; CY061786.1; CY061793.1;
CY061791.1; CY061789.1; CY061787.1
CY061800.1; CY061798.1; CY061796.1; CY061794.1; CY061801.1;
CY061799.1; CY061797.1; CY061795.1
CY084597.1; CY084595.1; CY084593.1; CY084591.1; CY084596.1;
CY084594.1; CY084592.1; C'Y084590.1
CY085994.1; CY085992.1; CY085990.1; CY085988.1; C'Y085993.1;
CY085991.1; CY085989.1; CY085987.1
CY085770.1; CY085768.1; CY085766.1; CY085764.1; CY085769.1;
CY085767.1; CY085765.1; CY085763.1
CY085842.1; CY085840.1; CY085838.1; CY085836.1; C'Y085841.1;
CY085839.1; CY085837.1; C'Y085835.1
CY087132.1; CY087130.1; CY087128.1; CY087126.1; CY087131.1;
CY087129.1; CY087127.1; CY087125.1
CY084741.1; CY084739.1; CY084737.1; CY084735.1; C'Y084740.1;
CY084738.1; CY084736.1; CY084734.1
CY085562.1; CY085560.1; CY085558.1; CY085556.1; CY085561.1;
CY085559.1; CY085557.1; CY085555.1
CY085858.1; CY085856.1; CY085854.1; CY085852.1; CY085857.1;
CY085855.1; CY085853.1; CY085851.1
CY085754.1; CY085752.1; CY085750.1; CY085748.1; CY085753.1;
CY085751.1; CY085749.1; CY085747.1
CY084813.1; CY084811.1; CY084809.1; CY084807.1; C'Y084812.1;
CY084810.1; CY084808.1; C'Y084806.1
CY085866.1; CY085864.1; CY085862.1; CY085860.1; CY085865.1;
CY085863.1; CY085861.1; CY085859.1
CY085818.1; CY085816.1; CY085814.1; CY085812.1; CY085817.1;
CY085815.1; CY085813.1; CY085811.1
CY084829.1; CY084827.1; CY084825.1; CY084823.1; C'Y084828.1;
CY084826.1; CY084824.1; CY084822.1
GQ229313.1; GQ229308.1; GQ229309.1; GQ229314.1;
GQ229307.1; GQ229312.1; GQ229310.1; GQ229311.1
GQ229289.2; GQ229288.1; GQ229286.1; GQ229287.1;
GQ229284.1; GQ229285.1; GQ229290.1; GQ229283.1
CY085426.1; CY085424.1; CY085422.1; CY085420.1; CY085425.1;
CY085423.1; CY085421.1; CY085419.1
GQ229273.1; GQ229272.1; GQ229270.1; GQ229271.1;
GQ229268.1; GQ229269.1; GQ229274.1; GQ229267.1
CY084933.1; CY084931.1; CY084929.1; CY084927.1; C'Y084932.1;
CY084930.1; CY084928.1; CY084926.1
GQ229361.1; GQ229356.1; GQ229357.1; GQ229362.1;
GQ229355.1; GQ229360.1; GQ229358.1; GQ229359.1
CY085554.1; CY085552.1; CY085550.1; CY085548.1; CY085553.1;
CY085551.1; CY085549.1; CY085547.1
CY085970.1; CY085968.1; CY085966.1; CY085964.1; C'Y085969.1;
CY085967.1; CY085965.1; CY085963.1
CY085634.1; CY085632.1; CY085630.1; CY085628.1; CY085633.1;
CY085631.1; CY085629.1; CY085627.1
CY061728.1; CY061726.1; CY061724.1; CY061722.1; CY061729.1;
CY061727.1; CY061725.1; CY061723.1
CY061752.1; CY061750.1; CY061748.1; CY061746.1; CY061753.1;
CY061751.1; CY061749.1; CY061747.1
CY061760.1; CY061758.1; CY061756.1; CY061754.1; CY061761.1;
CY061759.1; CY061757.1; CY061755.1
CY061849.1; CY061847.1; CY061845.1; CY061843.1; CY061848.1;
CY061846.1; CY061844.1; CY061842.1
CY061857.1; CY061855.1; CY061853.1; CY061851.1; CY061856.1;
CY061854.1; CY061852.1; CY061850.1
CY085722.1; CY085720.1; CY085718.1; CY085716.1; CY085721.1;
CY085719.1; CY085717.1; CY085715.1
CY086002.1; CY086000.1; CY085998.1; CY085996.1; CY086001.1;
CY085999.1; CY085997.1; CY085995.1
CY085658.1; CY085656.1; CY085654.1; CY085652.1; CY085657.1;
CY085655.1; CY085653.1; CY085651.1
CY085578.1; CY085576.1; CY085574.1; CY085572.1; CY085577.1;
CY085575.1; CY085573.1; CY085571.1
GQ229368.1; GQ229366.1; GQ229367.1; GQ229369.1;
GQ229364.1; GQ229365.1; GQ229370.1; GQ229363.1
CY085522.1; CY085520.1; CY085518.1; CY085516.1; CY085521.1;
CY085519.1; CY085517.1; CY085515.1
GQ229260.1; Q229261.1; GQ229266.1; GQ229259.1; GQ229265.1;
GQ229264.1; GQ229262.1; GQ229263.1
GQ229351.1; GQ229349.1; GQ229350.1; GQ229352.1;
GQ229354.1; GQ229348.1; GQ229353.1; GQ229347.1



Alswine/Hong_Kong/715/2008
A/swine/Hungary/13509/2007
Alswine/Hungary/19774/2006
A/swine/lowa/01700/2007
A/Swine/lowa/533/99
A/Swine/lowa/569/99
Alswine/lowa/A01049034/2010
Alswine/lowa/A01049035/2010
A/swine/lowa/H02AS8/2002
Alswine/lowa/H03BF5/2003
Alswine/lowa/HO3HB4/2003
Alswine/lowa/H03HO7/2003
A/swine/lowa/HO3LDH5/2003
AJ/swine/ltaly/116114/2010
Alswine/ltaly/1369-7/1994
A/swine/ltaly/18/2000
AJ/swine/ltaly/1850/1977
Alswine/ltaly/198260/2008
AJ/swine/ltaly/233139/2005
AJ/swine/ltaly/290271/2009
Alswine/ltaly/320546/2009
AJ/swine/ltaly/3592/1999
AJ/swine/ltaly/50568/2005
Alswine/ltaly/526/1985
AJ/swine/ltaly/58769/2010
AJ/swine/ltaly/6/1981
Alswine/ltaly/62/1998
AJ/swine/ltaly/626-2/2006
Alswine/ltaly/670/1987
Alswine/ltaly/671/1987
AJ/swine/ltaly/70757/2009
Alswine/ltaly/81226/2009
Alswine/ltaly/85429/2009
Alswine/ltaly/85437/2009
Alswine/Kansas/015252/2009
Alswine/Kansas/10-91088/2010
A/swine/Kansas/11-101926/2011

AJswine/Kansas/11-104465/2011

H1N2

H3N2

HIN1

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H1IN2

HIN1

H1IN2

H3N2

HIN2

H1IN2

HIN1

HIN2

H1IN2

H1IN2

H3N2

H1IN2

H3N2

HIN2

H1IN2

HIN1

HIN1

H1IN2

H1N2

HIN1

HIN1

H3N2

H3N2

H3N2

H3N2
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CY085866.1; CY085864.1; CY085862.1; CY085860.1; CY085865.1;
CY085863.1; CY085861.1; CY085859.1
FJ798775.1; FI798773.1; FJ798771.1; FJ798769.1; FJ798776.1;
FI798774.1; FI798772.1; FI798770.1
FJ798783.1; FI798781.1; FI798779.1; FI798777.1; FI798784.1;
FJ798782.1; FJ798780.1; FJ798778.1
FJ798783.1; FJ798781.1; FI798779.1; FI798777.1; FI798784.1;
FJ798782.1; FI798780.1; FI798778.1
AF251415.2; AF251417.1; AF251414.1; AF251411.1; AF251418.1;
AF251416.1; AF251413.1; AF251412.3
AF251426.1; AF251424.1; AF251421.1; AF251419.1; AF251423.2;
AF251425.1; AF251422.1; AF251420.1
ING56961.1; IN656959.1; IN656963.1; IN656960.1; JF812322.1;
JING56962.1; JF812299.1; JF812276.1
ING56966.1; IN656964.1; IN656968.1; IN656965.1; JF812323.1;
JING56967.1; JF812277.1; JF812300.1
GU135896.1; GU135901.1; GU135902.1; GU135897.1;
GU135898.1; GU135899.1; GU135900.1; EU422987.1
GU135889.1; GU135890.1; GU135892.1; GU135893.1;
GU135888.1; GU135891.1; GU135894.1; GU135895.1
GU135917.1; GU135918.1; GU135920.1; GU135921.1;
GU135922.1; GU135915.1; GU135916.1; GU135919.1
GU135923.1; GU135924.1; GU135926.1; GU135925.1;
GU135927.1; GU135928.1; GU135929.1; EU422988.1
GU135938.1; GU135939.1; GU135941.1; GU135942.1;
GU135940.1; GU135943.1; GU135944.1; GU135945.1
CY067661.1; CY0B7665.1; CY067664.1; CY067662.1; CY067659.1;
CY067666.1; CY067663.1; CY067660.1
CY098504.1; CY098502.1; CY098500.1; CY098498.1; CY098503.1;
CY098501.1; CY098499.1; CY098497.1
HQ829648.1; HQ709207.1; HQ845031.1; HQ709203.1;
HQ709204.1; HQ709216.1; HQ845022.1; HQ850074.1
HQ829648.1; HQ709207.1; HQ845031.1; HQ709203.1;
HQ709204.1; HQ709216.1; HQ845022.1; HQ850074.1
HQ709211.1; HQ845037.1; HQ660247.1; HQ660248.1;
HQ829649.1; HQ709218.1; HQ845026.1; HQ850075.1
HQ829650.1; HQ709209.1; HQ709217.1; HQ845024.1;
HQ845032.1; HQ660251.1; HQ660252.1; HQ850076.1
CY053623.1; CY053621.1; CY053619.1; CY053617.1; CY053622.1;
CY053620.1; CY053618.1; CY053616.1
HQ850077.1; HQ709197.1; HQ709198.1; HQ845027.1; JF432092.1;
HQ709214.1; HQ709224.1; HQ845036.1
HQ845021.1; HQ658492.1; HQ709206.1; JF317564.1; HQ850078.1;
HQ709220.1; HQ845030.1; HQ660233.1
HQ850079.1; HQ709221.1; HQ845023.1; HQ845033.1;
HQ660235.1; HQ660236.1; HQ829651.1; HQ709208.1
L05477.1; CY077917.1; CY077919.1; CY077921.1; CY077923.1;
CYO077918.1; CY077922.1; CY077920.1
HQ168025.1; HM771279.1; HM771277.1; HM771275.1;
HQ168026.1; HM771278.1; HM771276.1; HM771274.1
CY077930.1; CY077928.1; CY077926.1; CY077924.1; CY077931.1;
CY077929.1; CY077927.1; CY077925.1
JF317563.1; HQ709201.1; HQ709202.1; HQ709215.1; HQ845029.1;
HQ709205.1; HQ850080.1; HQ845020.1
HQ850081.1; HQ829652.1; HQ845025.1; HQ709210.1;
HQ709222.1; HQ845038.1; HQ658489.1; HQ658490.1
CY025250.1; CY025257.1; CY025255.1; CY025253.1; CY025260.1;
CY025258.1; CY025256.1; CY025254.1
CY022988.1; CY022986.1; CY022993.1; CY022991.1; CY022989.1;
CY022987.1; M80963.1; CY022990.1
HQ709223.1; HQ845035.1; HQ660238.1; HQ850082.1;
HQ829653.1; HQ709212.1; HQ845028.1; HQ660239.1
HQ850083.1; HQ829654.1; HQ709213.1; HQ709219.1;
HQ845019.1; HQ660242.1; HQ845034.1; HQ660243.1
CY057081.1; Y057079.1; CY057077.1; CY057075.1; CY057082.1;
CY057080.1; CY057078.1; CY057076.1
CY061550.1; CY061548.1; CY061546.1; CY061544.1; CY061551.1;
CY061549.1; CY061547.1; CY061545.1
CY045562.1; CY045560.1; CY045558.1; CY045556.1; CY045563.1;
CY045561.1; CY045559.1; CY045557.1
IN409388.1; JN409390.1; IN409392.1; IN409394.1; INA09389.1;
JIN409391.1; JN409393.1; IN409395.1
IN409397.1; IN409399.1; IN409401.1; IN409403.1; IN409396.1;
JIN409398.1; IN409400.1; IN409402.1
IN409397.1; IN409399.1; IN409401.1; INA09403.1; IN409396.1;
JIN409398.1; IN409400.1; IN409402.1
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Alswine/Kansas/11-104467/2011
Alswine/Kansas/11-107824/2011
A/swine/Kansas/11-109700/2011
Alswine/Kansas/11-110529/2011
Alswine/Korea/ CAN04/2005
A/swine/Korea/CAS05/2004
Alswine/Korea/CAS07/2005
Alswine/Korea/CAS09/2006
A/swine/Korea/CY04/2007
Alswine/Korea/CY05/2007
Alswine/Korea/CY07/2007
Alswine/Korea/CY09/2007
Alswine/Korea/CY10/2007
Alswine/Manitoba/12707/2005
Alswine/Minnesota/001332/2006
Alswine/Minnesota/001444/2007
Alswine/Minnesota/00484/2005
A/swine/Minnesota/00611/2005
Alswine/Minnesota/00709/2005
Alswine/Minnesota/01146/2006
A/swine/Minnesota/01862/2007
Alswine/Minnesota/02782/2009
Alswine/Minnesota/1300/2007
Alswine/Minnesota/239105/2009
Alswine/Minnesota/578/2007
A/Swine/Minnesota/593/99
A/swine/Minnesota/5947/2007
Alswine/Minnesota/65767/2006
Alswine/Minnesota/66853/2006
Alswine/Minnesota/66960/2006
Alswine/Minnesota/761/2007
A/swine/Minnesota/7931/2007
A/swine/Nakhon pathom/NIAH586-1/2005
A/Swine/Nebraska/209/98
Alswine/Nordkirchen/IDT1993/2003
A/swine/North Carolina/2003
A/swine/North Carolina/R08-001877-D08-
013371/2008

A/swine/Norway/02_11342/2009

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2
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H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

HIN1
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IN409413.1; IN409415.1; IN409417.1; IN409419.1; INA09A12.1;
JIN409414.1; INA09416.1; IN409418.1
IN409420.1; INA09422.1; IN409424.1; INA09426.1; INA09421.1;
JIN409423.1; INA09425.1; IN409427.1
IN409429.1; IN409431.1; IN409433.1; IN409435.1; INA09428.1;
IN409430.1; IN409432.1; IN409434.1
IN409436.1; IN409438.1; IN409440.1; IN409442.1; INA09437.1;
JIN409439.1; IN409441.1; IN409443.1
EU798930.1; EU798910.1; EU798890.1; EU798870.1; EU798850.1;
EU798830.1; EU798810.1; EU798790.1
EU798909.1; EU798889.1; EU798869.1; EU798849.1; EU798829.1;
EU798809.1; EU798789.1; EU798929.1
EU798911.1; EU798891.1; EU798871.1; EU798851.1; EU798831.1;
EU798811.1; EU798791.1; EU798931.1
EU798932.1; EU798912.1; EU798892.1; EU798872.1; EU798852.1;
EU798832.1; EU798812.1; EU798792.1
EU798913.1; EU798893.1; EU798873.1; EU798853.1; EU798833.1;
EU798813.1; EU798793.1; EU798933.1
EU798934.1; EU798914.1; EU798894.1; EU798874.1; EU798854.1;
EU798834.1; EU798814.1; EU798794.1
EU798915.1; EU798895.1; EU798875.1; EU798855.1; EU798835.1;
EU798815.1; EU798795.1; EU798935.1
EU798936.1; EU798916.1; EU798896.1; EU798876.1; EU798856.1;
EU798836.1; EU798816.1; EU798796.1
EU798917.1; EU798897.1; EU798877.1; EU798857.1; EU798837.1;
EU798817.1; EU798797.1; EU798937.1
DQ469980.1; DQ469979.1; DQ469981.1; DQ469982.1;
DQ469983.1; DQ469984.1; DQ469985.1; DQ469986.1
CY099237.1; CY099233.1; CY099231.1; CY099238.1; CY099236.1;
CY099232.1; CY099235.1; CY099234.1
CY099221.1; CY099219.1; CY099217.1; CY099222.1;CY099220.1;
CY099218.1; CY099215.1; CY099216.1
CY099253.1; CY099251.1; CY099249.1; CY099254.1; CY099252.1;
CY099250.1; CY099247.1; CY099248.1
CY099149.1; CY099150.1; CY099148.1; CY099145.1; CY099146.1;
CY099143.1; CY099147.1; CY099144.1
CY099067.1; CY099065.1; CY099061.1; CY099068.1; CY099066.1;
CY099063.1; CY099062.1; CY099064.1
CY099041.1; CY099038.1; CY099035.1; CY099042.1; CY099040.1;
CY099037.1; CY099036.1; CY099039.1
CY099117.1; CY099118.1; CY099116.1; CY099113.1; CY099111.1;
CY099115.1; CY099112.1; CY099114.1
CY099117.1; CY099118.1; CY099116.1; CY099113.1; CY099111.1;
CY099115.1; CY099112.1; CY099114.1
FJ519965.1; JF346129.1; JF346136.1; JF346144.1; JF346152.1;
JF411837.1; HQ315643.1; EU692894.1
CY086921.1; CY086924.1; CY086922.1; CY086919.1; CY086917.1;
CY086923.1; CY086920.1; CY086918.1
FJ519974.1; FI519963.1; JF346127.1; JF346134.1; JF346142.1;
JF346150.1; JF411835.1; EU692892.1
AF251431.2; AF251433.1; AF251430.1; AF251434.1; AF251432.1;
AF251429.1; AF251427.2; AF251428.2
FI519966.1; HQ315644.1; JF346130.1; JF346137.1; JF346145.1;
JF346153.1; JF411838.1; FJ519976.1
HQ315645.1; FI519971.1; FJ519960.1; JF346131.1; JF346154.1;
JF346139.1; JF346147.1; JF411840.1
FJ519972.1; FI519961.1; JF346140.1; JF346148.1; JF411841.1;
JF346132.1; JF346155.1; EU692890.1
FJ519973.1; FI519962.1; JF346133.1; JF346156.1; JF346141.1;
JF346149.1; JF411842.1; EU692891.1
FJ519975.1; FI519964.1; JF346128.1; JF346135.1; JF346143.1;
JF346151.1; JF411836.1; EU692893.1
FJ519967.1; JF346138.1; JF346146.1; JF411839.1; JF346157.1;
JF346158.1; FJ519977.1; EU692896.1
EU296613.1; EU296614.1; ABA434364.1; AB434358.1; AB434363.1;
AB434361.1; AB434359.1; AB434357.1
AF251400.1; AF251406.1; AF251404.1; AF251407.2; AF251410.1;
AF251408.1; AF251405.1; AF251403.1
EU924274.1; EU924272.1; EU924270.1; EU924268.1; EU924273.1;
EU924271.1; EU924269.1
EF551057.1; EF551055.1; EF551053.1; EF551051.1; EF551056.1;
EF551050.1; EF551052.1; EF551054.1
CY041851.2; CY041847.2; CY041845.2; CY041849.2; CY041846.2;
CY041844.2; CY041850.1; CY041848.1
JQ253796.1; JQ253794.1; JQ253792.1: JQ253790.1; JQ253797.1;
JQ253795.1; JQ253793.1; JQ253791.1



A/swine/NY/A01104005/2011
Alswine/Oedenrode/7¢c/1996
A/swine/Oklahoma/001142/2009
A/swine/Oklahoma/008722/2007
A/swine/Oklahoma/011506/2007
A/swine/Ontario/00130/97
Alswine/Ontario/33853/2005
A/swine/Pennsylvania/057108-1/2010
AJ/swine/Pennsylvania/62170-1/2010
A/swine/Pennsylvania/62170-3/2010
A/swine/QC/1685-5/2009
A/swine/QC/1698-1/2009
Alswine/QC/1840-2/2009
Alswine/QC/2108-2/2009
Alswine/QC/382/2009
Alswine/QC/414/2009
Alswine/QC/440-A/2009
A/swine/Quebec/1265553/2010
Al/swine/Quebec/4001/2005
Alswine/Ratchaburi/NIAH59/2004
A/swine/Ratchaburi/NIAH874/2005
Alswine/Scotland/WVL17/1999
A/swine/Shandong/3/2005
Alswine/Shizuoka/120/97
A/swine/Sichuan/01/2006
A/swine/Spain/33601/2001
AJ/swine/Spain/39139/2002
A/swine/Spain/42386/2002
AJ/swine/Spain/50047/2003
A/swine/Spain/51915/2003
A/swine/Spain/53207/2004
AJ/swine/Spain/54008/2004
Alswine/Spain/WVL6/1991
A/swine/Sweden/1021/2009
Alswine/Sweden/9706/2010
Alswine/Texas/4199-2/1998
A/swine/Udon Thani/NIAH464/2004

AJswine/Wisconsin/194/1980

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

HIN1

H3N2

H3N2

H3N2

H3N2

H3N2

H3N2

HIN1

HIN1

HIN1

H3N2

HIN1

H1IN2

H1IN2

H3N2

H3N2

H3N2
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IN940426.1; IN940424.1; IN940422.1; IN940420.1; IN940425.1;
JIN940423.1; IN940421.1; IN940419.1
CY077938.1; CY077936.1; CY077934.1; CY077932.1; CYO077937.1;
CY077935.1; CY077933.1
CY045554.1; CY045552.1; CY045550.1; CY045548.1; CY045555.1;
CY045553.1; CY045551.1; CY045549.1
CY045570.1; CY045568.1; CY045566.1; CY045564.1; CY045571.1;
CY045560.1; CY045567.1; CY045565.1
CY045578.1; CY045576.1; CY045574.1; CY045572.1; CY045579.1;
CY045577.1; CY045575.1; CY045573.1
AF251399.2; AF251402.1; AF251400.1; AF251397.1; AF251401.1;
AF251398.1; AF251396.1; AF251395.2
DQ469991.1; DQ469992.1; DQ469993.1; DQ469994.1;
DQ469988.1; DQ469987.1; DQ469989.1; DQ469990.1
JF316647.1; JF316645.1; JF316643.1; JF316641.1; JF316646.1;
JF316644.1; JF316642.1; JF316640.1
JF263535.1; HQ734207.1; HQ734208.1; HQ734209.1; HQ734210.1;
HQ734212.1; HQ734211.1
JF263536.1; HQ734219.1; HQ734220.1; HQ734221.1; HQ734222.1;
HQ734224.1; HQ734223.1
HQ825207.1; HQ825209.1; HQ825210.1; HQ825211.1;
HQ825213.1; HQ825214.1; HQ825208.1; HQ825212.1
HQ825216.1; HQ825220.1; HQ825215.1; HQ825217.1;
HQ825218.1; HQ825219.1; HQ825221.1; HQ825222.1
HQ825232.1; HQ825234.1; HQ825236.1; HQ825237.1;
HQ825239.1; HQ825233.1; HQ825235.1; HQ825238.1
HQ825241.1; HQ825243.1; HQ825246.1; HQ825240.1;
HQ825242.1; HQ825244.1; HQ825245.1; HQ825247.1
HQ825187.1; HQ825189.1; HQ825192.1; HQ825194.1;
HQ825188.1; HQ825190.1; HQ825191.1; HQ825193.1
HQ825180.1; HQ825182.1; HQ825183.1; HQ825185.1;
HQ825179.1; HQ825181.1; HQ825184.1; HQ825186.1
HQ825196.1; HQ825198.1; HQ825199.1; HQ825201.1;
HQ825195.1; HQ825197.1; HQ825200.1; HQ825202.1
JF703684.1; JF682723.1; JF682721.1; JF682719.1; JF703685.1;
JF682724.1; JF682722.1; JF682720.1
EU826549.2; EU826547.2; EU826544.2; EU826550.2; EU826548.2;
EU826545.2; EU826543.2; EUS26546.1
AB434372.1; AB434370.1; AB434368.1; AB434366.1; AB434371.1;
AB434369.1; AB434367.1; AB434365.1
EU296617.1; EU296618.1; AB434380.1; AB434374.1; AB434379.1;
AB434377.1; AB434375.1; AB434373.1
CY037964.1; CY037962.1; CY037960.1; CY037958.1; CY037963.1;
CY037961.1; CY037959.1; CY037957.1
EU116038.1; EU116044.1; EU116042.1; EU116040.1; EU116037.1;
EU116043.1; EU116041.1; EU116039.1
AF225525.1; AF225529.1; AF225545.1; AF225533.1; AF225521.1;
AF225537.1; AF225517.1; AF225541.1
EU655695.1; EU655693.1; EU655691.1; EU655689.1; EU655696.1;
EU655694.1; EU655692.1; EU655690.1
CY009379.1; CY009377.1; CY009375.1; CY009373.1; CY009378.1;
CY009376.1; CY009374.1; CY009372.1
CY009387.1; CY009385.1; CY009383.1; CY009381.1; CY009386.1;
CY009384.1; CY009382.1; C'Y009380.1
CY020507.1; CY020505.1; CY020503.1; CY020501.1; CY020508.1;
CY020506.1; CY020504.1; CY020502.1
CY009899.1; CY009897.1; CY009895.1; CY009893.1; CY009898.1;
CY009896.1; CY009894.1; C'Y009892.1
CY010579.1; CY010577.1; CY010575.1; CY010573.1; CY010578.1;
CY010576.1; CY010574.1; CY010572.1
CY010587.1; CY010585.1; CY010583.1; CY010581.1; CY010586.1;
CY010584.1; CY010582.1; CY010580.1
CY010571.1; CY010569.1; CY010567.1; CY010565.1; CY010570.1;
CY010568.1; CY010566.1; CY010564.1
CY038002.1; CY038000.1; CY037998.1; CY037996.1; CY038003.1;
CY038001.1; CY037999.1; CY037997.1
GQ495136.1; GQ495134.1; GQ495132.1; GQ495130.1;
GQ495135.1; GQ495133.1; GQ495131.1; GQ495129.1
HM626485.1; HM626483.1; HM626481.1; HM626479.1;
HM626486.1; HM626484.1; HM626482.1; HM626480.1
CY095679.1; CY095677.1; CY095676.1; CY095673.1; CY095672.1;
CY095678.1; CY095675.1; CY095674.1
ABA434356.1; AB434354.1; AB434352.1; AB434350.1; ABA434355.1;
AB434353.1; AB434351.1; AB434349.1
CY009315.1; CY009313.1; CY009311.1; CY009309.1; CY009314.1;
CY009312.1; CY009310.1; CY009308.1
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Table S3. Accession numbers of the added European strains for the determination of
the closest relative strain for each gene segment.

Accession Strain name Subtype Gene
AJ306849  A/swine/ltaly/1521/98 HIN2 PB2
AJ306845  A/swine/Cotes d'Armor/790/97 HIN2 PB2
AJ306848  A/swine/Cotes d'Armor/1488/1999 HIN1 PB2
AJ306854  A/swine/Cotes d'Armor/2433/98 HIN2 PB2
AJ306842  A/swine/llle et Vilaine/1455/1999 HIN1 PB2
AJ306843  A/swine/ltaly/2064/99 HIN2 PB2
AJ306851  A/Swine/ltaly/1513-1/98 HIN1 PB2
AJ306850 A/swine/Cotes d'Armor/604/99 HIN2 PB2
AJ311457  A/swine/Finistere/2899/1982 HIN1 PB2
AJ311459  A/Swine/ltaly/1523/98 H3N2 PB2
JF290388  A/swine/England/1382/2010 HIN2 PB2
M55471 A/swine/Germany/2/1981 HIN1 PB2
AJ306866  A/swine/llle et Vilaine/1455/1999 HIN1 PB1
AJ306856  A/swine/Cotes d'Armor/1488/1999 HIN1 PB1
AJ306864  A/swine/Cotes d'Armor/2433/98 HIN2 PB1
AJ306863  A/swine/Cotes d'Armor/604/99 HIN2 PB1
AJ306865 A/swine/Cotes d'Armor/790/97 HIN2 PB1
AJ306862  A/swine/ltaly/1521/98 HIN2 PB1
AJ306861  A/Swine/ltaly/1513-1/98 HIN1 PB1
JF432093  A/swine/ltaly/321986/2009 HIN2 PB1
GU236515 A/swine/Skane/1321/1983 HIN1 PB1
DQ836168 A/swine/Jena/5/1996 H3N2 PB1
DQ836169 A/swine/Karrenzien/2/87 H3N2 PB1
DQ836170 A/swine/Bakum/8602/99 H3N2 PB1
DQ836171 A/swine/Potsdam/35/82 H3N2 PB1
DQ836172 A/swine/Lohne/1/97 H3N2 PB1
DQ836173 A/swine/Leipzig/1/97 H3N2 PB1
DQ836174 A/swine/Potsdam/15/81 HIN1 PB1
DQ836175 A/swine/Schwerin/103/89 HIN1 PB1
DQ836176 A/swine/Bakum/5/95 HIN1 PB1
DQ836177 A/swine/Belzig/2/2001 HIN1 PB1
AJ311462  A/swine/Finistere/2899/1982 HIN1 PB1
AJ311208 A/swine/Cotes d'Armor/1488/1999 HIN1 PA
AJ311207  A/swine/Cotes d'Armor/790/97 HIN2 PA
AJ311205 A/swine/Cotes d'Armor/2433/98 HIN2 PA
AJ312838  A/swine/Cotes d'Armor/604/99 HIN2 PA
AJ311210  A/swine/ltaly/2064/99 HIN2 PA
AJ311209  A/swine/ltaly/1081/00 HIN2 PA
AJ311206  A/swine/ltaly/1521/98 HIN2 PA
AJ311463  A/swine/Finistere/2899/1982 HIN1 PA
AJ311465  A/Swine/ltaly/1513-1/98 HIN1 PA
AJ307068  A/swine/llle et Vilaine/1455/1999 HIN1 NP
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AJ311510  A/swine/ltaly/1509-6/97 HIN1 NP
AJ307066  A/swine/Cotes d'Armor/2433/98 HIN2 NP
U04855 A/swine/Northern Ireland/1938 HIN1 NP
u04856 A/swine/Cambridge/1939 HIN1 NP
AJ311510  A/swine/ltaly/1509-6/97 HIN1 NP
AJ293942  A/Swine/ltaly/1523/98 H3N2 NP
JN624324  AJswine/ltaly/22530/2002 HIN2 NP
AJ307062  A/swine/ltaly/2064/99 HIN2 NP
M63765 A/swine/ltaly/2/1979 HIN1 NP
M63766 A/swine/ltaly/141/1981 HIN1 NP
M60762 A/swine/ltaly/147/1981 HIN1 NP
AJ307065  A/swine/Cotes d'Armor/790/97 HIN2 NP
FJ805965  A/swine/Belgium/1/1998 HIN1 NP
AJ307069  A/swine/Cotes d'Armor/1488/1999 HIN1 NP
AJ307074  A/swine/Cotes d'Armor/604/99 HIN2 NP
u85987 A/swine/England/191973/92 HIN7 NP
GU236518 A/swine/Skane/1321/1983 HIN1 NP
AM746619 A/wild boar/Germany/WS169/2006  H3N2 NP
AM920725 A/swine/Germany/Vi3161/95 H3N2 NP
AM920730 A/swine/Germany/Vi5698/1995 HIN1 NP
AM920735 A/swine/Germany/SEC27/97 H3N2 NP
AM920739 A/swine/Germany/SEk1178/2000 HIN2 NP
AM920744 A/swine/Germany/S043/2002 H3N2 NP
726856 A/swine/Germany/8533/1991 HIN1 NP
M63769 A/swine/Cambridge/1/1935 HIN1 NP
M30749 AJswine/Netherlands/12/1985 HIN1 NP
M22579 A/swine/Germany/2/1981 HIN1 NP
AJ293938  A/swine/ltaly/1553-2/98 H3N2 M
AJ316052  A/swine/ltaly/1521/98 HIN2 M
AJ316056  A/swine/ltaly/2034/99 HIN1 M
AJ316058  A/swine/ltaly/1566/98 HIN1 M
GQ404622 A/swine/ltaly/v.45/1979 HIN1 M
EU478802 A/swine/England/17394/96 HIN2 M
U85985 A/swine/England/191973/92 HIN7 M
AM920726 A/swine/Germany/Vi3161/95 H3N2 M
AM920731 A/swine/Germany/Vi5698/1995 HIN1 M
AM920734 A/swine/Germany/SEC27/97 H3N2 M
AM920740 A/swine/Germany/SEk1178/2000 HIN2 M
AM920745 A/swine/Germany/S043/2002 H3N2 M
DQ186975 A/swine/Bakum/5/95 HIN1 M
DQ186984 A/swine/Bakum/8602/99 H3N2 M
EU478801 A/swine/Bakum/909/93 H3N2 M
EU478803 A/swine/Bakum/1362/98 H3N2 M
AJ311509  A/swine/Belgium/220/92 H3N2 M
DQ186976 A/swine/Belzig/2/2001 HIN1 M
EU478806 A/swine/Belzig/54/01 H3N2 M
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EU478805
EU478846
FJ805964
GQ161131
GQ404616
AJ316047
AJ316049
AJ316051
AJ316061
DQ186974
DQ186979
DQ186980
DQ186982
DQ186983
EU478796
EU478798
EU478799
EU478804
EU478809
EU478815
EU478817
EU478820
EU478821
EU478825
EU478826
EU478828
EU478834
EU478835
EU478837
EU478838
EU478839
EU478841
FU478843
EU478845
EU478847
GQ404581
GQ404585
GQ404591
GQ404594
GQ404607
GQ404620
GU236512
GU236520
M63525
726861
726862

A/swine/Berlin/1578/00
A/swine/Bad Griesbach/IDT5604/06
A/swine/Belgium/1/1998
A/swine/Bakum/IDT1769/2003
A/swine/Brno/1/1992
A/swine/Cotes d'Armor/1482/1999
A/swine/Cotes d'Armor/790/97
A/swine/Cotes d'Armor/604/99
A/swine/llle et Vilaine/1455/1999
A/swine/Schwerin/103/89
A/swine/Potsdam/35/82
A/swine/Karrenzien/2/87
A/swine/Jena/5/1996
A/swine/Lohne/1/97
A/swine/Potsdam/1/81
A/swine/Gent/1/84
A/swine/Gent/VV230/1992
A/swine/Gent/7625/1999
A/swine/Ehren/IDT2570/03
A/swine/Nordwalde/IDT2197/03
A/swine/Vechta/2623/03
A/swine/Damme/IDT2890/04
A/swine/Geldern/IDT2888/2004
A/swine/Gudensberg/1IDT2931/04
A/swine/Lohne/IDT3357/04
A/swine/Seesen/IDT3055/04
A/swine/Harkenblek/IDT4097/05
A/swine/Hertzen/IDT4317/05
A/swine/Laer/IDT3893/2005
A/swine/Laer/IDT4126/05
A/swine/Merzen/IDT4114/05
A/swine/Osterhofen/IDT4004/05
A/swine/Stadtlohn/IDT3853/05
A/swine/Wohlerst/IDT4093/05
A/swine/Herzlake/IDT5335/06
A/swine/Czech Republic/1957
A/swine/Minsk/1965
A/swine/Czech Republic/2/1972
A/swine/Czech Republic/1/1975
A/swine/Czech Republic/1978
A/swine/Schleswig-Holstein/1/1993
A/swine/Lidkoeping/1193/2002
A/swine/Skane/1321/1983
A/swine/Netherlands/12/1985
A/swine/Germany/8533/1991
A/swine/Netherlands/25/1980

H3N2
HIN1
HIN1
H3N2
HIN1
HIN1
HIN2
HIN2
HIN1
HIN1
H3N2
H3N2
H3N2
H3N2
HIN1
H3N2
HIN1
HIN2
HIN2
HIN2
HIN1
H3N2
HIN1
HIN2
H3N2
H3N2
H3N2
H3N2
HIN2
H3N2
H3N2
H3N2
HIN2
HIN1
H3N2
HIN1
HIN1
H3N2
H3N2
H3N2
HIN1
HIN1
HIN1
HIN1
HIN1
HIN1

LY GE G GE G EGE YR IEGE R GEGEGE GEGEGE GEGEIEGEGEIEGEGE GEGEGEGEGEIEGEGEIEGEGEIEGEGEGEGEGEd

122



EU091680
EU091704
AJ344040
AJ293940
AJ344041
EU091706
AJ344024
GU236521
AJ293939
GU236513
226865
Z26866
AJ344027
AJ344029
AJ344031
AJ344033
AJ344035
AJ344038
AJ519462
AJ344026
AJ344032
AJ344034
CYO077923
M80967
AM746620
AM920727
AM920732
AM920736
AM920741
AM920746

A/swine/ltaly/66945/2006
A/swine/ltaly/1484/2002
AJ/swine/Cotes d’Armor/799/00
A/swine/ltaly/636/87
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A/swine/ltaly/10169/2001
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HIN1
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NS1
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NS1
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NS1
NS1
NS1
NS1
NS1
NS1
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Figures S1. Phylogenetic trees obtained with the European strains to determine the
clustering of the isolates from the Chapter 3. Order as follows: a) PB2, b) PB1, c) PA,

d) NP, &) M, f) NS
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Weeks of age

4£E Variant 1

Variant 2

Matrix
Spainf53207/2004 (H1N1)

Seesen/IDT3055/2004 (H3N2)

Nucleocapsid
Spain/51915/2003 (- 1111

Bakum/1832/2000 (H1112)

Figure S2. Summary of the results obtained in the longitudinal study. The types of isolates (by concatenated segments, type of Matrix and type
of nucleocapsid gene segments) are represented by the circles in a given time of the sampling. Prevalence of each type per week are also shown.
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8-3 strain

Iﬁimup of 275 sequences
4 H3N2 like

H3N2-like Reference
(Seesen IDT3055)
Group of 5 sequences
HINI like
T76-3 strain
HIN1-like Reference
0,005 v (Spain 53207)

Figure S3. Maximum likelihood tree including 280 sequences obtained with the high-
throughput sequencing from the animal 8.3. the consensus sequence obtained from the
animals 8.3 and 76.3. and the closest relative strains for each one (reference strain). The
segment used for the tree contained 357 nucleotides.

132



Chapter 5

Table S4. Values of grouping obtained with the factorial analysis. Bold type indicates

the values of the representative subtype for each factor

Strain used Factor 1 Factor 2 Factor 3
GDHI1N1 0,806 0,126 0,215
GDHI1NZ2 0,111 0,174 0,694
GDH3N2 0,213 0,679 0,124
S1 0,,896 0,121 0,139
S2 0,815

S3 0,615 0,236 0,294
S4 0,681 0,216 0,234
S6 0,744 0,195 0,179
S7 0,243 0,754
S8 0,155 0,875
S9 0,204 0,833
S10 0,178 0,868
S11 0,772

S12 0,144 0,96 0,184
S13 0,176 0,948 0,146
S14 0,128 0,739

SS Loadings 3,802 3,648 3,576
Proportion

Var 0,238 0,228 0,224
Cumulative

Var 0,238 0,466 0,689
Chi square statistic for 75 degrees of

liberty 230,24
p-value <0,01
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The historical importance of influenza is beyond any doubt and it still is one of the most
important infectious diseases for humans and animals. Most of the scientific knowledge
on influenza has been gathered in human and birds while other species of importance in
the epidemiology of this infection such as swine have been less studied. However, since
the last 2009 pandemic —that was caused by a strain closely related to the triple
reassortant virus circulating in swine in the United States previously (Smith et al.,
2009b)- it has become increasingly evident that there is a need for a better
understanding of the epidemiology of influenza in pigs. In particular it seems crucial to
gain knowledge on how common is the emergence of new influenza variants in pigs.
Also, since influenza is an important disease of pigs as well, the knowledge on the
epidemiology of the infection would surely contribute to a better control and

monitoring.

Previous research showed that SIV is a common pathogen of pigs in intensive swine
producing areas where the prevalence of seropositive pigs can be very high (Simén-
Grifé et al., 2011) with all three subtypes, namely HIN1, HIN2 and H3N2 commonly
circulating within and between herds both endemically or causing epidemic outbreaks
(Madec et al., 1985, Simon-Grifé et al., 2012, Loeffen et al., 2009). Knowledge on the
molecular epidemiology of currently circulating SIV shows that genetic diversity is
probably higher than supposed before (Karasin et al., 2000a,b; Peiris et al., 2001; Ma et
al., 2007; Lee et al., 2009; Kyriakis et al., 2011; Kwon et al., 2011; Vijaykrishna et al.,
2011; Vincent et al., 2011; Choi et al., 2012; Moreno et al., 2012). Unfortunately, there
are still many gaps to be filled about the genetic and antigenic diversity of SIV,
particularly in Europe where swine influenza has been largely neglected for many years.

For example, it is almost unknown how frequent are subclinical infections compared to
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clinical outbreaks; what role play endemic circulations of SIV within a herd for the
generation of new SIV variants or the extent and importance of antigenic diversity
within a given subtype. The present thesis was designed as a modest contribution for

clarifying some of those issues regarding SIV circulating in Spanish farms.

1. Swine influenza virus infections in pigs

Contrarily of what happens in North America, in many European countries SIV has
been considered as a second line respiratory pathogen and control strategies have been
mostly used only in cases where the economic impact of influenza is beyond any doubt,
especially when abortions may occur. In the present thesis, SIV was isolated in about
one half of the respiratory disease outbreaks fulfilling a set of criteria of compatibility.
This is evidence that SIV is clearly implicated in clinical respiratory outbreaks and is in
accordance of what loeffen et al. (2009) reported. Taking into account that the shedding
period for SIV is about one week after the onset of the signs (Van Reeth et al., 2012),
the chance for isolating SIV from infected pigs once an outbreak starts is relatively low
and thus, it cannot be ruled out that some S1V-negative outbreaks were indeed influenza
cases. Moreover, since multiple respiratory pathogens may circulate in a farm, masking
of the clinical picture of influenza outbreaks is possible as well. In any case, the co-
existence of subclinical infections makes monitoring of influenza in pigs a complex

subject.
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2. Genetic diversity of SIV and evolutionary patterns of swine influenza

For many years, it has been assumed that influenza viruses of swine were relatively less
diverse than those of other species, particularly birds and human, and that swine viruses
were relatively stable (Noble et al., 1993; de Jong et al., 2007). Results of the present
thesis show that 11/14 isolates obtained in different Spanish farms resulted in a different
phylogenetic grouping depending on the viral gene analysed. Fortunately, indication of
new avian genes in porcine influenza viruses has not been found and, by now,
reassortment events seem to be restricted to an exchange between swine and eventually
human influenza genes. The most logical explanation for this observation is that
reassortment of genes is easy and more frequent than previously thought. A very recent

paper presented evidences in that direction (Lycett et al., 2012).

In addition, when 22 SIV isolates retrieved from the same group of animals at different
ages (in a longitudinal follow-up) were examined, it was shown that two variants of the
same virus were co-circulating for about six months in the same batch of pigs. Each
variant was isolated at different time points and presented common changes in 6/8
genes, indicating that genetic drift was dependent on each variant. Also, 3/22 strains
presented evidences of reassortment in the M gene at 3 weeks of age and in the NP gene
at seven weeks of age. Moreover, high throughput sequencing probably revealed the
presence of two different SIV strains co-infecting a single animal, a perfect scenario for
the generation of new SIV reassortants. Taken together, these results indicate that the
frequency of reassortment events in SIV strains circulating in Spanish farms is very
high. This observation leads to think that monitoring of potentially emergent SIV

variants will be difficult since at some extent, most of swine isolates are reassortants in
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one gene or the other. From a practical point of view, this means that surveillance
should be exhaustive in terms of both sampling and sequencing of viral isolates.
Moreover, the potential for co-infections with different influenza viruses within a farm
also seem very high and this fact supports also the notion of the difficulty of carrying

out a rationale and cost/effective surveillance in pigs.

3. Antigenic characterization of influenza A viruses isolated in swine

The HIN1 isolates from the present thesis were genetically diverse but the question
about how that antigenic diversity will be reflected or not in an antigenic diversity
remained open. The use of monospecific antisera showed that cross-reactivity between
different HIN1 of swine was limited. Antigenic heterogeneity in avH1N1 has been also
reported in the Netherlands (de Jong et al., 2001) where different variants of avian-like
HIN1 viruses were obtained from six different farms. Those viral variants were
characteristic of the farm from where they were isolated, a fact that suggested that those
HIN1 viruses circulated for a long time within the farm and did not spread to other
farms in what could be considered an isolated evolution. A similar hypothesis could be
suggested for the results obtained in the present study. In addition, a HLN1 virus reacted
exclusively with anti-H1N2 sera indicating that this was a potential reassortant. This
fact is an evidence that the mere determination of the subtype of an isolate cannot be
used as an accurate predictor of the antigenic reactivity, not even in a relative

homogoneus group such as HIN2.

Besides the above mentioned considerations, the high antigenic diversity indicates that

for a good use of HI as an epidemiological or diagnostic tool, there is a need for a
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update of the panel of viruses representing the most common variants circulating in a

given region is given.

In contrast to what happened with H1N1 viruses, the results obtained with HIN2 or
H3N2 isolates suggested that isolates of those subtypes are more closely related
antigenically than H1N1 are, at least with respect to HA. The reasons lying behind the
different patterns of genetic and antigenic diversity of HIN1 and H1IN2 or H3N2
viruses are unknown and, in our opinion, deserve to be studied since most probably

reflect a critical difference in the epidemiology of different influenza subtypes in pigs.

4. Prospects for future research

The data obtained in the present thesis suggest that SIV may result in either classical
outbreaks or subclinical infection. Loeffen and co-workers (2009) indicated that SIV
can infect pig farms endemically, but respiratory problems are not always present. In
addition, the precise impact of SIV in the porcine respiratory complex is not well
evaluated. From that point of view, one interesting research line that could be developed
in the future would be the study of the factors leading to the development of clinical
(classical outbreaks) or subclinical infections (virulence of different isolates? role of
pre-existing homologous or heterologous immunity? role of colostral antibodies? etc...)
and to the evaluation of the interactions between SIV and other respiratory pathogens in

the context of the porcine respiratory disease complex.
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Also, there is a lack of information about the endemic states of SIV in pig herds. How is
the virus maintained in the farm? By means of a slow transmission rate, probably
controlled by the partial immunity in the population and the presence of new susceptible
animals (de Jong et al., 2007, Romagosa et al., 2012b) Or by the survival (weeks or
months) in water (Stallknecht et al., 1999), in porous surfaces (Bean et al., 1982; Boone
et al., 2005; Tiwari et al., 2006) and in aerosols with low relative humidity and low
temperature (Lowen et al., 2007)? The evidence of infection in young seropositive
animals (Simon-Grifé et al., 2012) indicates that sow-to-piglet transmission probably
occur in spite of colostral antibody transfer. This is very relevant for the understanding

of the maintenance of SIV in endemic populations.

Finally, most of the studies based in the vaccination efficiency have been carried out
under experimental conditions (Van Reeth et al, 2003; Kyriakis et al., 2010) and there is
a lack of information on the economic implication of the use of vaccines under field
conditions. So, it would be interesting to study the efficiency of different vaccination
methods together with different biosecurity measures for the control of influenza A
viruses in pigs from the point of view of infection dynamics, production and economic

impact.
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Conclusions

1. Whole genome sequencing and phylogenetic analysis of currently circulating swine
influenza virus of Spain showed that in 11/14 cases clustering of the isolates were
different depending on the gene segment. These results suggest that reassortment
events in Spanish swine influenza viruses are extremely common, probably more

than previously expected.

2. Molecular monitoring of a HIN1 virus circulating endemically in a farrow-to-finish
farm revealed that different drift variants or reassortants of the same virus can
persist for months circulating within the herd. Moreover, high-throughput
sequencing of the matrix gene indicated that a single pig can be co-infected by two
different variants of a HLN1 virus. This is the perfect scenario for the generation of

SIV reassortants and, consequently, the emergence of new SIV strains.

3. The evidence of reassortment events occurring between human and swine influenza
viruses in isolates retrieved in respiratory outbreaks together with the short period of
time needed for the appearance of variants or reassortants in endemic pig farms
indicate that monitoring of influenza in pigs by a mere random sampling or
sampling of clinical cases is of very limited usefulness for understanding the

complex epidemiology of swine influenza.

4. The antigenic analysis of the examined isolates shows that HIN1 viruses currently
circulating in Spanish pig farms are highly diverse and share limited cross-
reactivity. Therefore, the use of the haemagglutination inhibition assay as an
epidemiological or diagnostic tool requires the use of a constantly update panel of

viruses representing at least the most common viral variants.
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5. In contrast to HIN1, HIN2 and H3N2 viruses circulating in Spanish swine seem to
be more homologous regarding their cross-reactivity in the haemagglutination
inhibition assay. The causes behind this different behavior depending on the subtype

are unknown and probably reflect a different epidemiology.
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with the 2009 pandemic HIN1 human influenza virus

Nuria Busquets!”, Joaquim Secares! T, Lorena CorpoBa!, Tufaria Mussa,
Elisa Criscr', Gerard E. MarTiN-VaLLs', Meritxell StMoN-GRIFE',
Marta PEreEz-SM6O!, Monica PErez-Mairro!, Jose 1. NUNEZI, Francesc X. ABADI,
Lorenzo Fraie', Sonia Pina's, Natalia Majo'*?, Albert BENsaD!,
Mariano DOMINGOI’Z, Maria MonToya!s**

! Centre de Recerca en Sanitat Animal (CReSA), UAB-IRTA, Campus de la Universitat Autonoma de Barcelona,
08193 Bellaterra, Barcelona, Spain
2 Departament de Sanitat i d’Anatomia Animals, Universitat Autonoma de Barcelona (UAB), 08193 Bellaterra,
Barcelona, Spain
* Institut de Recerca i Tecnologia Agroalimentries (IRTA), Barcelona, Spain

(Received 3 February 2010; accepted 26 July 2010)

Abstract — The recent pandemic caused by human influenza virus A(HIN1) 2009 contains ancestral gene
segments from North American and Eurasian swine lineages as well as from avian and human influenza
lineages. The emergence of this A(HIN1) 2009 poses a potential global threat for human health and the fact
that it can infect other species, like pigs, favours a possible encounter with other influenza viruses
circulating in swine herds. In Europe, HIN1, HIN2 and H3N2 subtypes of swine influenza virus currently
have a high prevalence in commercial farms. To better assess the risk posed by the A(HIN1) 2009 in the
actual situation of swine farms, we sought to analyze whether a previous infection with a circulating
European avian-like swine A/Swine/Spain/53207/2004 (HIN1) influenza virus (hereafter referred to as
SwHINT) generated or not cross-protective immunity against a subsequent infection with the new human
pandemic A/Catalonia/63/2009 (HIN1) influenza virus (hereafter referred to as pHI1N1) 21 days apart. Pigs
infected only with pHIN1 had mild to moderate pathological findings, consisting on broncho-interstitial
pneumonia. However, pigs inoculated with SWHIN1 virus and subsequently infected with pHINT1 had very
mild lung lesions, apparently attributed to the remaining lesions caused by SWH1N1 infection. These later
pigs also exhibited boosted levels of specific antibodies. Finally, animals firstly infected with SWHIN1 virus
and latter infected with pHINI1 exhibited undetectable viral RNA load in nasal swabs and lungs after
challenge with pH1N1, indicating a cross-protective effect between both strains.

influenza virus / swine HIN1 / human A(HIN1) 2009 / cross-protection

1. INTRODUCTION mented viral genome consisting of eight
single stranded RNA fragments of negative

Influenza viruses belong to the Orthomyxo-  polarity encoding 10 proteins [27]. In April
viridae family and are characterized by a seg- 2009, a new A(HINI) influenza virus was
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identified containing a distinct combination of
gene segments from both North American and
Eurasian swine influenza lineages as well as
from avian and human lineages [8, 21], which
rapidly reached pandemic proportions. Most
human infections with this new swine-origin
HINI influenza virus variant, A(HIN1) 2009,
seem to be mild; however, there was a substan-
tial number of hospitalized young individuals
without previous underlying health problems,
attesting to the pathogenic potential of
A(HINI) 2009 in humans.

Influenza viruses circulating in swine are
closely related to the human HIN1 and H3N2
strains and reports of sporadic cross-species
transfer of swine and avian influenza viruses
to humans have been documented repeatedly
during recent decades [18]. The mortality of
swine influenza virus (SIV) infected pigs is usu-
ally low, although morbidity may approach
100% [14]. Swine influenza is characterized
by sudden onset, coughing, respiratory distress,
weight loss, fever, nasal discharge and rapid
recovery [14]. Epithelial cells in the swine
respiratory tract have receptors for both avian
and mammalian influenza viruses [12]; thus,
pigs could potentially serve as “mixing ves-
sels” for the generation of new reassortant
strains.

Currently, few studies have assessed the
effect of the new pandemic A(HINI) 2009
in pigs. No signs of disease were observed in
miniature pigs infected with A(HIN1) 2009,
although it replicated efficiently in the respira-
tory tract of these animals. According to this
study, the asymptomatic infection, despite effi-
cient virus replication, might explain why this
new reassortant has never been found in swine
before it was first identified in humans [13].
Another study analyzed replication dynamics,
clinical symptoms and virus transmission in
pigs infected with the novel A(HINI) 2009.
The inoculated pigs started nasal virus shed-
ding from day 1 post-inoculation (PI) onwards
and developed generally mild symptoms
including fever, sneezing, nasal discharge,
and diarrhoea. In that study, contact pigs
became infected, shed virus and developed
clinical symptoms similar to the inoculated
animals [16].
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The emergence of this novel human influ-
enza virus A(HIN1) 2009 poses a potential glo-
bal threat for human health. Since the new virus
can infect other species, like pigs, a possible
encounter with other influenza viruses circulat-
ing in swine herds may favour the possibility of
generating new reassortants with higher viru-
lence. To date, there are several reports confirm-
ing the diagnosis of A(HIN1) 2009 pandemic
influenza virus in pig herds in all continents’.
In all cases, the herds are believed to have been
infected as a result of human-to-pig transmis-
sion. Therefore, the possibility that this novel
human influenza virus A(HIN1) 2009 could
affect a high percentage of swine herds has
unknown consequences, not only for animal
health but also for human health. A crucial
question is whether previous immunity to circu-
lating SIV protects pigs against pandemic
A(HINT) 2009 virus. Kyriakis et al. [17] have
recently shown that pigs dually infected with
some European SIV frequently exhibit cross-
reactive hemagglutination inhibitory (HI) anti-
bodies to pandemic A(HIN1) 2009 virus and
related North American SIV, suggesting that
pigs in Europe may have partial immunity to
the pandemic A(HINT1) 2009 virus. The ques-
tion of whether these antibodies would prevent
an A(HIN1) 2009 infection remained unan-
swered. Thus, the objectives of the current
study were (i) to experimentally investigate
whether or not a previous infection with circu-
lating HIN1 European avian-like swine influ-
enza would confer protection to pigs which
later encounter the novel pandemic human
influenza virus A(HIN1) 2009 and (ii) to fur-
ther explore the pathological and immunologi-
cal parameters of this new A(HINI1) 2009
virus infection in pigs. The present study shows
that a single exposure to a HIN1 European
avian-like swine influenza protects pigs
against a consecutive challenge with the pan-
demic A(HINT1) 2009 virus even in the absence
of previous detectable cross-reactive HI
antibodies.

' OIE, http://www.oie.int/eng/normes/mmanual/2008/
pdf/2.08.08_SWINE_INFLUENZA.pdf.



SIV cross-protection on A(HIN1) 2009 in pigs

2. MATERIALS AND METHODS
2.1. Viruses

Two Influenza A virus isolates were used in this
study: the European avian-like swine A/Swine/
Spain/53207/2004 (HIN1) isolated in 2004
(GenBank accession number CY010587) (hereafter
referred to as SwHINI) and the new human
A/Catalonia/63/2009 (HIN1) influenza virus iso-
lated in 2009 (GenBank accession numbers
GQ464405-GQ464411 and GQ168897) (hereafter
referred to as pHIN1). SWHIN1 was generously
donated by Laboratorios HIPRA (Spain) and it
was propagated following standard procedures by
infecting Madin-Darby canine kidney (MDCK) cells
cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% foetal bovine
serum (FBS) (ref. 23 OIE). pHIN1 was isolated
from a patient at the Hospital Clinic, Barcelona,
Spain, and was propagated at 37.5 °C in the allan-
toic cavities of 11 day-old embryonated chicken
eggs originating from a commercial specific-patho-
gen-free (SPF) flock (GDdeventer)'. Both viruses
were titrated in MDCK cells, with the aid of trypsin
in the post-infection media, and virus titre was cal-
culated by the Reed and Muench method [19].

2.2. Animals

Twenty-two snatch-farrowed, colostrum-deprived
Large White X Landrace piglets were obtained from
a herd with a standard health status. Sows were
seropositive to porcine reproductive and respiratory
syndrome virus (PRRSV) and SIV, and seronegative
to Aujeszky’s disease virus. Piglets were obtained at
the moment of delivery, immediately dried and
umbilical cords clamped, cut and disinfected with
an iodine solution. Piglets were fed ad [libitum dur-
ing the first two days with the milk substitute Pata-
vie Porc (Oriane-Celtilait, Lesneven, France).
Afterwards, animals received Startrite 100 (SCA
Ibérica S.A., Mequinenza, Spain) mixed with milk
or as dry meal from 10-15 days of age. Antibiotics
administered in the feed included 205 000 UI of
colistin (1 g of colimicine®, Laboratorios SP Veteri-
naria, in 1.5 L of milk) during the first week of age
and 1.7 mg of enrofloxacin (Baytril oral solution
0.5%, Bayer Animal Health, Leverkusen, Germany)
per kg body weight/day during the first two weeks
of age. All piglets were housed in an experimental
isolation room at the biosafety level 3 facilities of
the Centre de Recerca en Sanitat Animal (CReSA,
Barcelona, Spain). Animal care and procedures were
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in accordance with the guidelines of the Good
Laboratory Practices (GLP) and under the supervi-
sion of the Ethical and Animal Welfare Committee
of the Universitat Autdnoma de Barcelona.

2.3. Experimental design

At the age of 40 days, pigs were randomly
distributed into four groups, namely Mock/Mock
(n=06), SwHINI/Mock (n=4), Mock/pHINI
(n = 8) and SWHINI1/pHINI (n = 4) balanced by
sex and weight. Group Mock/Mock pigs were intra-
nasally inoculated with 3.5 mL of MEM (half of the
amount in each nostril) on days 0 and 21 of the
experiment. Group SwHINI1/Mock animals were
intranasally inoculated with 3.5 mL of a suspension
containing 10" tissue culture infectious doses
50% (TCIDsg) per mL of SWHINI on day O and
received the same volume of MEM on day 21. Pigs
from group Mock/pHIN1 received the abovemen-
tioned amounts of MEM on day 0 and 10%1 TCIDs,
per mL of pHIN1 on day 21. Finally, pigs of group
SwHINI1/pHIN1 were inoculated with both viruses,
SwHINI on day 0 and pHIN1 on day 21, using the
same route and dose mentioned for previous groups.

In order to study the events taking place at the early
stages of infection with pHINT1, two Mock/Mock and
two Mock/pHIN1 piglets were euthanized with an
intravenous overdose of sodium pentobarbital on days
2 and 4 after pH1NI1 inoculation (days 23 and 25 PI).
All the remaining pigs in each group (2 animals of
Mock/Mock group and 4 animals in each of the
remaining groups) were euthanized on day 28 PL

2.4. Clinical records and sampling procedures

Pigs were clinically monitored daily for the whole
experimental period, with emphasis on potential
respiratory disorders (coughing, sneezing and thump-
ing) as well as systemic signs (depression, reluctance
to move and fever). Specifically, rectal temperatures
were taken on days 1, 2, 3, 5 and 7 after both viral
inoculations, and also after 10 and 15 days post-
SwHINI inoculation.

Nasal swabs were taken on days 1, 2, 4, 6, 10, 21,
22,23, 25 and 28 PI, placed in 1 mL of PBS and fro-
zen at —80 °C until further use. Complete necropsy
was done on each animal, with special emphasis on
the respiratory tract. Gross lung lesions were assessed
for the presence or absence of pulmonary cranio-
ventral multifocal consolidation and when present,
extension was recorded. Right lung was used to per-
form a broncho-alveolar lavage (BAL) using 200 mL
of PBS (animals from groups Mock/Mock and
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Table 1. Primers and probes used for TagMan one-step qRT-PCR.

1AV Primer/probe Concentration Sequence (5'-3") Reference
(uM)

European M+25 0.9 AGA TGA GTC TTC TAA CCG AGG TCG

avian-like ~ M-124 E-A-L-S 1.8 TGC AAA RAC AYC TTC CAG TCT CTG This study

swine M+64 E-A-L-S 0.4 FAM®- TCR GGC CCC CTC AAA GCC GA- This study
TAMRA"

A(HINT) M+25 0.9 AGA TGA GTC TTC TAA CCG AGG TCG [16]

2009 M-124 human09 0.9 TGC AAA GAC ACT TTC CAG TCT CTG This study

M+64 0.2 FAM- TCA GGC CCC CTC AAA GCC GA- [16]

TAMRA

? FAM, 6-carboxylfluorescein.
® TAMRA, 6-carboxyltetramethyl rhodamine.

Mock/pHIN1) and the left one sampled for histopa-
thological and virological studies (animals from all
experimental groups). Specifically, samples from
lung (apical, middle and diaphragmatic lobes), nasal
turbinate, nasal septae, trachea and tonsil were col-
lected and fixed by immersion in 10% buffered for-
malin. Additional lung tissues (apical and cardiac
lobes) were frozen at —80 °C until their use for viral
RNA extraction.

2.5. Pathological procedures

Fixed tissue samples were dehydrated through
graded alcohols, embedded in paraffin and stained
with hematoxylin-eosin. Each tissue was microscop-
ically studied for the presence of inflammatory
lesions. In the lung, broncho-interstitial pneumonia
(BIP) intensity was assessed by means a semi-quan-
titative scoring (0 to 3, indicating lack of, mild, mod-
erate or severe pneumonia lesions, respectively).

2.6. Antibody detection

Anti-influenza A virus nucleoprotein (NP) anti-
body levels were studied in serum using the ID
Screen® Influenza A Antibody Competition ELISA
(ID-Vet, Montpellier, France) following manufac-
turer’s instructions on days 0, 21 and 28 PIL

Detection of specific IgG and IgA in nasal swabs,
serum and BAL was performed modifying the ID
Screen® Influenza A Antibody Competition ELISA
with a goat anti-porcine IgG (Fc):HRP (Serotec
AAI41P) antibody at 1:100 000 dilution or a goat
anti-porcine IgA:HRP (Serotec AAI40P) antibody
at 1:10 000 dilution as secondary antibodies. Nasal
swabs and BAL samples were used neat in the
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ELISA assay whereas serum samples were used at
1/100 dilution. Fifty pL of each sample or serum
dilutions were used in the ELISA assay.

Hemagglutination-inhibition (HI) assay was used
to measure antibody titres from serum samples at
days 0, 21 and 28 PI. The HI test was performed
according to standard procedures [25]. The test was
standardized at 4 hemmagglutinin units (HAU). To
remove non-specific inhibitors of hemagglutination
and natural agglutinins of sera, samples were treated
with receptor-destroying enzyme (RDE) from Vibrio
Cholerae (Sigma, St. Louis, MO, USA) overnight,
inactivated at 56 °C for 60 min and adsorbed into
chicken red blood cells at 50% and 4 °C. The starting
dilution was 1:20.

2.7. Hydrolysis probe and primer sets

The two influenza viruses used in this study and
all the available European avian-like swine and the
new human influenza virus A(HIN1) 2009 M gene
sequences were downloaded, aligned from the Influ-
enza Viruses Resource” and then compared to the M
gene primer and probe sequences previously reported
[22]. Three mismatches were identified for the Euro-
pean avian-like SIV sequences and four in the new
human influenza virus A(HIN1) 2009 sequences in
the target sequence of the primer M-124. Also, one
mismatch was detected in the target sequence of
the M+64 probe affecting the European avian-like
SIV amplification. Taking all this information into
account, primers and probes were modified to
improve the European avian-like SIV detection

2 http://www.ncbi.nlm.nih.gov/genomes/FLU/FLU.
html.
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(Tab. I). Primers used for the new human influenza
virus A(HINT) 2009 detection in the present work
were different from those of recent reports [28],
although they were also based on previously reported
M gene primer and probe sequences [22]. Primers
and probes used in this study (Tab. I) were synthe-
sized by Tib Molbiol (Berlin, Germany).

2.8 Quantitative RT-PCR (RT-qPCR)

SwHINI1 and pHIN1 viral loads in nasal swabs,
lung tissue and BAL were assessed following a Tag-
Man one-step RT-qPCR in Fast7500 equipment
(Applied Biosystems, Foster City, CA, USA). Viral
RNA was extracted with QIAamp viral mini kit
(Qiagen, Valencia, CA, USA) obtaining 60 puL of
eluted viral RNA. The M fragment amplification
was carried out using the primers and probe concen-
trations indicated in Table I and One-Step RT-PCR
Master Mix Reagents (Applied Biosystems) follow-
ing the manufacturer’s instructions using 5 pL of
eluted RNA in a total volume of 25 pL. The ampli-
fication conditions were as follows: reverse transcrip-
tion at 48 °C for 30 min; initial denaturation reaction
at 95 °C for 15 min and 40 PCR-cycles of 95 °C
15 s and 60 °C 1 min.

Standard curves and quantification were achieved
by prior amplification of a 99 bp fragment of the M
gene using both aforementioned strains as templates,
primers described in Table I and the One-Step RT-
PCR reagents (Qiagen) following the manufacturer’s
instructions, using 5 pL of eluted RNA 1in a total vol-
ume of 25 pL. The amplification conditions were the
following: reverse transcription at 50 °C for 30 min;
initial denaturation reaction at 95 °C for 15 min and
40 PCR-cycles of 94 °C 30's, 55°C 1 min and
72 °C 1 min. The obtained M gene fragment ampli-
con was cloned into pGEMT vector (Promega
Madison, WI, USA) and transformed by heat shock
in Escherichia coli competent cells (Invitrogen,
Paisley, UK). The recombinant plasmid was purified
using the QIA prep Spin kit (Qiagen) and spectropho-
tometrically quantified (Qubit, Invitrogen). The copy
number of recombinant plasmids was calculated as
previously described [7] following the formula: N
(molecules per pL) = (C (DNA) pg/uL/K (fragment
size in bp)) x 182.5 x 10> (factor derived from the
molecular mass per the Avogadro constant). Serial
10-fold dilutions of both plasmids of known concen-
tration were made and the standard curves were gen-
erated using 1.83 x 10> to 1.83 x 10° copies of
recombinant plasmid with the M gene fragment from
the pHINT and 2.26 x 10% to 2.26 x 10° of recombi-
nant plasmid with the M gene fragment from
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SwHINI. The limit of detection (LoD) for pHIN1
was 11.65 plasmid copies per reaction, which corre-
sponded to 0.05 TCIDs, per reaction. In the case of
the SWHINT1 the LoD was 13.71 copies per reaction,
which corresponded to 0.5 TCIDsq per reaction. The
genome equivalent copies (GEC) of plasmid from the
collected samples were determined based on these stan-
dard curves and taking into account their volumes.
Thus, the LoD for pHIN1 was 2.82 log;o GEC and
for SWHIN1 was 2.86 log;o GEC per nasal swab; for
pHINI the LoD was 4.12 log;o GEC per gram of apical
and middle lobes of lung and 2.82 log; o GEC per mL of
BAL. Since the efficiency of retrotranscription was not
directly determined, GEC numbers did not reflect
exactly the number of viral RNA molecules. The RT-
qPCR for SWHINT1 virus was used for samples taken
between day 0 and day 21 PI in the experimental pro-
cedure, whereas RT-qPCR for pHIN1 virus was used
for samples taken between days 21 to 28 PIL.

2.9. Sequencing influenza virus

The complete amplification of the PB1, PB2, PA,
HA, NP, MP and NS segments of pHIN1 of the inoc-
ulum (GenBank accession numbers GQ464405-
GQ464411) before and after infection, were obtained
using the genome primer set and protocol recom-
mended by the World Health Organization (WHO)>.
For SWHINI, the complete NP segment and the 5’
end of the hemagglutinin (HA) segment were also
sequenced before and after infection using the same
set of primers. The amplified products were analyzed
by agarose gel electrophoresis, stained with SYBR
Gold® (Molecular Probes, Eugene, USA) and purified
using the NucleoFast 96 PCR kit (MACHEREY-NA-
GEL GmbH & Co KG, Diiren, Germany). Sequencing
of both strands was performed using the BigDye tech-
nology (Applied Biosystems), with the primers M13F
(5-TGTAAAACGACGGC CAGT-3") and M13R (5'-
CAGGAAACAGCTATGA CC-3'). Sequence assem-
bly was accomplished using the programs Phred [3, 4],
Phrap and Consed [9], and Bioedit [10]. Homology
and identity searches with respect to influenza genome
sequences available at the GenBank were performed
by using the BLAST utilities*.

2.10. Statistical analysis

The Mann-Whitney test was used to compare
ELISA titres in the different samples tested, and viral

3 http://www.who.int/csr/resources/publications/
swineflu/GenomePrimers 20090512.pdf.
* http://www.ncbi.nlm.nih.gov/BLAST.
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loads in BAL, nasal swabs and lungs between exper-
imental groups. All analyses were carried out with
NCSS 2004 and PASS 2005 softwares (Kavysville,
Utah, USA). The significance level was set at 0.05
with statistical tendencies reported when p < 0.10.

3. RESULTS
3.1. Clinical outcome

No relevant respiratory or systemic clinical
signs were observed in any pig in any of the
experimental groups. Moreover, no individual
pig showed abnormal rectal temperatures
(> 40 °C) throughout the duration of the study.

3.2. Pathological studies

Significant gross lesions compatible with
BIP were observed in 6 pigs, all of them corre-
sponding to the Mock/pHIN1 group. Remark-
ably, 1 out of 2 pigs sacrificed at both 23 and
25 days PI (days 2 and 4 post-pHIN1-inocula-
tion, respectively) had BIP-like lesions. All
remaining Mock/pHINI pigs (n = 4) studied
on day 28 PI also had BIP-compatible lesions
(Fig. 1A). No gross lesions compatible with
BIP were observed in any pig of the rest of
the groups studied. Besides this, one control
pig (Mock/Mock) euthanized on day 23 PI
had serous arthritis of the left coxo-femoral
joint, one double inoculated animal (SWHIN1/
pHIN1) had fibrous/fibrinous polyserositis
and another SWHIN1/pHIN1 pig had fibrous
pleuritis and mild pulmonary cranio-ventral
scars.

Microscopic ~ pulmonary lesions were
observed in all but the animals from Mock/
Mock group (Figs. 1B and 1C). These lesions
consisted of BIP, characterized by attenuation
and loss of the bronchiolar epithelium, with
mononuclear (lymphocyte and plasma cells)
infiltration in the lamina propria of bronchi
and bronchioli, as well as the presence of mac-
rophages and lymphocytes within alveoli sur-
rounding affected bronchi. Sometimes such
inflammation also affected the lung interstitium.
Bronchus-associated lymphoid tissue was occa-
sionally hyperplastic. Such BIP lesions were
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present in all Mock/pHIN1 pigs, with mild
(n = 1), moderate (n =4) and severe (n = 3)
intensity. Two pigs from each of the
SwHIN1/Mock and SwHIN1/pHINI groups
also showed BIP, although intensity was lower;
one pig with mild and another with moderate
lesions in group SWHI1N1/Mock, and one ani-
mal with mild and another with mild-to-moder-
ate lesions in group SWHIN1/pHIN1. Average
histopathological BIP score is displayed in
Figure 1D. No histological relevant findings
were observed in the rest of studied tissues
(nasal turbinates and septae, trachea and tonsil).

3.3. Antibody response against influenza viruses

Total anti-NP antibody levels, independent
of their isotype, were measured with the compe-
tition ELISA kit in serum from all animals at
the beginning of the assay (day 0), just before
inoculation with pHINT1 (day 21 PI) and seven
days after inoculation with pHIN1 (day 28 PI).
Results represented in Figure 2A show that all
animals were seronegative at the beginning of
the experiment. At day 21 PI, only the animals
in the two groups infected with SWHIN1 SIV
(SWHIN1/Mock and SwHINI1/pHIN1) had
seroconverted and had significantly higher anti-
body levels in serum (p = 0.0001) as compared
with the four pHINT infected pigs in the Mock/
pHINT1 group, which had total antibody levels
equal or below 60% of inhibition, indicating
that a primary immune response against
pHIN1 was taking place.

No significant differences were observed
when antibody levels from the four animals in
group SWHINI/pHINI were compared with
those from group SwHINI1/Mock, although
there was a clear statistical trend (p = 0.11) to
suspect that pHINI induced a secondary
response. The effect of pHINI1 infection was
further evaluated comparing IgA delta values
between day 21 and 28 between SwHINI/
Mock and SwHINI/pHINI groups. The
p-value was 0.06, indicating a strong tendency
close to significance. Moreover, this tendency
was also observed when serum samples were
analyzed for specific IgA (Fig. 3A) and IgG
(Fig. 3B) anti-NP antibodies in all the animals
although to a lesser extent.
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Figure 1. Pathological analysis at day 28 PI. (A) A representative picture of lung from group Mock/
pHIN1. The lungs show moderate broncho-interstitial pneumonia (BIP)-compatible lesions. (B) Lung from
a Mock/Mock control pig. Normal pulmonary parenchyma. Note the minimal thickness of interalveolar
walls, characterised by pneumocytes and blood capillaries. Peribronchial lymphoid tissue is minimally
developed. Haematoxylin and eosin stain. Bar = 200 pm. (C) Lung from a pHINI1 infected pig (day 7 post-
pHINT inoculation). Marked presence of mononuclear inflammatory cells within alveoli, almost collapsing
alveolar lumen. Lymphocyte perivascular cuffing together with moderate hyperplasia of the lymphoid tissue
surrounding a bronchioli. Haematoxylin and eosin stain. Bar = 200 um. (D) Pathological score for all the
animals in the assay (C_— Mock/Mock, B Mock/pHIN1, Hll SwHINI1/Mock, EE SwHINI/pHINI).

(A color version of this figure is available at www.vetres.org.)

Humoral protection against influenza virus is
predominantly mediated by antibodies against
HA. Thus, serum samples were examined by
HI assays against SwHINI and pHINI
(Tab. II) at day 0, 21 and 28 PIL. All animals in
the group infected by SWHINT1 exhibited HI anti-
body titres atday 21 PI, which remained constant
until day 28 PI. Inthe case of 3 out of4 animals in
group Mock/pHIN1, some low level of HI anti-
bodies were present at day 28 PI (7 days after
pHINT infection). However, with one exception,
HI titres elicited by SWHIN1/pHIN1 animals
exhibited an increment between day 21 and

28 PI when tested against SWHIN1. Also, HI
antibody titres in the SWHIN1/pHIN1 group
were higher than those observed in the animals
from SWHIN1/Mock group (Tab. II). All sera
collected at day 21 PI remained negative for
HI when tested against pHINI, with the excep-
tion of animal 152. However, at day 28 PI, HI
titres against pHINI from animals of the
SwHINI1/pHIN1 group were higher than for
the Mock/pHINI group. Surprisingly, one ani-
mal (178) gave low serum responses in ELISA
and HI tests, but exhibited high antibody OD
ratios against the NP at the nasal cavity.
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Figure 2. Antibodies in serum and nasal swabs.
(A) Influenza total anti-NP antibodies in serum
were analyzed by ELISA competition assay.
(B) Influenza IgA anti-NP antibodies in nasal
swabs were analyzed by ELISA at day 0, 21 and
28 PI. White squares, white rhomboids, white
triangles and black circles represent average values
from animals belonging to Mock/Mock (OJ),
SwHIN1/Mock (<), Mock/pHINI (A) and
SwHIN1/pHINI (@) group, respectively. Error
bars represent one SD above and below the mean.

Specific IgA and IgG anti-NP antibodies
were also detected in BAL of Mock/pHIN1
animals at tested times (23, 25 and 28 days
PIL, which were day 2, 4 and 7 PI for pHINI
infection) (Fig. 4).

3.4. Viral RNA quantification
Viral RNA levels were investigated in respi-

ratory tissues. SWHIN1 RNA was detected in
nasal swabs of pig groups SwHIN1/Mock
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Figure 3. IgA and IgG antibodies in serum. (A)
Influenza IgA and (B) IgG anti-NP antibodies in
serum were analyzed by ELISA at day 0, 21 and 28
PI. White squares, white rhomboids, white triangles
and black circles represent mean values from
animals belonging to Mock/Mock (L), SWHIN1/
Mock (<), Mock/pHINT (A) and SWHIN1/pHINI
(@) groups, respectively. Error bars represent one
SD above and below the mean.

and SWHIN1/pHINI from day 1 to 7 PI, and
had the maximum viral RNA load between
days 2 and 4 PI (Figs. 5A and 5C). No viral
RNA was detected on days 10 and 21 PI and
in any day PI in the remaining groups (Mock/
Mock and Mock/pHINT1). Similarly, pHINI
RNA was detected between 1 and 7 days PI
with this virus, with a peak load between days
2 and 4 PI (Fig. 5B). No pHINI viral RNA was
detected in any of the samples in group
SwHIN1/pHINT at any of the time-points ana-
lyzed after pHIN1 inoculation or in the rest of
the animal groups (Mock/Mock and SWHIN1/
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Table II. Individual hemagglutination inhibition titres from sera belonging to animals from different
infection groups (Mock/Mock, SwWH1N1/Mock, Mock/pHIN1 and SWHIN1/pHINT1). Samples were tested
for hemagglutinin antigens from the viruses used in the experimental infection (SWHIN1 and pHIN1).

Animal number SwHINTI (A/Swine/Spain/ pHINI1 (A/Catalonia/63/
53207/2004) 2009)
do d21 d28 do d21 dz28
Mock/Mock 160 <20 <20 <20 <20 <20 <20
186 <20 <20 <20 <20 <20 <20
SwHINI1/Mock 87 <20 160 160 <20 <20 <20
152 <20 160 160 <20 20 <20
153 <20 160 160 <20 <20 <20
159 <20 160 160 <20 <20 <20
Mock/pHINI1 82 <20 <20 <20 <20 <20 40
180 <20 <20 <20 <20 <20 40
188 <20 <20 <20 <20 <20 20
200 <20 <20 <20 <20 <20 <20
SwHIN1/pHIN1 84 <20 160 320 <20 <20 80
86 <20 80 640 <20 <20 320
168 <20 80 320 <20 <20 80
178 <20 80 80 <20 <20 <20
026
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Figure 4. IgA and IgG antibodies in BAL. Influenza IgA and IgG anti-NP antibodies in BAL were
analyzed by ELISA at day 23, 25 and 28 PI (corresponding to day 2, 4 and 7 after pHIN1 inoculation).
White bars and dotted bars represent average IgA values of 2 and 4 animals belonging to Mock/Mock and
Mock/pHINT1 groups, respectively. Black bars and lined bars represent average IgG values of 2 and 4
animals belonging to Mock/Mock and Mock/pHINI1 groups, respectively. Error bars represent one SD
above and below the mean.
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Figure 5. Influenza viral RNA load in nasal swabs. Quantification of influenza RNA was performed by RT-
gPCR at the indicated days PI. Bars indicate average values of positive samples in genome equivalent
copies (GEC) of plasmid per swab in group SWHIN1/Mock (A), Mock/pHIN1 (B) and SWHIN1/pHINI1
(C). The number of positive samples from the total number of animals was indicated above each bar.
Samples from animals in group Mock/Mock were all below the limit of detection, which is indicated by the
dotted line. Error bars represent one SD above and below the mean.

Mock). Differences between GEC values in  statistically significant (p = 0.02; p = 0.02 and
animals from group Mock/pHIN1 compared p = 0.004, respectively).

with those from SwHINI/pHINI animals on Influenza RNA load was also analyzed in the
days 22, 23 and 25 of the experiment were lungs (apical and cardiac lobes) of animals
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Figure 6. Influenza viral load in lung tissues and
BAL. Quantitation of influenza RNA was performed
by RT-qPCR at day 23, 25 and 28 PI (corresponding
to day 2, 4 and 7 after pHIN1 inoculation). Bars
indicate average values of positive samples in
genome equivalent copies (GEC) of plasmid per
swab in group Mock/pH1NI1 for lung tissue (A) and
BAL (B). The number of positive samples from the
total number of animals was indicated above each
bar. Samples from animals in groups Mock/Mock
and SWHIN1/pHIN1 were all below the detection
limit, indicated by the dotted line. Error bars
represent one SD above and below the mean.

belonging to groups Mock/Mock, Mock/pHIN1
and SWHIN1/pHIN1 on days 23, 25 and 28 of
the experiment (corresponding to day 2, 4 and
7 after pHINI infection) (Fig. 6A). No viral
RNA was detected in the lungs of any animal
belonging to the Mock/Mock group or
SwHIN1/pHIN1 group in any lung tissue tested.
Differences between viral RNA load in animals
from group Mock/pH1N1 compared with values
from lung from group SWHIN1/pHINT1 on days
22, 25 and 28 of the experiment were signifi-
cantly different (p = 0.03). Influenza RNA was
also detected in BAL from most of the animals
in Mock/pHIN1 group (Fig. 6B) whereas no
viral RNA was found in BAL from animals in
Mock/Mock group.

Vet. Res. (2010) 41:74

3.5. Sequencing of SWHIN1 and pHIN1

The complete NP segment and the 5” end of
HA sequences of SWHIN1 were analyzed and
showed 100% identity to those reported previ-
ously (CY010583 and CY010580). Secondly,
sequences of the complete PB2, PBI, PA,
HA, NP, MP and NS genes of pHINI used
for infection showed no variation when com-
pared to other pandemic viruses. Furthermore,
the sequences of pHINI isolated after pig
infection were identical to those of the pHINI1
inoculum. Comparison of amino acid sequences
from SWHINI1 with pHINI sequences resulted
in an NP homology of 92% whereas in the case
of HA this value was 78% and for NA it was
96%.

4. DISCUSSION

In the present study, the possible protective
effect of an infection with a circulating Euro-
pean avian-like swine A/Swine/Spain/53207/
2004 (HIN1) influenza virus (referred to as
SwHINT1) in colostrum-deprived pigs was eval-
uated against a subsequent infection with the
new human A/Catalonia/63/2009(HINT1) influ-
enza virus (referred to as pHIN1). A prior expo-
sure to the SWHINI strain induced immunity
able to substantially reduce if not inhibit
pHIN1 shedding and viral RNA load in respira-
tory tissues after a subsequent pHIN1 infection
even in the absence of detectable cross-HI anti-
bodies. It also protected pigs from lesion devel-
opment. Additionally, previous results from
studies of pigs infected with the new human
A(HINT) 2009 influenza virus were confirmed
in the present work. The results presented here
show that intranasal infection of pigs with
10%'5 TCIDs, of pHINI virus exhibited mild
to moderate lung lesions, resulting in virus
shedding and activation of a specific humoral
immune response, as it has been previously
shown [16].

The typical influenza-like symptoms were not
observed in either group Mock/pHINI1 or
SwHINI infected animals used in the present
experiment. Such a situation should not be
surprising, since clinical signs including fever
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have only been reported when intratracheal inoc-
ulation was performed with a high virus dose
(= 7.5 logyp TCIDsg) [23, 24]. Therefore, the
experimental conditions used here induced a sub-
clinical infection, a situation very often encoun-
tered on farms as most of SIV infections in
field conditions cause subclinical infections [14].

After infection, virus RNA load in nasal
swabs was detected very rapidly (at day 1 PI)
not only for SWHINI1 but also for pHINI.
These results are in line with previous data
showing that pigs are susceptible to the novel
influenza virus A(HINI) 2009 and they are
able to infect contact pigs as soon as 3 days
PI [16]. They also support data obtained from
a naturally infected swine herd [28]. Thus, it
is conceivable that this virus would probably
spread quickly and efficiently if introduced
into SIV HIN1 free farms. Reports from 19
countries world wide' about putative human-
to-pig transmissions and also experimental
studies of sequential passages of the virus in
pigs [1] support this observation. However,
the data presented in this work indicated that
a previous infection with at least one circulating
European avian-like HIN1 SIV strain would
decrease the risk of a further infection with
A(HINTI) 2009, and consequently, the potential
of further reassorting.

Antiviral adaptive immune mechanisms
against influenza virus involve neutralizing anti-
bodies, including secretory IgA at mucosal sur-
faces, and CTL. Interestingly, primary influenza
virus infection in pigs induced local antigen-
specific lymphoproliferative responses and a
long-lived increase of lung CD8" T cells which
could play a role in the broad-spectrum immune
protection to heterotypic virus strains [11]. How-
ever, humoral protection against influenza
viruses is mainly mediated by antibody
responses to HA [17]. In a previous study, pigs
immunized as a result of intranasal inoculation
with either HIN1 or H3N2 showed partial
clinical protection against HIN2 challenge, and
nasal and virus shedding was two days shorter
than in naive pigs [20]. Later, Heinen et al. [11]
reported some heterotypic immunity in animals
infected by aerosol firstly with HIN1 and later
with H3N2. However, no cross-reactive HI
antibodies from SIV HINl-infected pigs were
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observed with H3N2 SIV or vice versa after pri-
mary infection. A recent report on serologic
cross-reactivity with A (HIN1) 2009 in pigs
serum showed that consecutive infection with
two European SIV subtypes induced HI cross-
reacting antibodies to A(HINT1) influenza virus,
even though European viruses do not contain a
classical swine H1 HA. These authors also
described that HI antibodies induced by a single
infection with European subtype HIN1 or HIN2
SIV did not cross-react with the pandemic
(HINT) 2009 virus [15]. The results presented
in this work are in full agreement with all these
previous data as no cross-reactive antibodies
were detected between SWHINI1 and pHINI
before pHINI infection. These results suggest
that sequence divergence of around 20-30% in
amino acids in proteins such as HA or NA do
not interfere with the generation of memory
cross-reactive B cells.

Furthermore, the sequences of pHIN1 inoc-
ulated and pHINI isolated from infected pigs
were identical, suggesting that the virus did
not evolve within the study period. This is in
agreement with data obtained so far in humans
where genetic variability of the virus is very
limited. However, recent information from a
naturally infected swine herd with A(HINI)
2009 suggested that either a higher than normal
mutation rate, strong positive selective pressure,
or a combination of both might apply for this
infection [28]. Further work will elucidate the
genetic evolution of this new virus.

Davenport et al. [2] first described in 1953
the phenomenon of original antigenic sin. This
observation was later expanded showing that
the phenomenon of original antigenic sin
responses to influenza viruses existed not just
in humans but in other species as well [5, 6,
26]. In the context of sequential infection with
two influenza viruses, the primary exposure
induces proliferation of B cells that are either
specific for the first virus only or cross-reactive
with both viruses. Upon exposure to the second
virus, memory B cells cross-reactive to both
viruses outcompete naive B cell clones just spe-
cific for novel epitopes from the second virus.
Indeed, this theoretical explanation would fit
with the results obtained in the present study,
showing that original antigenic sin also takes
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place for SIV infection in pigs. Cross-reactive
memory B cells for SWHINI and pHINI
might be generated upon infection with
SwHINI by a single SWHINI exposure. The
fact that cross-reacting antibodies were unde-
tected before pHINI1 infection indicated that
this cross-reactive memory B cell population
was a minor population. These memory cells
would be later activated by differentiating into
plasma B cells when pHINI infection took
place, explaining the rapid increase in pHINI1
specific HI antibodies 7 day after pHINI infec-
tion in animals from group SwHINI1/pHINI1
compared with HI antibodies titres in animals
only infected with pHIN1 (primary infection)
and the higher values of HI antibodies against
SwHINI at day 28 (Tab. II).

In the present experiment, the boosting
effect of pHINI infection in group SwWHIN1/
pHIN1 for IgA levels at mucosal sites and
the HI cross-reactive antibodies generated after
challenge would suggest that humoral
responses with cross-neutralizing activity in
respiratory tissues and sera played a major role
in conferring protective immunity. Therefore, it
seems that specific humoral immunity, particu-
larly the one induced at the respiratory mucosa,
correlated with protection in animals challenged
with a subsequent infection with pHINI.

To the authors’ knowledge, this is the first
study in which immunity generated against a
circulating European avian-like swine (HIN1)
influenza virus in pigs has been evaluated
against a subsequent infection with a human
(HIN1) influenza virus in pigs. In summary, a
previous infection with one of the European cir-
culating HIN1 SIV in the field was able to con-
fer protective immunity to pigs against a
challenge with the new variant A(HINI)
2009. These data pave the way for under-
standing cross-protective immune responses
generated between different influenza viral
infections, within the same subtype or different
subtypes. Further characterizations are required
to understand the whole picture and all the fine
mechanisms involved in cross-protection.
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Swine influenza is caused by type A influenza virus. Pigs can be infected by both avian and
human influenza viruses; therefore, the influenza virus infection in pigs is considered an
important public health concern. The aims of present study were to asses the
seroprevalence of swine influenza subtypes in Spain and explore the risk factors
associated with the spread of those infections. Serum samples from 2151 pigs of 98
randomly selected farms were analyzed by an indirect ELISA for detection of antibodies
against nucleoprotein A of influenza viruses and by the hemagglutination inhibition (HI)
using HIN1, HIN2 and H3N2 swine influenza viruses (SIV) as antigens. Data gathered in
questionnaires filled for each farm were used to explore risk factors associated with swine
influenza. For that purpose, data were analyzed using the generalized estimating
equations method and, in parallel by means of a logistic regression. By ELISA, 92 farms
(93.9%; Clgsy: 89.1-98.7%) had at least one positive animal and, in total, 1340/2151
animals (62.3%; Clgsy: 60.2-64.3%) were seropositive. A total of 1622 animals (75.4%;
Clgsy: 73.6-77.2%) were positive in at least one of the HI tests. Of the 98 farms, 91 (92.9%;
Clgsy: 87.7-98.1%) had H1N1 seropositive animals; 63 (64.3%; Clgsy: 54.6-73.9%) had
H1N2 seropositive pigs and 91 (92.9%; Clgsy: 87.7-98.1%) were positive to H3N2. Mixed
infections were detected in 88 farms (89.8; Clgsy: 83.7-95.9%). Three risk factors were
associated with seroprevalences of SIV: increased replacement rates in pregnancy units
and, for fatteners, existence of open partitions between pens and uncontrolled entrance to
the farm.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

circulate within the population without producing clearly
noticeable outbreaks (Elbers et al., 1992)

Type A Influenza virus infections in swine are usually
described as explosive outbreaks of acute respiratory
disease similar in clinical course to human influenza (Olsen
et al., 2006). A common assumption is that under certain
circumstances related mostly to population dynamics, an
epidemic outbreak of influenza in a pig farm may lead to
the establishment of an endemic infection where SIV can

Abbreviation: ELISA, enzyme linked immunoassay.
* Corresponding author. Tel.: +34 93 581 45 27; fax: +34 93 581 44 90.
E-mail address: meritxell.simon@cresa.uab.cat (M. Simon-Grifé).

0378-1135/$ - see front matter © 2010 Elsevier B.V. All rights reserved.

doi:10.1016/j.vetmic.2010.10.015

The three commonest subtypes of SIV are HIN1, HIN2
and H3N2. In Europe, since 1979 the dominant HIN1
viruses have been ‘avian-like’ HIN1 viruses (Brown et al.,
2000), while the most common H3N2 strains have been
human-avian reassortants between hemagglutinin (HA)
and neuraminidase (NA) genes from human-like swine
H3N2 virus and the internal proteins from avian-like swine
H1NT1 virus (Castrucci et al., 1993; Campitelli et al., 1997).
Finally, “triple reassortant” H1N2 contains HA from HIN1
human influenza virus, NA from swine H3N2 and internal
proteins from avian-like swine HIN1 virus (Brown et al.,
1998). However, the origin and nature of swine influenza
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strains are different depending on their geographical
location (Olsen et al., 2006). Thus, European H1NT1,
H3N2 and HIN2 SIV subtypes are genetically and
antigenically different from those of North America
(Kothalawala et al., 2006).

The HI, which is the classical serological test for
detecting antibodies against SIV, is subtype-specific and
is thought to be precise enough to discriminate between
infections with different SIV subtypes provided that the
viruses used as antigens in the test and the strains
circulating in a region are antigenically close (Brown et al.,
1998; Van Reeth et al., 2000, 2006).

The recent emergence of the new human pandemic A/
H1N1 influenza virus, a triple human-swine-avian reas-
sortant, was an example of the importance of pigs in the
epidemiology of influenza. In Spain, as well as in other
countries of Europe, non-random serological surveys
revealed a high seroprevalence of H1N1, HIN2 and
H3N2 in sows (Maldonado et al., 2006) and fattening pigs
(Fraile et al., 2009) but knowledge on the risk factors for
the introduction and spread of the infection in farms is
scarce. The aims of the present study were: (i) to estimate
the seroprevalence of HIN1, HIN2 and H3N2 subtypes in
sows and fattening pigs and (ii) to evaluate the potential
risk factors associated with seropositivity to the different
SIV subtypes in pig farms from Spain.

2. Materials and methods
2.1. Study design

A cross-sectional survey (2008-2009) was designed to
estimate the seroprevalence of different SIV subtypes.
Sampling was restricted to Spanish pig census, which
includes approximately 25,000,000 pigs located in about
94,000 herds. Approximately, 52% of the Spanish farms have
an average stocking rate of more than 120 large animal units
(Anonymous, 2010). Sampling was planned to be initially
conducted in farms having more than 80 sows but finishing
herds were excluded. With this restriction, 10 regions which
accounted for 96.2% of the Spanish farms were included.
Considering the previous data (Maldonado et al., 2006), an
expected prevalence of 50% was assumed. Then, given the
number of farms in Spain (n > 10,000), the precision (which
was set at £10%) and the confidence level (which was set at
95%), the sample size (97 farms) was obtained.

For practical reasons, one hundred farms were con-
sidered, and the sampling was stratified by regions
according to the proportion of farms in each one. Within
each farm, 14 sows were randomly sampled - which was
enough to detect antibodies against a given subtype if it
was present in more than 20% of the sows - and, when
available, samples from 10 finishing pigs were also
obtained; enough to detect antibodies against a certain
subtype if it affected more than 25% of fatteners. Ages of
fattening pigs sampled ranged from 11 to 20 weeks,
ensuring the absence of maternal antibodies and time
enough for the exposure to influenza viruses. In total, 1400
sows and 849 fattening pigs were sampled. Unfortunately,
sows from seven farms had been vaccinated against
influenza in the previous 2 years, and as a consequence

98 sows samples were excluded from the analysis. In
regions where the animal health authorities participated in
the sampling (Andalusia, Castilla la Mancha, Catalonia,
Extremadura, Galicia, and Navarra; representing 55% of the
total Spanish census), farms were fully selected at random
(random numbers applied to the registry reference
number of the farm). In the other four regions, full random
sampling was not always possible and, when needed, a
convenience sampling, based on the availability of swine
practitioners, was used to complete the selection of farms.
At the end of the study a total of 85 farrow-to-finish and 13
farrow-to-weaning farms were surveyed. In total 1302
samples from sows collected in 93 pregnancy units
(considering a unit as the whole group of sows of each
farm), and 849 samples from fattening pigs collected in 85
fattening units (pigs between 11 and 20 weeks of age of
each farm) were analysed. The geographical location of the
farms is represented in Fig. 1.

2.2. Data collection: the questionnaire

Epidemiological data were gathered through an on-
farm interview with the farmer. The questionnaire was
designed using only “close-ended” questions to avoid
ambiguities. Variables were grouped by topic: (a) general
data: identification, location, herd size, presence of other
domestic animal species (cats, dogs, birds or cattle), all-in/
all-out (AIAO) management system and distance to the
nearest farm; (b) production and health parameters:
number of pigs per production phase (sows, weaners,
fatteners and finishing pigs, boars), percentage of mortality
in suckling pigs, weaners and fatteners, vaccination
program and records of enteric and respiratory disease
outbreaks during the last year; (c) facilities: floor type,
floor material, presence of outdoor pens, type of waterers
and feeders; (d) biosecurity: origin of replacement gilts
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Fig. 1. Distribution of analysed farms (white dots) in Spain.
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and boars, quarantine and adaptation periods for gilts,
cleaning and disinfection methods and protocols, pest
control programs (insects and rodents), use of bird-proof
nets, presence and use of sanitary fords, sanitation of
water, disposal of carcasses and presence of a perimeter
fence.

The questionnaire was pre-tested in six farms that not
were included in the present study. Pre-testing showed
that the questionnaire took 30-45 min to complete, and
resulted in minor changes in the questionnaire format. In
all the farms included in the study, farmers agreed to
answer the questionnaire.

2.3. Sample collection

Animals were bled using a sterile collection system
(Vacutainer®™, Becton-Dickinson, USA) and blood samples
were transported to the laboratory under refrigeration
(4°C) within 24-48 h of sampling. Blood samples were
centrifuged at 400 x g for 15min at 4 °C and sera were
stored at —80 °C until further analysis.

2.4. Viruses

Three SIV strains were used: A/swine/Neth/Best/96
(avian-like HIN1), A/swine/Gent/7625/99 (HIN2) and A/
swine/Neth/St-Oedenrode/96 (avian-like H3N2) (all of
them provided by GD, Animal Service Center, Deventer,
the Netherlands). Viral stocks were produced in Madin-
Darby Canine Kidney (MDCK) cells cultured with added
trypsin as usually reported for SIV (Dea et al., 1992;
Herman et al., 2005). Cell culture supernatants were
collected at approximately 75% of cytopathic effect,
centrifuged and later titrated by hemagglutination using
chicken erythrocytes. A single stock of each virus was used
for all HI tests.

2.5. Diagnostic tests

Sera were examined by both an anti-nucleocapside type
Aindirect ELISA (Civtest Suis Influenza, Hipra Laboratories,
Amer, Spain) and by hemagglutination inhibition tests for
H1N1, HIN2 and H3N2. The ELISA was performed
according to the manufacturer’s instructions and samples
were considered positive when sample-to-positive control
ratio (S/P) was >0.2. The HI was performed according to
standard procedures (OIE, 2008) and was standardized
using four hemagglutinin units (HU) per well. To remove
nonspecific inhibitors, sera were treated overnight (18 h)
with receptor-destroying enzyme (RDE) from Vibrio
Cholerae (Sigma-Aldrich, Madrid, Spain) and were then
inactivated at 56 °C for 60 min. Subsequently, sera were
adsorbed using a 50% chicken red blood cells (RBC)
suspension at 4 °C. The starting dilution for testing sera
was 1:20. Cut-off of HI was set to >1:20.

2.6. Statistical analysis
Prevalence of antibodies against SIV was estimated

with the exact binomial confidence intervals of 95%
(Martin et al., 1987). Agreement between ELISA and HI

tests was tested by kappa statistics and discordance by
McNemar’s x>-test.

Two independent models were constructed to deter-
mine the risk factors associated with SIV, one for sows and
another for fattening pigs, since variables that might be
related to seroprevalence against SIV could differ accord-
ing to the age group. Testing of association was performed
in three steps. First, a general linear univariate analysis was
performed for each virus subtype considering the farm as
the experimental unit and seroprevalence of each subtype
of SIV subtype as a dependent variable. All variables that
yielded a p-value <0.25 in the analysis of covariance
(ANCOVA) of the univariate analysis were considered as
potential candidates for the multivariable model. This first
analysis allowed to screening variables potentially asso-
ciated with SIV seroprevalence, reducing thus the number
of variables to be included in the multivariable model.
With this strategy, manipulation of data included in the
database was considerably reduced avoiding thus human
errors. A subsequent analysis of collinearity (Spearman’s
correlation test) permitted the elimination of mutually
linked variables. In such case (p < 0.05 and R > 0.2), only
the variable more clearly linked (as decided bona fide) to
swine influenza seropositivity was kept for further analysis
(Table 1).

Finally, the effect of the remaining explanatory vari-
ables on the seroprevalence for a given subtype was
introduced into an individual-level model, considering the
individual as the experimental unit. A univariate model
was performed considering the positivity/negativity status
against each subtype as the dependent variable using
generalized estimating equations (GEE), an extension of
the logistic regression model for correlated responses
(Liang and Zeger, 1986) that allows the control of biases
produced by clustering of data (for example clustering in
farms or regions). The number of seropositive animals was
assumed to follow a binomial distribution and the farm
and region to which each pig belonged were considered as
random effects. The quasi-likelihood under independence
model criterion (QIC) was used to determine the best
model in terms of potential for explanation of the results
(Pan, 2001). Once the best model was obtained, confound-
ing was assessed. The model was evaluated by eliminating
one variable (of those included in the final model) at a time
until examining all potential combination of variables.
Confounding was considered to occur when the removal of
a variable modified the odds ratio (OR) of any of the
remaining variables by 25% or more (Dohoo et al., 2003).
Once the main-effects model was obtained, two-way
interactions were generated and checked for statistical
significance and biologic plausibility.

In parallel, a logistic regression model was used to
analyze the relationship between potential explanatory
variables and the presence of none or one vs. more than one
SIV subtypes in the same farm. Regression analyses were
performed independently for both sows and fatteners.
Variables introduced in the initial regression were those
selected after steps 1 and 2 as stated for GEE model.
Logistic regression was performed using the backward
stepwise method. SPSS 15.0 (SPSS Inc., Chicago, IL, USA)
was used for all statistical analysis.
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Table 1

Variables included in the GEE model, and variables excluded due to collinearity.

Included variables

Variables removed due to collinearity

Sows model
Presence of other livestock animals than pigs in the farm*

Replacement rate value”

Type of ventilation in pregnancy?®

Fattening pigs model
All in/all out performance in fatteners®
Number of nearby pig farms®
Controlled farm access?®
Partitions between pens in fattening units®
Presence of bird-proof nets*
Presence of other livestock animals than pigs in the farm®
Type of control system for ventilation in fattening®

Type of farm®

Number of nearby pig farms®

Type of control system for ventilation in maternity?
Type of control system for ventilation in pregnancy®
Type of ventilation in maternity?

Sow census®

Controlled access to farm?

Presence of pregnancy yards®

Type of ventilation in maternity®

Sow census®

Type of control system for ventilation in maternity®
Type of control system for ventilation in pregnancy?®
Type of ventilation in maternity?®

Sow census®

All in/all out performance in nursery?®

Partitions between pens in nursery®

Type of ventilation in fattening®
Type of control system in nursery?
Type of control hitting in nursery?®

2 Corresponding to categorical variables.
b Corresponding to continuous variables.

3. Results
3.1. Seroprevalence of different SIV subtypes

Using ELISA, antibodies against SIV were found in
animals of 92 out of 98 farms (93.9%; Clgsy: 89.1-98.7%).
The within-farm seroprevalence obtained for our sample
ranged from 4.2% to 100% (median: 70.8%; lower quartile
(Q1): 50%, upper quartile (Q3): 87.5%). In total, 1340/2151
pigs (62.3%; Clgsy: 60.2-64.3%) were seropositive. Ser-
oprevalence in sows was significantly higher (p < 0.05)
than in fattening pigs (median=92.9% vs. median = 40%
respectively). Statistically significant differences were
observed among regions (p < 0.05). Seroprevalence against
SIV by regions ranged from 23.4% to 87.3%. Higher
seroprevalences were detected in Catalonia (79.7%) and
Aragon (77.7%), compared to Castilla y Leon (63.9%),
Andalusia (58.6%), Castilla la Mancha (38.5%) and Extre-
madura (23.4%). Murcia, Valencia, Galicia and Navarra
were excluded from this particular analysis because the
number of farms sampled and the potential biases in the
intentioned sampling.

Using the HI, all the farms had positive animals to at
least one of the examined influenza subtypes. In 91/98
farms (92.9%; Clgsy: 87.7-98.1%) H1N1 seropositive pigs
were found; in 63/98 (64.3%; Clgsy: 54.6-73.9%) pigs
seropositive to HIN2 were detected and, 91 farms (92.9%;
Clgsy: 87.7-98.1%) had H3N2 seropositive pigs. Interest-
ingly, positive animals to more than one subtype were
found in 86/98 farms (87.8; Closy: 81.2-94.4%) and
serological evidence of co-circulation of all three SIV
subtypes was found in 59/98 farms (60.0%; Clgsy: 50.0-
70.0%). For all subtypes, the proportion of seropositive sow
units was significantly higher (p <0.05) than that of

fattening units for the same subtype. Within a given type of
unit (sows or fattening), prevalence of positive units
against HIN1 or H3N2 was higher (p < 0.05) than that of
H1N2. The median within a farm seroprevalence, obtained
in the sampled farms, for the different subtypes was: 58.3%
for HINT1, 25.0% for HIN2, and 58.3% for H3N2. Of the 2151
sera tested, 1622 (75.4%; Clgssy: 73.6-77.2%) were positive
in at least one of the HI tests. The results are summarized in
Tables 2 and 3.

Seroprevalence against the H3N2 subtype was sig-
nificantly lower in gilts compared to older sows (parities
1-7 or more) (p < 0.05). This difference was not observed
for the HIN1 or HIN2 subtypes. When HI titres for the
different subtypes were compared, it was observed that
the distribution of antibody titres of positive animals was
different for the different subtypes. Thus, average anti-
H3N2 titres were significantly higher (p < 0.05) (6.6 log,;
Clgsy: 6.5-6.7) than titres against either HIN1 or HIN2 (6.2
logs; Clgsy: 6.2-6.3 and 6.2 logy; Clgsy: 6.1-6.4, respec-
tively). Likewise, HIN1 and H3N2 titres were significantly
higher in sows (6.4 log,; Clgsy: 6.3-6.5 and 6.8 logy; Closy:
6.7-6.9, respectively) than in fattening pigs (5.7 logy; Clgsy:
5.5-5.9; and 6.0 log,; Clgsy: 5.8-6.2, respectively). There
were no significant differences between those two age
groups with regards to H1N2 subtype. Fig. 2 (sections a, b
and c) shows the distribution of antibody titres against
H1N1, HIN2 and H3N2.

According to the information provided by the owner,
clinical disease compatible with swine influenza during
the previous year was observed only in nine farms.
Symptomatology was observed in fattening pigs in four of
those farms and in the sows group in three of them. Only
two farms presented clinical symptoms in both age
groups.
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Table 2

Number of herds (n=98) with at least one sow and/or fattener with HI antibodies to one or more SIV subtypes.

Virus subtype(s)

Number and percentage of positive herds?®

All herds Pregnancy units Fattening units

N (%) N (%) N (%)
H1N1 (total) 91 929 88 94.6 51 60.0
H1N2 (total) 63 64.3 60 64.5 22 25.9
H3N2 (total) 91 92.9 82 88.2 51 60.0
H1N1only 5 5.1 6 6.5 12 14.1
H1N2only 0 0.0 1 1.1 1 1.2
H3N2only 5 5.1 4 43 14 16.5
HIN1+HIN2 2 2.1 4 4.3 4 4.7
H1N1 +H3N2 25 25.5 23 24.7 20 235
H1N2 + H3N2 2 2.0 0 0.0 2 24
HIN1 +H1N2 +H3N2 59 60.2 55 59.1 15 17.6
Negative to the 3 subtypes 0 0.0 0 0.0 17 20.0

¢ Cut-off=1:20.

3.1.1. Correlation between HI and ELISA

Of the 2151 examined pigs, 76.0% of the samples
analyzed were classified either as positive or negative
simultaneously by ELISA and at least one of the HI tests;
18.6% of the sera samples were positive by HI but negative
by ELISA and 5.4% of the sera samples were negative by HI
but positive by ELISA. Despite these differences, kappa
statistics showed a fairly degree of agreement (K= 0.45;
Clos%: 0.41-0.49; p < 0.05). Forty-four farms had at least
one animal negative to HI and positive to ELISA.

3.2. Risk factors associated with SIV seropositivity

3.2.1. GEE model

Separate statistical models were built for sows and
fatteners. In the case of sows, three explanatory variables
were selected for building up the GEE model: type of
ventilation in pens for pregnant sows (natural vs. forced),
presence of livestock animals of species other than pigs in
the farm, and the replacement rate value. In the GEE model
for fatteners eight explanatory variables were included:
type of farm (farrow-to-finsh vs. multisite system) pre-
sence of livestock animals of species other than pigs in the
farm, presence of bird-proof nets, type of control system
for ventilation in fattening areas (manual vs. automatic),

Table 3

controlled farm access, type of separation between pens in
fatteners (solid vs. open), number of nearby pig farms and
AIAO management in fatteners (Table 1). No confounding
factors or potentially relevant interactions between vari-
ables were observed in the finals models.

For sows, replacement rate was revealed as risk factor
for HIN2 and H3N2 (OR=1.02; Clgsy: 1.01-1.04 and
OR =1.04; Clgsy: 1.01-1.07, respectively). The OR obtained
for the replacement rate is referred to each unit of increase
on the replacement rate expressed in percentage units. On
the other hand the presence of discontinuous partitions
between pens was statistically related to seroprevalence
against HIN2 in fattening units (OR=5.31; Clgsy: 1.59-
17.70). Finally, an uncontrolled access to farm was resulted
as arisk factor for seroprevalence against HIN1 (OR = 2.44;
Clgsy: 1.01-5.87). Other included variables in the model
were not related to the seroprevalence of swine influenza.
Table 4 shows the results of the GEE model in detail.

3.2.2. Logistic regression

Separate logistic regressions were built for sows and
fattening pigs as well. For sows, the presence of antibodies
against two or more SIV subtypes was significantly
associated with higher replacement rates (OR=1.07;
C195%: 102—112)

Number of animals (n=2151) and age groups (sows: n=1302; fattening pigs: n=849) with HI antibodies to one or more SIV subtypes.

Virus subtype(s)

Number and percentage of seropositive animals?®

All animals Sows Fattening pigs

N (%) N (%) N (%)
H1N1 (total) 1229 57.1 959 73.7 270 31.8
H1N2 (total) 444 20.6 352 27.0 92 10.8
H3N2 (total) 1170 54.4 874 67.1 296 349
H1Nlonly 338 15.7 220 16.9 118 13.9
H1N2only 31 1.5 22 1.7 9 1.1
H3N2only 293 13.6 139 10.7 154 18.1
HIN1+HIN2 83 3.9 55 4.2 28 33
H1N1 +H3N2 547 254 460 353 87 10.2
H1N2 +H3N2 69 3.2 51 39 18 21
H1N1+H1IN2 + H3N2 261 12.1 224 17.2 37 4.4
Negative to the 3 subtypes 529 24.6 131 10.1 398 46.9

2 Cut-off=1:20.
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Fig. 2. Distribution of antibody titres against HIN1 (section a), HIN2 (section b) and H3N2 (section c). Dotted line represents the cut-off.

In the fattening pigs regression, two variables, absence
of bird-proof nets (OR=2.82; Clgsy: 1.08-7.40) and
uncontrolled access to farm (OR =3.46; Clgsy: 1.08-11.1),
were significantly associated with the presence of anti-
bodies against two or more SIV subtypes.

4. Discussion

Results of the present study show that swine influenza
infection is widespread in pig farms of Spain. Seropreva-
lence in sows using HI (89.9%) was similar that reported by
Van Reeth (2008) (79.2%) who analyzed sows from Spanish
farms during the period 2002-2003. The seroprevalence

obtained in our study are in the range of other European
countries such as Germany (85.2%) or Belgium (94%) (Van
Reeth et al., 2008) and indicate the ubiquitous nature of SIV
in pig farms.

In the present study, the strains used for HI were from
the Netherlands (H1N1 and H3N2) and Belgium (H1N2)
and were at least 10 years old although belonged to the
Eurasian clusters circulating in Europe. Unfortunately, the
lack of Spanish strains or the lack of information on those
available led us to that choice. The use of these strains and
not the recent Spanish SIV strains may have resulted in an
underestimation of the real seroprevalences. However, in a
recent study (Martin-Valls et al., 2010), 94 sera samples
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Table 4

Distribution of variables included in generalized estimating equations (GEE) model to determine the risk factors associated to swine influenza

seroprevalence in pigs.

Variables H1N1 H1N2 H3N2
OR 95% CIOR  p-Value OR 95% CI OR p-Value OR 95% CI OR  p-Value

Sows
Replacement rate value 099 0.98-1.01 0.563 1.02 1.01-1.04 0.007 1.04 1.01-1.07 0.005
Natural ventilation in pregnancy 0.64 0.35-1.16 0.144 0.96 0.52-1.78 0.898 0.81 0.43-1.51 0.505
Presence of livestock animals other than pigs 1.29 0.55-3.02 0.559 0.94 0.42-2.09 0.888 0.63 0.27-147 0.282
Fattening pigs
Open partition between pens in fattening units  1.48 0.69-3.14  0.312 5.31 1.59-17.70  0.007 0.85 0.39-1.88 0.689
Uncontrolled access to farm 244 1.01-5.87 0.047 2.703  0.84-8.67 0.095 1.02 0.44-236 0.969
Absence of bird-proof nets 131 0.55-3.13 0.544 2.15 0.62-7.46 0.229 1.67 0.72-390 0234
Manual control system of ventilation in 0.71 0.26-1.95  0.500 1.32 0.33-5.32 0.694 1.88 0.74-4.74 0.182

fattening units
Multisite system 0.86 0.37-2.04 0.738 0.63 0.16-2.40 0.495 1.83 0.80-4.16 0.152
Not all in/all out performance in fatteners 156 0.72-3.38 0.257 0.81 0.24-2.69 0.729 0.74 035-1.59 0.443
Number of nearby pig farms 0.97 0.86-1.10 0.638 0.95 0.83-1.10 0.504 091 0.74-1.11 0.348
Presence of livestock animals other than pigs 228 0.89-5.84 0.086 1.74 0.40-7.50 0.458 0.78 0.29-2.12  0.630

Cl, exact binomial confidence interval; OR, odds ratio.

were tested by HI using both a A/swine/Neth/Best/96
strain and a contemporary A/swine/Spain/53207/2004
H1NT1 strain, resulting in 38.3% and 40.4% of positive sera,
respectively. These data suggest that, at least for H1N1,
results of the present study were not substantially affected
by the use of Dutch or Belgian strains.

The fact that sows had higher seroprevalences than
fattening pigs is in accordance with other studies (Jeong
et al., 2007; Poljak et al., 2008) and agrees with the idea
that the chances for infection with a ubiquitous agent
increases with time. In this sense and, in agreement with
other studies (Markowska-Daniel and Stankevicius, 2005;
Poljak et al., 2008), H3N2 seropositivity also increased in
higher-parity sows.

The introduction of the “triple reassortant” HIN2 virus
into Spain is quite recent (1990s) in comparision with
H1N1 and H3N2, which were already fully established
(Brown, 2000). During these years, HIN2 subtype has had
sufficient time to spread and become endemic in pigs of
Spain. Interestingly, in this study the observed seropreva-
lence against HIN2 is significantly lower than that of HIN1
and H3N2. It could be speculated that these findings are
difficult to interpret but the lower dissemination of HIN2
might be attributable to a lower ability of the HIN2 for
being transmitted from pig to pig. Causes for such a lower
spread should be investigated.

Eighty-eight farms were seropositive against more than
one SIV subtype; at an individual level 44.6% of pigs also
had antibodies against two or three subtypes. This is a
relevant fact that indicates co-circulation of several
subtypes. In the event of simultaneous circulation of
different SIV viruses in the same farm, chances for the
generation of reassortants increase. This is how HIN2 was
probably originated (Brown et al., 1998).

Despite that all farms were positive to SIV, only 9%
reported suffering or having suffered influenza-like dis-
ease during the previous year. With all caution that
deserves clinical reports, this most probably reflects the
subclinical nature of most SIV infections (Van Reeth, 2007;
Simon-Grife et al., 2010).

When comparing ELISA and HI results by using the
kappa value, agreement of qualitative results was only fair.
In any case, if HI negative/ELISA positive results can be
interpreted as the consequence of a lack of sensitivity of HI
when strains used as a antigen in this test differs from
currently circulating strains in a region or eventually, can
also be attributed to other circulating subtypes different to
avian-like H1N1, HIN2 or H3N2; ELISA negative/HI
positive undoubtedly points to the lack of sensitivity of
the ELISA. As a matter of fact, the study carried out by
Maldonado (personal communication, 2007), demon-
strates that HIN1-positive sera were detected better than
H1N2- or H3N2-positive ones (S =100%, 86.9% and 73.4%,
respectively) when tested with the ELISA used in the
present study.

Regarding factors associated with SIV presence and
spread, in the present study, it was observed that increased
replacement rates were associated with increased ser-
opositivity of sows against HIN2 and H3N2, and with the
proportion of farms seropositive against more than one SIV
subtypes. These results suggest that the replacement rate
could act both as a source of spread and as a source of
introduction of influenzavirus on a farm through the
introduction of replacement gilts that would act as a
source of susceptible animals as well as a source of
(subclinically) infected animals. In this sense, it has been
postulated that SIV seroprevalence could decrease sig-
nificantly and even that SIV could be eventually elimi-
nated, if a temporary stop of the introduction of
replacement animals and partial depopulation were
performed (Torremorell et al., 2009).

Although ATAO management procedure is considered to
provide a minimal disease exposure (Trapp et al., 2003) -
including SIV - because of the segregation from non-
contemporary animals, our results did not show any
relationship between SIV seroprevalence and application
of AIAO. This fact makes sense considering that SIV
infection is presented as an acute process affecting the
animals during a short period and not affecting a farm as a
ubiquitous infectious agent.
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Solid separations between pens are a measure fre-
quently used to prevent pathogen transmission between
pens. Dupont et al. (2009) showed that the dissemination
of air-borne pathogens was facilitated by close contact
between animals from different pens. In our case, solid pen
separations also seemed to be related with lower
prevalences against the subtype in fattening pigs.

In our study, uncontrolled access to the farm was
associated with higher seroprevalence against HIN1 and
with the proportion of farms seropositive against more
than one subtype. As some studies have shown, people and
vehicles can act as a source of introduction of influenza-
virus in a herd (Alexander, 2007). For this reason, limiting
visits is an important biosecurity measure in order to
reduce the risk of infection.

Our results have revealed an association between lack of
bird-proof nets and presence of antibodies against two or
more subtypes of swine influenza in a farm. This result
makes sense considering that birds, especially waterfowl,
can transmit influenza virus to pigs either as virus shedding
animals or as mechanical carrier (Alexander, 2007).

In summary, the present study indicated a widespread
exposure to SIV in pig farms of Spain. Three risk factors
were associated with high seroprevalences of SIV:
increased replacement rates, open partitions between
pens of fattening pigs and uncontrolled access to the farm.
Therefore, advisable measures for reducing SIV prevalence
in pig farms would be a careful check of replacement gilts
for SIV shedding before entering them in the stock of sows,
design pens with solid partitions to minimize contacts
between animals from different pens and properly
implemented biosecurity measures that minimize the
contact of people, vehicles and wild animals with the farm
animals.
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Abstract

In order to assess the dynamics of influenza virus infection in pigs, serological and virological follow-ups were
conducted in two whole batches of pigs from two different farms (F1 and F2), from 3 weeks of age until market
age. Anti-swine influenza virus (SIV) antibodies (measured by ELISA and hemagglutination inhibition) and nasal
virus shedding (measured by RRT-PCR and isolation in embryonated chicken eggs and MDCK cells) were carried
out periodically. SIV isolates were subtyped and hemagglutinin and neuraminidase genes were partially sequenced
and analyzed phylogenetically. In F1, four waves of viral circulation were detected, and globally, 62/121 pigs
(51.2%) were positive by RRT-PCR at least once. All F1 isolates corresponded to HINT subtype although
hemagglutination inhibition results also revealed the presence of antibodies against H3N2. The first viral wave took
place in the presence of colostral-derived antibodies. Nine pigs were positive in two non-consecutive sampling
weeks, with two of the animals being positive with the same isolate. Phylogenetic analyses showed that different
HINT variants circulated in that farm. In F2, only one isolate, HIN2, was detected and all infections were
concentrated in a very short period of time, as assumed for a classic influenza outbreak. These findings led us to
propose that influenza virus infection in pigs might present different patterns, from an epidemic outbreak to an
endemic form with different waves of infections with a lower incidence.

Introduction

Swine influenza (SI) is caused by Influenzavirus type A.
In pigs, the disease is reported to be very similar to human
influenza: high fever (40.5-41.7°C), lethargy, coughing
and laboured breathing, anorexia and weight loss [1,2].
Sneezing, conjunctivitis, nasal discharge and abortions
may also be observed [2]. SI-associated gross lung lesions
observed in pigs are mainly those of a viral pneumonia,
and are characterized by a broncho-intersticial pneumonia
(BIP) [3].

Pigs can be infected with avian, swine and human influ-
enza A viruses, and for that reason, swine has been classi-
cally proposed to be the mixing vessel where reassortant
influenza strains can arise [4,5]. Although this “mixing
vessel” concept is now narrower than some years ago, the
recent emergence of a human pandemic influenza A
virus harbouring genes thought to be originally of swine
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origin stressed again the interest in the epidemiology of
influenza in pigs [6].

Traditionally, the entry of a new influenza virus in a
herd was considered to cause the appearance of the clini-
cal signs in a high percentage of animals [3]. However,
Swine Influenza Virus (SIV) seems to be more widespread
in pigs than previously thought [7]. Besides, the fact that
the incidence of confirmed clinical outbreaks of influenza
in pigs is relatively low suggests that in most cases, infec-
tions are of a subclinical nature [8-10]. On the other hand,
although the persistence of SIV activity after an acute out-
break has been described [11], and the existence of ende-
mically infected herds has been postulated [3,7], the
establishment of endemic infections in swine herds has
never been demonstrated. Beyond the picture of a classic
epidemic outbreak, there is very little knowledge about the
dynamics of SIV within pig farms.

The aim of the present study was to assess the
dynamics of influenza virus infection in pig farms,
through serological and virological follow-ups of two
whole batches of pigs from two commercial farrow-to-
finish pig farms.

© 2012 Simon-Grifé et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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Materials and methods

Ethics statement

This study was carried out in strict accordance with the
guidelines of the Good Experimental Practices (GEP)
standard adopted by the European Union. All experimen-
tal procedures were conducted in accordance with the
recommendations approved by the Animal and Human
Ethics experimentation Committee (CEEAH) of the
Universitat Autonoma de Barcelona, that ensures the
protection and welfare of the animals used in research, in
agreement with the current European Union Legislation.

Selection of herds

Selection criteria were: a previous knowledge of the sero-
logical status of the farm; absence of SIV vaccination
and, the willingness of the owner to cooperate in such a
long-term survey. In a previous study conducted between
2008 and 2009 [10], SIV seroprevalence in sows and fat-
tening pigs was assessed in 98 Spanish farms, of which
two farrow-to-finish farms located in Catalonia (NE
Spain) were selected for this study. Farm 1 (F1) was a
300-sows farrow to finish swine farm located in a high
pig density area, while Farm 2 (F2) was a farrow-to-finish
operation of 90 sows located in a region of low pig
density.

Before the start of the present study, 10 gilts, 20 sows
and 20 pigs of each age (3, 6, 9, 12, 15 and 20 weeks) were
tested serologically (ELISA, CIVTEST-Suis, Laboratorios
Hipra SA, Amer, Spain) to re-confirm the SIV status of
the two farms.

Farm facilities and biosecurity practices

Farm 1 (F1)

In F1, dry and pregnant sows were housed in stalls. Pig-
lets remained with the sows until the 4™ week of age,
when they were moved to nursery facilities. In nurseries,
pigs were housed in three separated and independent
outdoor modules, with no temperature or ventilation
control systems. At 10 weeks of age, pigs were transferred
into two independent buildings for fatteners. Finally, at
16 weeks of age, pigs were moved to finishing facilities,
where they remained until sent to the slaughterhouse at
24 weeks of age. Fattening and finishing facilities had nat-
ural ventilation and open separations between pens.

The management practices in this farm included the
use of all in/all out (AIAO) production in the nursery,
but not in the growing-finishing facilities. The main bio-
security measures included the application of quarantine
to the replacement stock, presence of a perimetral fence
around the farm and the application of a rodent control.
However, it is worth noting that biosecurity measures
such as presence of bird-proof nets in windows or a
changing room with showers were not present in F1.
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Farm 2 (F2)

In F2, sows were housed in individual stalls during gesta-
tion. Piglets were transferred to nurseries at 4 weeks of
age, where they remained until the 11" week of age.
Then, pigs were transferred to pens for fatteners where
they were housed until sent to the slaughterhouse. In this
farm, pigs were sent to the slaughterhouse in two sittings,
at 21 weeks of age (18 pigs) and at 22 weeks of age (57
pigs) depending on their weight. Nurseries were
equipped with a forced ventilation system, while fattening
units had natural ventilation; both facilities had open
separations between pens. Animals were managed on an
AIAO basis until reaching market weight.

In this farm quarantine practices were not applied
before introduction of replacement stock. Biosecurity
measures applied in F2 included the presence of a peri-
meter fence around the farm, as well as a control pro-
gram for rodents. Most of the biosecurity measures
aimed at reducing disease introduction from people,
such as presence of changing room with showers or
clothes and boots provided by the farm, were not
applied in F2. It is important to note, however, that only
the owner and the veterinarian had direct contact with
pigs from this farm. Bird-proof nets in windows were
not present in F2.

It is noteworthy that in both herds, the distribution of
pigs in the different pens was at random and, in conse-
quence, pigs from different litters or previous pens
could be mixed.

Sampling and data collection

Every time the farm was visited, pigs were clinically
inspected and the distribution of pigs per pen was
recorded. Between visits, farmers were asked to record any
abnormal event or presence of clinical signs. In F1, the fol-
low-up started in July 2009 and ended in December 2009,
while in F2 animals were followed between January 2010
and June 2010.

In each herd, a whole batch of 3-weeks-old piglets (all
piglets of that age present at the farm) was selected for
the study, and animals were identified (ear-tagged) indi-
vidually. In total, 121 pigs (11 litters) and 79 pigs (8 lit-
ters) were sampled in F1 and F2, respectively. Sera from
sows were also collected.

Pigs were followed from 3 weeks of age until sent to
the slaughterhouse. Nasal swabs of sterile cotton (ref.
300251, Deltalab, Barcelona, Spain) and serum (jugular
venipuncture) were taken periodically. After collection,
nasal swabs were placed with vigorous shaking in 1 mL
of phosphate-buffered saline plus 10% glycerol and anti-
biotics (1000 units/mL penicillin and 1000 units/mL of
streptomycin) immediately after collection and stored at
-80°C until tested.
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Initially sampling was planned to be carried out
weekly between the 3" and the 13™ week of age, and
afterwards, at 14 weeks (only nasal swabs that week), 15,
17, 20 and 24 weeks of age. However, F2 was sampled
weekly between the 3™ and 21°* or 22" week of age
because of the failure to detect SIV during the first
weeks of sampling.

Serology

Sera were examined initially by a commercial ELISA
directed to detect antibodies against type A influenza
nucleocapside (ELISA, CIVTEST-Suis, Laboratorios
Hipra SA, Amer, Spain). Also, presence of anti-influenza
antibodies in nasal swab suspensions of 3-week-old pig-
lets was assessed by means of a competition ELISA
nucleoprotein (NP) using the (ID Screen® Influenza A
Antibody Competition, ID VET, Montpellier, France). In
this case, nasal swab suspensions were examined at a 1/2
dilution, and known positive and negative samples were
used as test controls [12].

Sera collected from sows and finishers (17, 20 and 24
weeks of age in F1 and 17 and 20 weeks of age in F2)
were analyzed by the hemagglutination inhibition (HI)
assay performed according to standard procedures [2]
with 4 hemagglutinin units (HU) per well. Cut-off of HI
was set to > 1:20 as reported before [9,13]. Three SIV
strains that belonged to Eurasian clusters circulating in
Europe were used for HI: A/swine/Neth/Best/96 (avian-
like HIN1), A/swine/Gent/7625/99 (triple reassortant
H1NZ2), A/swine/Neth/St Oedenrode/96 (avian-like
H3N2) (all of them provided by GD, Animal Service Cen-
ter, Deventer, The Netherlands). Viral stocks were pro-
duced in MDCK cells and a single viral batch was used
for all HI tests. For those pigs found to be viral shedders
more than once, sera were also examined in HI using the
isolate previously retrieved from those pigs.

Nasal shedding of SIV

Detection of SIV in nasal swabs was assessed by means of
a Taq-Man real time reverse transcriptase/polymerase
chain reaction (RRT-PCR) directed to the detection of
the M gene of influenza A viruses [12] performed in a
Fast7500 equipment (Applied Biosystems, Foster City,
CA, USA). Viral RNA was extracted with QIAamp viral
kit (Qiagen, Valencia, CA, USA) according to the instruc-
tions of the manufacturer.

All SIV RRT-PCR positive samples were inoculated
into specific pathogen free (SPF) embryonated chicken
eggs (ECE) in order to attempt SIV isolation [2]. Briefly,
nasal swab suspensions were centrifuged, and 100 pL of
the supernatant were inoculated into the allantoic cavity
of 9-11-day-old ECE. Allantoic fluid was harvested 3 days
after inoculation, and SIV presence was detected by
hemagglutination. Non hemagglutinating allantoic fluids
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in the first passage were inoculated again in ECE. If the
allantoic fluid was negative after the second passage,
nasal swab suspensions were inoculated in Madin-Darby
Canine Kidney (MDCK) cells cultured with added trypsin
(5 ug/mL). Cell culture supernatants were collected at
approximately 75% of cytopathic effect, centrifuged and
later tested by RRTPCR. Samples that did not produce
cytophatic effect were subjected to a second passage in
MDCK cells. Samples were discarded if negative after the
second passage.

Subtyping and phylogenetic analysis

Viral isolates were subtyped by multiplex RT-PCR
described by Chiapponi et al. [14] for the detection of
H1, H3, N1 and N2 genes and sequenced using Big Dye
Terminator v3.1 cycle sequencing Kit (Applied Biosys-
tems, Madrid, Spain) and the ABI Prism 3100 sequence
analyser (PerkinElmer, Madrid, Spain). The isolates that
could not be amplified and sequenced using the metho-
dology cited were analyzed with different primers as an
alternative to subtype these strains. Moreover, these pri-
mers were also used to sequencing a long fragment of
the HA (1676 bp) and NA (1349 bp) genes of 26 isolates
randomly selected from the isolates obtained in the dif-
ferent weeks of sampling. Finally, the internal genes from
one isolate of 3, 7 and 13 weeks of age were partially
sequenced. The sequences of the primer set used to
amplify each segment are shown in Additional file 1:
Table S1.

Comparison with published sequences (available at
NCBI) was carried out using CLUSTAL W, and the
unrooted phylogenetic trees were generated by the dis-
tance-based neighbor-joining method (1000 iterations)
using MEGA 4.1. Relevant and not redundant HA and
NA sequences from different countries, species and
years were included in the phylogenetic analysis. Gen-
Bank accession numbers for all sequences used in this
study are listed in Additional file 2: Table S2.

Statistical analysis
SPSS 15.0 (SPSS Inc., Chicago, IL, USA) was used for all
statistical analysis.

Results

Farm 1

Antibodies against influenza A viruses

Figure 1 summarizes the evolution of seroprevalence. At 3
weeks of age, seroprevalence by ELISA was 56.2% (68/121),
and declined to a 10.3% (12/116) at 6 weeks of age. After-
wards and until the 15" week of age, seroprevalence varied
between 18.3 and 44.9%. Almost all the 15-week-old sero-
negative animals seroconverted afterwards. Anti-NP anti-
bodies were not detected in nasal swabs from animals of 3
weeks of age.
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Figure 1 Seroprevalence and incidence of SIV in Farm 1. Antibodies against SIV were analyzed by ELISA (line) and nasal shedders were

Table 1 shows the proportion of pigs positive by the
hemagglutination inhibition test (> 1:20) to HIN1, HIN2
and H3N2 subtypes at 17, 20 and 24 weeks of age. In all
cases HIN1 and H3N2 seropositive animals were detected,
but no antibodies against HIN2 were found. When the
sera from pigs that were positive by RRT-PCR more than
once were analyzed by HI test using the strain previously
isolated from them as antigen, only 4/9 showed titres >
1:20 at the time of the second detection. These sera with
antibodies against the strain isolated in the farm belonged
to animals of 7 weeks of age (1/9), 13 weeks of age (2/9)
and 15 weeks of age (1/9), while sera without antibodies
were from pigs of 7 weeks of age (2/9), 13 weeks of age
(2/9) and 24 weeks of age (1/9).

Regarding sows, all were seropositive for H3N2 and
9/11 had antibodies against HIN1.

Viral shedding

Using RRT-PCR, 62 animals (51.2%) were positive at least
once. As shown in Figure 1, four waves of viral circula-
tion were observed: in farrowing units (at 3 and 4 weeks
of age), in nurseries (at 7 weeks of age), in fattening units
(at 13 weeks of age), and in finishing units (at 15, 17, and

20 weeks of age), with incidences ranging from 3.0 to
28.1%. Interestingly, nine animals (7.4%) were positive in
at least two different occasions.

S IV was isolated either in ECE or MDCK in at least one
sample from all weeks, in exception of the 17 weeks of
age, that had RRT-PCR positive nasal swabs; namely
42 isolates (58.3% of the positive samples). Isolations were
obtained from animals with ages of 3 weeks (19 isolates),
4 (8 isolates), 7 (8 isolates), 13 (4 isolates), 15 (2 isolates),
and 20 (1 isolates). Of the 42 isolates, 40 were partially
sequenced for hemagglutinin (HA), 34 for neuraminidase
(NA) and 34 were subtyped for both HA and NA. Two
isolates could not be amplified and sequenced neither HA
nor NA.

The similarity of the complete nucleotide sequences of
the HA (1676 bp) and NA (1349 bp) from the 26 isolates
analyzed ranged from 99.2% to 100% and from 99.4% to
100% for HA and NA genes, respectively. On the other
hand, analysis of the nucleotide sequences of the internal
genes of three isolates showed a high similarity; from
99.7% to 99.8% for polymerase gene 2 (PB2) and polymer-
ase gene 1 (PB1), from 99.6 to 99.9 for polymerase gene A

Table 1 Seroprevalence of antibodies against HIN1, HIN2 and H3N2 in Farm 1 obtained by HI test

Percentage of seropositive animals*

Age (weeks) H1N1 H1N2 H3N2
Seroprevalence (%) 95% ClI Seroprevalence (%) 95% ClI Seroprevalence (%) 95% ClI
17 83.7 74.5-90.1 0 0-4.7 80.6 71.1-87.6
20 516 41.2-61.9 0 0-4.8 96.8 90.5-99.1
24 532 42.7-63.5 0 0-4.9 777 67.7-85.3

* Cut-off = > 1:20
Cl, exact binomial confidence interval



Simon-Grifé et al. Veterinary Research 2012, 43:24
http://www.veterinaryresearch.org/content/43/1/24

(PA), from 99.8 to 100% for nucleoprotein gene (NP), of
100% for matrix gene (MA) and from 99.2 to 99.6 for
non-structural gene (NS).

The phylogenetic analysis of the HA gene showed two
distinct clusters designated as I and II (Figure 2). Cluster
I was made up of isolates belonging mainly to farrowing
area (3 and 4 weeks of age) and to fattening area (13
and 15 weeks of age). In contrast, cluster II was com-
posed of isolates belonging to farrowing area (3 and
4 weeks of age), weaning area (7 weeks of age) and fin-
ishing area (20 weeks of age). The NA phylogenetic ana-
lysis showed at least 4 different clusters designated as
IIL, IV, V, VI (Figure 2). Cluster III and V included iso-
lates belonging mainly to farrowing area and to fattening
area. Cluster IV was made up of isolates from pigs of 3
and 4 weeks of age. Finally, cluster VI was composed of
isolates belonging to farrowing area, weaning area and
finishing area.

Interestingly, nine animals were found to be positive
by RRT-PCR at two sampling times. The SIV could be
isolated at the two sampling points only from three out
of the nine positive animals (designed as 8, 103 and
109). SIV isolated from the animals 8 and 103 were
grouped in cluster II and in cluster I, respectively. In
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contrast, the distinct isolates obtained from pig 109
were classified in cluster I (isolate obtained at 4 weeks
of age) and in cluster II (isolate obtained at 20 weeks of
age).

All the isolates from this farm were subtyped as HIN1
and grouped with other European HIN1 SIV of an
avian-like clade (Figure 3).

When the distribution of RRT-PCR positive pigs was
examined, it was shown that in farrowing units 10/11 lit-
ters had at least one positive piglet at 3 weeks of age, but
this proportion decreased to 4/11 one week later. In nur-
series, all positive pigs of 7 weeks of age were housed in
the same pen. In the other two pens viral shedders were
not found throughout the whole 6 week period for which
they were allocated there. Virus positive animals at 13™
and 15 weeks of age were detected in two pens (4 and
6). Finally, for finishers 6/8 pens had at least one positive
animal at 17 or 20 weeks of age. The distribution of posi-
tive animals throughout the study is represented in
Figure 4.

Clinical signs and gross lesions

Only a low percentage of pigs (< 4%) showed mild influ-
enza-like signs throughout the study, but mortality rates
reached 20.3%. When possible, the necropsy of these

HA gene
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animals was performed but only two of the nine necrop-
sied pigs presented lesions compatible with BIP. Besides
this, two pigs had fibrous/fibrinous polyserositis, and
another pig had pulmonary haemorrhage and necrosis
compatible with Actinobacillus pleuropneumoniae.
Taken together, the lesions observed seem to indicate
that this farm was affected by a porcine respiratory dis-
ease complex.

No viral RNA was detected by RRT-PCR in the lungs
of any of the necropsied pigs.

Farm 2

Antibodies against influenza A viruses

In the first sampling (3 weeks of age) seroprevalence by
ELISA was 93.7% (74/79). Then, seroprevalence
decreased, and by 11 weeks of age all pigs were seronega-
tive and remained so until 17 weeks of age. Seroconver-
sions started at 18 weeks of age and in the last sampling
(22 weeks of age) 84.2% (48/57) of animals were seroposi-
tive. Figure 5 summarizes these results. Anti-NP antibo-
dies were not detected in nasal swabs from animals of
3 weeks of age.

Using HI, at 20 weeks of age, 92% (69/75) of the pigs
were seropositive against HIN2, but no antibodies against
HIN1 or H3N2 were found. Regarding sows, 4/8 were
positive for HIN2 and 7/8 and 8/8 were seropositive to
HIN1 and H3NZ2, respectively.

Viral shedding

Fifty-seven pigs (72.2%) were positive by RRT-PCR; of
them, one was positive at 6 weeks of age and all the
others at 17 weeks of age.

No viral isolation was obtained from nasal swabs in
ECE; while, 53 isolates were obtained in MDCK cells,
representing 92.9% of RRT-PCR positive samples.
Unfortunately, SIV could not be isolated from the
only RRT-PCR positive nasal swab at 6 weeks. For
further characterization seven isolates were randomly
selected, and their HA and NA genes were partially
sequenced, corresponding to HIN2 SIV. Analysis of
the nucleotide sequences of the HA (382 bp) and NA
(702 bp) showed a similarity ranging from 99.4% to
100% and from 99.8 to 100%, for HA and NA genes
respectively, indicating the presence of just one viral
strain. The H1 sequences were phylogenetically related
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Clinical signs and gross lesions

Mild clinical signs compatible with influenza were
detected at 17" and 18™ weeks of age, but only affected
a low percentage of pigs (6.6% and 1.3%, respectively).
The mortality rate in this batch during the study was
5.1%.

Discussion

Results of the present study illustrate the existence of
epidemic and endemic influenza infections in pig farms.
While the presentation of the infection in F2 agrees with
the traditional picture of an epidemic form of influenza,
although of low virulence, the pattern of F1 depicts an
endemic situation with an insidious spread, no overt
signs but high mortality, and with the co-circulation of
different HIN1 variants and probably an additional
H3NZ2, as shown by HI. This opens several questions
about the epidemiology, the clinical significance and even
about the protection against infection with similar strains
of SIV.

In F1 four viral waves were detected followed by sero-
conversion of a number of pigs. In this farm we identified
shedder piglets at 3 and 4 weeks of age, while they were
still with the sows. This finding contrasts with previous
data suggesting that most SIV infections take place after
the decay of maternal antibodies which occurs after 10
weeks of age [15,16]. On the other hand, mucosal IgA is
considered to be a correlate of protection against virus
replicating in the upper airways [17,18]. In the present
case, piglets with maternal-derived antibodies against SIV
were found to be positive by RRT-PCR, reinforcing the

idea that the measurement of maternal antibodies does
not correlate with protection against SIV at a mucosal
level [19-23]. All the SIV positive piglets of 3-4 weeks of
age showed a lack of specific IgA anti- SIV in nasal level.
Beyond a potential lack of sensitivity of the test for the
detection of antibodies in nasal mucus, this result would
explain the finding of seropositive but infected piglets.

Interestingly, nine pigs were detected as positive by
RRT-PCR at two sampling times separated at least four
weeks. Although it may be possible that these pigs were
infected continuously, but positivity was not detected at
some of the sampling times, it seems unlikely since such
a long duration of SIV nasal viral shedding has never
been reported [24].

Humoral protection against influenza viruses is mainly
mediated by antibody responses to HA [25]. In this
sense, we also identified two pigs infected in different
weeks by SIV strains belonging to the same HA clade in
spite of having HI titres > 1:20 against the infecting
strain. This observation can be either the result of a
true infection, in which case the predictive value of HI
antibodies for determining protection could be ques-
tioned, or the consequence of an external contamination
of the sample, produced, for example by a recent con-
tact of the pig with a shedder pen-mate.

The presence of infected piglets in farrowing units also
raises the question of the potential sources of infection.
The most obvious source of virus for the piglets could be
the sows, although most of them were seropositive for
HINI. Unfortunately we did not test them virologically,
and this point cannot be clarified. In any case, the role of
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sows for maintaining viral circulation in SIV endemic
farms is unknown and would deserve more in-depth
studies.

One of the most interesting findings of the study was
the detection of different HIN1 variants in the same
batch of pigs from F1 accordingly the phylogenetic analy-
sis of HA and NA instead the internal genes from the
three isolates analyzed showed a high similarity between
them. Moreover, the isolates seem to be grouped in the
different clusters according to the weeks of age of the
animals. Taken together, these results suggest that drift
processes have occurred in F1 and as a consequence drift
variants have been generated during the sampling frame.
To our knowledge this is the first report of some close
related HIN1 variants co-circulating endemically in a
herd. Besides this, the existence of variants belonging to
the HIN1 subtype with small genetic divergence suggests
that this virus have been circulating in the herd for a
long time. The endemic circulation of distinct HIN1
strains in F1 emphasizes the potential for the emergence
of reassortant viruses in pig farms. However, the evidence
of simultaneous infection of the same pigs is still lacking.
Interestingly, recent studies have shown that intra-
subtype reassortment events have played an important
role in the evolutionary history of A/HIN1; for example,
in the genesis of strains associated with influenza epi-
demics in humans caused by A/H1IN1 viruses in 1947
and 1951 [26]. Furthermore, the presence of drift variants
in the same batch of pigs may explain the detection
of positive pigs by RRT-PCR more than once sampling
time since antigenic drift may facilitate viral escape from
antibody neutralization [27]. These facts can be also
explained by the development of a weak immunity
against the homologous or the heterologous strain, sug-
gesting a partial protection unable to prevent the second
infection. However, these finding should be thoroughly
investigated by means of transmission-by-contact models.

Another point of interest is the source of SIV infec-
tion in the studied farms. The introduction of asympto-
matic carrier pigs as well as the transmission from
humans could explain the introduction of the virus in
these farms. Furthermore, the dissemination of the virus
from a neighbouring farm, by aerial transmission could
be another potential mechanism of SIV introduction [3].
In this sense, F1 was located in a region of higher pig
density areas compared to where F2 was located, and
since pig density in a region has been related with SIV
prevalence [28] it may seem that F1 was at a higher risk
of SIV introduction compared to F2. Finally, other pos-
sible means of SIV introduction in these farms could be
via fomites or birds.

Influenza viruses are usually classified into Eurasian
and north American lineages. The phylogenetic analysis
of strains isolated in F2 revealed that the NA was more
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related to those of swine and human H3N2 virus from
North-American lineage. These findings are in agreement
with an earlier study by Liu et al. [29], who proposed that
the classification of influenza viruses should be more
complicated than these two lineages. Moreover, these
results highlight the potential intercontinental virus
exchange, gene flow and reassortant between Eurasian
and North American lineages.

Closed separations between pens which do not allow
direct physical contact between pigs from different pens
are often considered as a preventive measure against dis-
semination of airborne pathogens, including SIV [10,30].
In our study, the lack of transmission among pigs housed
in different pens with closed separations indicates that it
would be advisable to design farm facilities with closed
partitions between pens in order to minimize spread of
SIV infection.

From a methodological point of view, it is worth to
note that only HIN1 and HIN2 viruses could be isolated
in spite of evidences for H3N2 being present in F1.
Multiples reasons could explain the unsuccessful isola-
tion of this subtype, among them the inactivation of the
virus during transport or failure to replicate in eggs [31]
or in MDCK cells cultures [32,33] due to a low HA
receptor-binding activity. The inactivation hypothesis
seems unlikely because of the considerable rate of isola-
tion for other samples treated exactly the same than
those containing H3N2. Furthermore, some of the iso-
lates could not be sequenced because RT-PCR failed to
amplify the HA or NA genes. In any case, these results
can be interpreted as the consequence of a high variabil-
ity of HA sequences or eventually, can also be attributed
to other circulating HA and NA different to H1, H3, N1
or N2. Regarding HI test, it is important to consider that
the strains used as antigen were from The Netherlands
and Belgium, and all of them were at least 12 years old.
The use of these strains can result in an underestimation
of the true percentage of seropositive animals. However,
in a recent study [34] on cross reactivity between A/
swine/Neth/Best/96 and A/swine/Spain/53207/2004,
both strains produced fairly similar titres. These data
suggest that, at least for HIN1, the results of the present
study were not substantially affected by the use of Dutch
or Belgian strains. Furthermore, it is important to note
that despite the high specificity (100%) of the indirect
ELISA, the sensitivity (Se) seems be better for HIN1 sub-
type than for HIN2 and H3N2 subtypes (Se = 100%,
86.9% and 73.4%, respectively) [35], and this could also
result in an underestimation of the seroprevalences
obtained.

In conclusion, we report that influenza infection in pigs
from commercial herds can occur with different patterns,
from an acute outbreak with epidemic spread to an ende-
mic situation. This work also shows that SIV infection
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can occur in piglets in presence of colostral-derived anti-
bodies against the subtypes circulating in the farm. More-
over, evidences suggest that homologous protection after
infection with one strain could not fully prevent a second
infection with the same strain or a closely related one.
Also, in an endemic farm, several SIV may co-circulate
for extended periods of time. A better knowledge of the
SIV epidemiology may contribute to improve the under-
standing of the arising of pandemic viruses.

Additional material

Additional file 1: Table S1 Primer set used to amplify each segment
of the SIV. Primer set used to amplify each segment of the SIV and
information about the begin and end positions of each one.

Additional file 2: Table S2 GenBank accession numbers of HA and
NA sequences used in phylogenetic analysis. GenBank accession
numbers and background information for sequences of influenza A virus
used in the phylogenetic analysis.
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Abstract

Outbreaks involving either H5N1 or HIN1 influenza viruses (IV) have recently become an increasing threat to cause potential
pandemics. Pigs have an important role in this aspect. As reflected in the 2009 human H1N1 pandemia, they may act as a
vehicle for mixing and generating new assortments of viruses potentially pathogenic to animals and humans. Lack of
universal vaccines against the highly variable influenza virus forces scientists to continuously design vaccines a la carte,
which is an expensive and risky practice overall when dealing with virulent strains. Therefore, we focused our efforts on
developing a broadly protective influenza vaccine based on the Informational Spectrum Method (ISM). This theoretical
prediction allows the selection of highly conserved peptide sequences from within the hemagglutinin subunit 1 protein
(HA1) from either H5 or H1 viruses which are located in the flanking region of the HA binding site and with the potential to
elicit broader immune responses than conventional vaccines. Confirming the theoretical predictions, immunization of
conventional farm pigs with the synthetic peptides induced humoral responses in every single pig. The fact that the
induced antibodies were able to recognize in vitro heterologous influenza viruses such as the pandemic HIN1 virus
(pH1N1), two swine influenza field isolates (SWH1N1 and SwH3N2) and a H5N1 highly pathogenic avian virus, confirm the
broad recognition of the antibodies induced. Unexpectedly, all pigs also showed T-cell responses that not only recognized
the specific peptides, but also the pH1N1 virus. Finally, a partial effect on the kinetics of virus clearance was observed after
the intranasal infection with the pH1N1 virus, setting forth the groundwork for the design of peptide-based vaccines against
influenza viruses. Further insights into the understanding of the mechanisms involved in the protection afforded will be
necessary to optimize future vaccine formulations.
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Introduction avian, pig and human origin [2]. Although the virus was not as

o ) pathogenic to humans as expected, severe disease cases associated

In the last decades, several cases of human infection with the with pHINT have been more recently reported in England (http://
highly pathogenic avian influenza virus (HPAIV) HSNT have been www.who.int/influenza/surveillance_monitoring/updates/

reported by the World Health Organization http://www.who.int/ 2010_12_30_GIP_surveillance/en/). The future evolution of this or

influenza/human_animal_interface/avian_influenza/en/). It is a any emergent influenza virus (IV) is uncertain. This is a distressing

common assumption that the pig may act as mixing vessel to matter particularly because available vaccines and therapies are

generate new reassortant influenza viruses due to the presence of
receptors for both avian and mammalian influenza viruses in the
epithelial cells of their respiratory tract [1]. A recent example of the therapeutic measures to fight against future IV is a must for public
latter caused the first pandemia of the 21st century, starting in 2009 health.

as a consequence of the global spread of a swine-origin influenza

virus A HIN1 (pHINT). This was a virus that contained genes from

strictly restricted to phylogenetically closely related circulating
viruses. Therefore, finding universal and effective vaccines and
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IV hemagglutinin (HA) is a viral surface polypeptide that
mediates both, the binding of IV to the host cell surface and the
fusion of viral and endosomal membranes [3]. HA is formed by
subunit 1 (HA1) and subunit 2 (HA2) and both the N- and C-
terminal parts of HA1 together with HA2 comprise the stalk of the
molecule [4]. Vaccines designed to elicit antibodies against the
stalk of HA are reported to confer protection against IV infection
in mice [5]. HAI, although highly variable, encodes specific and
highly conserved domains which may be involved in determining
the recognition and targeting (RTD) of influenza viruses to their
receptor as revealed by the Informational Spectrum Method (ISM)
[6]. This includes the VIN1 domain, located within the site E in
the N-terminus of HA1 [7]. In contrast with the high variability
suffered by the globular part of the HAI molecule, which is
directly responsible for the receptor tropism, the site E remains
relatively highly conserved [8]. Thus, representing potential
targets to develop broad array of protective therapies and vaccines
against IV infection.

Due to the already mentioned recent cases related to H5N1 and
HINI1 IV subtypes, and because their potential to cause future
outbreaks among the population, we focused our efforts on
designing a vaccine capable of confering protection against both
viral subtypes. As previously reported, RTD of HAI from different
HINTI strains and HA1 from the recently emerged in Egypt H5N1
IV encode the same information. However, HA1 from H3N2 and all
other H5N1 viruses encode different RT information [6,7]. Thus,
alming to increase the vaccine coverage, one HAl-peptide from the
VINI domain of HIN1 and three HA1-peptides from two different
H5NI IV strains were designed and selected based on ISM.

In order to test the immunogenicity of our experimental vaccine,
we decided to immunize conventional pigs with the combination of
the synthesized peptides. Pigs allow the evaluation of the protective
efficacy of experimental vaccines against several viral strains,
including the recently pandemic HINI wvirus, pHINI [11].
Confirming the rationale behind their use as a pre-clinical animal
model, immunization of conventional pigs with the VIN1-peptide
cocktail allow us to demonstrate the induction of peptide-specific
antibody and T-cell responses in every single animal, independently
of their swine leukocyte antigen (SLA)-haplotype. Specific B and T-
cell responses were induced against each one of the H1 and H5-
peptides used, confirming their immunogenicity i vivo. Interesting-
ly, the elicited antibodies also recognized several heterologous
viruses i vitro, including the pHINI, two swine influenza field
isolates (SWHIN1 and SwH3N2) and a H5N1 highly pathogenic
avian virus. This, together with the fact that the specific T-cell
responses induced were also able to recognize the inactivated
pHINI, encouraged us to challenge all pigs with the pHINI
influenza virus. Albeit preliminary, our results demonstrate that
VIN1-vaccination was able to confer a partial protection against
intranasal challenge with pH1N1, as demonstrated with the partial
and total viral clearance from the lung lavages in two out of four
mmmunized pigs. We believe that our results could contribute to the
obtainment of a broader array of protective vaccines against future
influenza outbreaks or even pandemics.

Results

VINT as a Synthetic Peptide-vaccine

The highly conserved VIN1 domain, located within the E site in
the N-terminus of the HA1 molecule, plays an important role in
the recognition and targeting (RT) between virus and receptor,
therefore representing an ideal target for an antibody-mediated
therapy against influenza infection [7]. Informational spectral
analysis revealed that the RT domains of HAL from HIN1/1918,

{:j PLoS ONE | www.plosone.org
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pHIN1/2009, seasonal HIN1 and H5NI1 emerged in Egypt
encode the same information despite differences in their primary
structures. Thus, based on ISM and using information available
on the properties of HA and its receptors, a single 34-mer peptide
(NF-34) from the HIN1 subtype was selected from within the
VINI region. NF-34 corresponds to positions 87-120 from the A/
South Carolina/1/18 (HINI) virus (Table 1). Additionally, a
peptide (ES-34) from the VINI domain from the A/Egypt/0636-
NAMRU3/2007 (E; H5N1) was also selected and included in the
vaccine. In previous studies, we also showed that HA1 from H3N2
and all other H5N1 encode different RT information [6,7].
Aiming to increase the vaccine coverage, two additional peptides
(LE-35.1 and LE-35.2) were selected from the A/Hong Kong/
213/03 (HK; H5N1) IV and both peptides were added to NF-34
and ES-34. LE-35.1 and LE-35.2 differ only in positions 43 and 48
(Table 1), representing “hot spots” of variability within this H5N1
sequence.

Amino acid sequences from pHINI virus and VINI-peptides
are given in Table 1. The identity between pHINI virus and NF-
34 (Hl-peptide) is 92%. The similarity between all the Hb5-
peptides and the pHIN1 virus is less than 75% with even lower
identities, being less than 40% when comparing pHINI and ES-
34. There was no homology between the HK-derived peptides
(LE-35.1 and LE-35.2) and the E-derived peptide (ES-34). The
two amino acid differences between LE-35.1 and LE-35.2
represent a 95% of identity between them.

Immunogenicity of VIN1 Peptides in a Pig Model

The pig is a good model not only to study influenza
pathogenesis and therapy [9], but also for developmental
immunology [10]. Thus, to confirm the bioinformatic predictions
related to the capacity of VINl-peptides to elicit humoral
responses, four of the influenza-seronegative pigs were immunized
three times with the VIN1-peptide mixture with two week intervals
between immunizations. Four extra-pigs (also negative for IV
antibodies) were inoculated with saline solution and remained as
negative controls during the assay. To evaluate the ability of the
VINI-peptide cocktail to elicit antibodies, sera obtained 15 days
after each immunization were tested against the peptides. Results
obtained by ELISA showed that the immunization was efficient
since every single immunized pig produced specific antibodies
against the VINIl-peptide pool, detectable after the second
immunization (Fig. 1A). VINI-peptides also elicited high antibody
titres against each one of the single peptides included in the
vaccine (Fig. 1B). In correlation with the high specificity shown in
the peptide-ELISA, sera from peptide-immunized pigs specifically
reacted against the purified hemagglutinin protein of H5- and H1-
subtypes, with only one serum from the VINI group showing
background OD values in the HI-ELISA (Fig. 1C).

Finally, we were intrigued to find that VIN1-peptides also had
the ability to induce T-cell responses. PBMC isolated from VINI-
immunized pigs specifically secreted IFN-y in response to i vitro
stimulation with VINI-peptide cocktail (Fig. 2). First, we noted
that VIN1-PBMC specifically secreted IFN-y two weeks after the
first immunization. Second, a homogeneous T-cell activity against
the VINI-peptide cocktail was detected between animals after the
third immunization (Fig. 24). And third, that all peptides were
recognized by the specific T-cell induced (Iig. 2B). These results
demonstrated that VIN1-peptides could act as productive immu-
nogens in pigs.
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Table 1. Amino acid sequences from the peptides used for immunization compared to the homologue sequence of the HA
receptor recognition domain of the challenging strain (pH1N1) and the HA purified proteins used for the serologic tests.

Strain Short name Residues Sequence

Challenge

A/Catalonia/63/2009 (H1N1) pH1N1 59-92 SSDNGTCYPGDFIDYEELREQLSSVSSFERFEIF

Immunization

A/South Carolina/1/18 (HIN1) NF-34 87-120 NSENGTCYPGDFIDYEELREQLSSVSSFEKFEIF

A/Egypt/0636-NAMRU3/2007 (H5N1) ES-34 99-132 EELKHLLSRINHFEKIQIIPKNSWSDHEASGVSS

A/Hong Kong/213/03 (H5N1) LE-35.1 41-75 LCDLDGVHPLILRDCSVAGWLLGNPMCDEFINVPE

A/Hong Kong/213/03 (H5N1) LE-35.2 41-75 LCNLDGVKPLILRDCSVAGWLLGNPMCDEFINVPE

HA purified proteins

A/VietNam/1203/04 (H5) VNO4 115-149 57-91 EELKHLLSRINHFEKIQIIPKSSWSSHEASLGVSS
LCDLDGVKPLILRDCSVAGWLLGNPMCDEFINVPE

A/New Caledonia/20/99 (H1) NCD99 101-134 NPENGTCYPGYFADYEELREQLSSVSSFERFEIF

doi:10.1371/journal.pone.0040524.t001

VINT1 Peptide Immunization Partially Prevent pH1N1 Virus
Replication in BAL

As previously reported, the pig can be used to evaluate the
protection of experimental pHINT1 influenza vaccines since they
are natural receptive hosts for this virus subtype [11]. Aiming to
evaluate the protective potential of our vaccine prototype, VINI
peptide-vaccinated and control pigs were subjected to intranasal
challenge with 10° TCIDs, of pHINI IV. The pHINI virus
differs in three amino acids from the H1-peptide (NF-34) used in
the vaccine (Table 1).

Intranasal infection of control pigs caused a subclinical infection
and minor hystopathological changes. Moreover, mild to moder-
ate BIP was recorded at necropsy (6 dpi), albeit virus was
recovered from BAL at this time-point (Fig. 3). These results are in
concordance with previously reported data obtained using
colostrums-deprived pigs [11]; therefore, validating the use of
seronegative conventional animals for vaccine testing. We did not
detect differences in the severity of the lesions in lungs of
vaccinated and non vaccinated animals. However, in contrast with
control pigs, 2 out of 4 VINI1-peptide vaccinated pigs showed no
or less viral RNA in their BAL (Fig. 3), which demonstrates a
partially protective effect of our experimental vaccine.

VIN1 Peptides Induce Antibodies and T-cells that
Specifically Recognize the pH1N1 Virus

In an attempt to correlate the protection provided from the
immunological outcome induced by our vaccine, sera from
immunized and control pigs were used to evaluate their capability
to n vitro recognize the pHINT1. Sera obtained before the challenge
from pigs vaccinated with VINI-peptides, specifically detected
pHINI infected-MDCK cells, as shown by indirect IF (Fig. 4
panel A). As expected, sera from control animals showed no
reaction (Fig. 4 panel B); thus, demonstrating the ability of the
peptide-induced antibodies to specifically identify the virus.
Importantly, every single cell infected by pHINI was also
recognized by the specific NS1-monoclonal antibody (Fig. 4 panel
C) confirming the specificity of the reactions. Furthermore, sera
from 2 of the pigs immunized with VINI-peptides showed
detectable HI activity, albeit at low titre and only those obtained
at 6 dpi (Fig. 5A). As expected, sera from the control pigs did not
show any specific response even at 6 dpi, which confirms the

{:j PLoS ONE | www.plosone.org

In bold type, the amionacids differences between sequences are represented. Differences between the pH1N1 virus and the H1-peptide (NF-34) in homologous
positions within the HA receptor recognition domain are marked. Aminoacid differences in the two H5-HK derived peptides (LE-35.1/2) are also represented.

efficacy of our experimental vaccine to prime for viral-specific
antibody responses. Regarding the presence of SN'T' antibodies, no
significant differences were observed between the animal groups,
at least at day 6pi (Fig. 5A).

As occurred for the antibodies, the induced T-cell responses
measured by IFN-y ELISPOT, not only specifically recognized the
synthetic peptides, but also the pHINTI virus. Thus, before the
challenge only one out of four of the VIN1-vaccinated pigs showed
detectable T-cell responses in response to i vitro stimulation with
the inactivated pHI1N1, while all vaccinated pigs responded at 6
dpi (Fig. 5B).

VIN1 Peptides Induce Antibodies that Recognize Distinct
Viral Subtypes

Current influenza vaccines protect mostly against homologous
virus strains. The presented VINI-peptide cocktail did not confer
efficient neutralizing antibodies and only one pig did not show
viral RNA in BAL 6 dpi. However, an IF was performed to
demonstrate that vaccination elicits antibodies that recognize
different viruses. VIN1-sera obtained after three immunizations
specifically detected SWHIN1 and H5N1 infected-MDCK cells, as
shown by IF (Fig. 6). Furthermore, antibodies elicited after VIN1-
immunization specifically detected SWH3N2 (Fig. 6).

To further investigate the antibody response, an HI assay was
performed against the same virus subtypes: H5N1 HPAIV,
SwHINI IV and SwH3N2 IV. No inhibition activity was
recorded against any of the mentioned virus for any sera.

Discussion

The search for universal vaccines against influenza viruses is a
must. Most efforts have been focussed on driving the immune
response against well conserved epitopes or proteins of IV, such as
the influenza ion channel M2 protein, and conserved
epitopes from the influenza NP and matrix 1 (M1) [12,13,14].
More recently, the potential use of highly conserved synthetic
peptides from HA2 as an efficient vaccine in mice has also been
demonstrated [15]. In this report, we show evidence of the
potential use of conserved HAI peptides in future vaccine
formulations using conventional pigs.

July 2012 | Volume 7 | Issue 7 | e40524
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Figure 1. VIN1-peptide cocktail acts as a potent immunogen and the elicited sera reacts with different hemagglutinin subtypes and
against VIN1-peptides. (A) Sera from individuals were obtained 15 days after each immunization and were tested for binding to a mixture of the
VIN1-peptides (serum dilution 1:100) by ELISA. (B) Sera from individual pigs were obtained 15 days after the third immunization and were serially
diluted and tested for binding to each single peptide by ELISA and (C) Sera described in B) were tested for binding to H5- or H1- recombinant

hemagglutinin by ELISA.
doi:10.1371/journal.pone.0040524.g001

Peptides derived from the HA1-VIN1 domain were selected by
ISM [6,7] and were used for the immunization carried out in the
present study. As predicted, immunization of pigs with VINI-
peptides induced specific anti-VIN1 peptides antibodies that
recognized the VINI1-peptides (Fig. 1A and 1B), the H1 and H5
recombinant proteins (Fig. 1C) and also the heterologous pHINI1
IV (Fig. 4). Even though it was not predicted, VINI-peptide
immunization was also able to induce T-cell responses in every
single conventional pig that, again, not only recognized the specific
peptides but also the heterologous pHINI1 IV. Interestingly
enough, not all peptides seemed to be equally recognized, with
both the NF-34 and ES-34 from the H1 and H5 hemagglutinin,
respectively, being optimally recognized. The fact that these two
epitopes are located in equivalent regions within the primary
structure of the HAI subunit, validate even more the ISM
predictions.

An ideal vaccine should elicit both humoral and cellular
responses in the context of highly variable Major Histocompat-

{:j PLoS ONE | www.plosone.org

ibility Complex (MHC), which is what we found with our vaccine.
The fact that swine and human MHC complexes are remarkably
similar [16], opens avenues for the extrapolation of these and
future results for human medicine.

We observed an increase in virus clearance after the challenge
with pHINT1 virus, which differs in 3 amino acids from NF-34 (the
Hl-peptide used in the VIN1-vaccine) (Table 1), in 2 out of 4 of
the immunized pigs. This also opens new expectations for the use
of VINI1-modified peptides in future vaccine formulations. Apart
from sequence diversity, there is a clear lack of correlation between
the protection observed and the immune responses detected at the
individual level. Intriguingly, as soon as at day six post infection,
only 2 pigs (pigs 1 and 2 from the VINI peptide-immunized
group) showed concomitant detection of neutralizing and HI
activity that did not totally correlate with protection. While pig 2
showed a clear reduction in viral load, pig 1 showed virus titres
indistinguishable from those found in the control group. Although
disappointing, our results seem to point towards the very

July 2012 | Volume 7 | Issue 7 | e40524
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Figure 3. Immunization with VIN1-HA1 partially protects pigs
in vivo against heterologous challenge with pH1N1. Influenza
viral RNA quantification in BAL was performed by RT-gPCR at 6 dpi,
corresponding to necropsy day. Bars indicated positive samples in
genome equivalent copies (GEC) per ml of BAL. The detection limit in
the assay was 3 log,o GEC/ml.

doi:10.1371/journal.pone.0040524.g003

important role of T-cells in the protection afforded which could be
an important tool for developing more efficient vaccines for the
future. Thus, the partial protection observed might correspond
with the induction of non-detectable specific cytotoxic T-cell
activity (C'TL), as has been reported before for influenza [17,18] or
with any other kind of T-cell activity independent from the
induction of IFN-y that might be involved in cross-protection [19].
We are currently addressing these issues, including the identifica-
tion of shorter specific CTL-peptides.

The length of the peptides used, as well as the fact that the T-
cells specifically secreted IFN-v in response to i vitro stimulation
with both the NF-34 peptide and the pHINI IV, point towards
the induction of specific CD4+-T cells in every single vaccinated
farm pig and independent of its SLA II haplotype. This, together
with the fact that the specific antibodies induced are also able to
recognize the pHINI virus, seem to validate the use ISM to
optimize the prediction of highly conserved epitopes with better
protective ability and to design future vaccine formulations,
capable of inducing concomitantly, universal B and T-cell
responses against HINT influenza viruses [20].

Unexpectedly, the reduction in the viral loads shown by pigs 2
and 4 did not correlate with less severity in the lung lesions. All
pigs from either control or immunized groups show indistinguish-
able minor hystopathological changes. Despite the fact that these
results could reflect a limitation of our T cell-centric vaccines to
reduce disease, pigs might not be ideal models to test so, mainly
because of the mild disease found after pHINT1 infection. For that
reason, our hypothesis are also being tested in mice and chickens,
which are ideal models for the characterization of the protective
capability of experimental vaccines against an infection with highly
pathogenic H5N1 IV; most probably, the responsible of future
pandemic episodes [21].

Materials and Methods

Ethics Statement

All experiments with the pHINI IV were performed at the
Biosafety Level 3 facilities of the Centre de Recerca en Sanitat Animal
(CReSA-Barcelona). Sample from the patient infected by pHINI
IV was coded prior to isolating the virus to ensure anonymity. FFor
this reason, the Ethical and Animal Welfare Committee of the
Universitat Autonoma de Barcelona (UAB) exempted this study from the

{:j PLoS ONE | www.plosone.org
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requirement to have the consent of the patient, who was infected
with pHINTI IV. The present study was performed in accordance
with the Guidelines of the Good Experimental Practices and under
the supervision and approvement of the Ethical and Animal
Welfare Committee of the UAB (Permit Number: DMAH-5796).

Animal Experimental Design

A total of eight 8-wk-old conventional crossbreed pigs from a
three-way cross (Duroc x Landrace hybrids paired with Pietrain
boars) seronegative against influenza A virus were immunized
three times two weeks apart. We immunized the pigs with either
15 ug of the VINI-peptide cocktail (3.54 pg of each peptide) or
saline solution in complete Freund’s adjuvant (first immunization),
incomplete Freund’s adjuvant (second dose) and without adjuvant
(last dose), by i.m. administration. Four weeks after the second
boost, the pigs were intranasally inoculated with 10° TCIDj3, of
the pHIN1 virus. Animals were monitored daily for flu-like clinical
signs. Sera and peripheral blood mononuclear cells (PBMC)
obtained before each immunization, before the challenge and at 6
days post-infection (dpi), were used to detect specific humoral and
cellular responses, respectively. Animals were euthanized at 6 dpi
and a complete necropsy was carried out for each animal.
Bronchoalveolar lavages (BAL) from the right lung of each pig
were performed in 200 ml of PBS 1x immediately after post-
mortem examination. BAL were frozen at —80°C until their use
for viral RNA extraction and quantification. For histopathological
analysis, samples from lung (apical, middle and diaphragmatic
lobes), nasal turbinate and trachea were collected and fixed by
immersion in 10% neutral buffered formalin. In the lung,
broncho-interstitial pneumonia (BIP) intensity was assessed by
means a semi-quantitative scoring (0 to 3, indicating lack of, mild,
moderate or severe pneumonia lesions, respectively), as previously
described [11].

Virus and Purified Hemagglutinins

Viruses used were pHIN1 virus (the pandemic swine-origin A/
Catalonia/63/2009 HIN1 IV) [GenBank GQ464405-GQ464411
and GQ168897], SwHINI virus (A/Swine/Spain/003/2010
HIN1 IV) [GenBank JO319725 and JQ319727], SWH3N2 virus
(A/Swine/Spain/001/2010 H3N2 IV) [GenBank JO319724 and
JO319726] and H5N1 HPAI virus (A/great crested grebe/Basque
Country/06.03249/2006 H5N1 HPAIV) [GenBank EU636810
and EU636811]. After propagation at 37°C in the allantoic fluid of
11-day-old embryonated chicken eggs from a specific-pathogen-
free flock, the infectious virus titre was determined in Madin-
Darby Canine Kidney (MDCK, ATCC CCL-34) cells and
measured as tissue culture infectious doses 50% (TCIDso) by
following the Reed and Muench method [22]. Purified hemag-
glutinin for A/VietNam/1203/04 (H5) and A/New Caledonia/
20/99 (H1) were purchased from Abcam.

Peptide Synthesis

Four peptides were designed based on ISM predictions [6,7]
and were mixed and used to immunize conventional pigs. The
selected peptides were highly conserved and mapped to the
flanking region of the HAI within the VINI domain. Two
peptides (LE-35.1 and LE-35.2) were derived from A/Hong
Kong/213/03 (H5N1) [GenBank AB212056] and one (ES-34)
from  A/Egypt/0636-NAMRU3/2007  (H5N1)  [GenBank
EF382359]. The fourth peptide (NF-34) was derived from the
HA1 of the human A/South Carolina/1/18 (HINI) strain
[GenBank AF117241]. The peptides were produced by GL
Biochem (Shanghai) Ltd. Sequences from the synthetic peptides
(thereafter referred as VINI-peptides) are shown in Table 1.
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Figure 4. VIN1-sera recognize pH1N1 virus in vitro. Indirect immunofluorescence of pH1N1-infected MDCK cells at 16 hpi using as primary
antibody: (A) the serum from one pig (representative of the group), immunized three times with VIN1-peptides; (B) the serum from one negative
control pig (representative of the group), immunized three times with PBS; and (C) A monoclonal antibody against the NS-1 protein was used as

control for the infection (right panel).
doi:10.1371/journal.pone.0040524.9004

Quantitative Real Time RT-PCR (RT-qPCR)

Viral RNA quantification using TagMan RT-qPCR was
performed in BAL. Viral RNA was extracted with QIAamp Viral
Mini kit (Qiagen, Inc.). Amplification of a matrix (M) gene
fragment was carried out using primers, probe, one-Step RT-PCR
Master Mix Reagents (Applied Biosystems) and amplification
conditions as described previously by Busquets et al. 2010 [11] in
Fast7500 equipment (Applied Biosystems).

Influenza Nucleoprotein (NP)-specific ELISA

Sera from animals before starting the experiment were
examined for the presence of specific antibodies against influenza
NP using the ID Screen® Influenza A Antibody Competition
ELISA (ID VET, France), following manufacturer’s instructions.

{:j PLoS ONE | www.plosone.org

Pig serum samples were used at 1:100 dilution. Known positive
and negative sera were used as test controls.

Peptide-specific ELISA

A peptide-based ELISA method was developed for the
evaluation of the presence of specific antibodies in serum samples.
Briefly, 96 well plates (Costar, Corning Incorporated) were coated
with 1 pg/ml of each peptide individually, the VINI1-peptides
cocktail or H5—/HI1- purified hemagglutinin in coating buffer
(sodium bicarbonate 0.1 M) overnight at 4°C. After blocking with
1% casein/PBS 1x for 1-h at 37°C, serum from individuals were
added to the coated plate diluted at 1:100 or titrated with 10-fold
dilutions (starting from 1:10), followed by 2-h incubation at 37°C.
Plates were washed four times with PBS 1x/0.1% Tween20 and
anti-pig IgG (whole molecule)-Peroxidase (Sigma) diluted 1:20,000
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Figure 5. Immunization with the VIN1-HA1 peptide induces specific antibodies and T-cells against the heterologous pH1N1 virus.
(A) Hl and SNT titers obtained with sera from pigs immunized either with the VIN1-peptides or with saline solution (control), at 6 dpi with the pH1N1
virus. Grey bars represent HI titres and red triangles show SNT. (B) IFNy-ELISPOT using pH1N1 virus as stimulus and PBMCs from pigs immunized
either with the VIN1-peptides or with saline solution (control). The assay was done using PBMCs isolated either before the infection with the

pandemic H1N1 virus or at 6 dpi.
doi:10.1371/journal.pone.0040524.g005

was added to wells followed by 45 min incubation at 37°C. After
washing the plates four times (PBS 1x/0.1% Tween20), fifty pl of
3,3",5,5'-tetramethylbenzidine (TMB) substrate solution were
added to the wells and allowed to develop for 8-10 min at room
temperature (RT) protected from light. Optical density (OD) was
measured at 450 nm.

Haemagglutination Inhibition (HI) Assay

An HI assay was performed following the standard procedures
[23] using chicken red blood cells (RBC) and 4 haemagglutination
units of either pHINT IV, SWHINI IV, SWH3N2 IV or H5NI
HPAIV. To avoid unspecific inhibitions, sera from individuals
were treated prior to use. Briefly, one volume of serum samples
was treated overnight at 37°C with four volumes of Receptor
Destroying Enzyme (Sigma) solution (100 U/ml). Next day, serum
samples were incubated for 30 min at 56°C after the addition of
five volumes 1.5% sodium citrate. Finally, one volume of a 50%
suspension of RBC was added and incubated for 1-h at 4°C.
Known positive and negative sera were used as controls. HI titres
of =20 were considered positive.

Seroneutralization (SNT) Assay

A SNT assay was done following the protocol described by
Sirskyi and collaborators (2010) [24], with some modifications.
Serum samples were diluted serially and incubated with 100
TCIDs5o of pHINTI virus for 2-h at 37°C. The mixture was then
added to 10> MDCK cells/well and incubated overnight. After
two washes with PBS 1x, the cells were fixed with cold 80%
acetone for 10 min. Cells were air-dried, washed five times with
PBS 1x/0.05% Tween-20 and incubated at RT for 1-h and a half
with biotinylated influenza A anti-NP primary antibody (CAT #
MAB8252B, Millipore, CA) diluted 1/2,000 in 5%FBS/PBS 1 x.
Plates were then washed five times with PBS 1x/0.05% Tween-20
and incubated 30 min in the dark with HRP-conjugate strepta-
vidin (Millipore, CA) diluted 1/10,000 in 5%FBS/PBS 1x.
Finally, after five washes with PBS 1x/0.05% Tween-20, TMB
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substrate (Sigma) was added to develop the reaction and stopped
with Stop-solution H,SOy (IN). Plates were then read at 450 nm.

IFN-y ELISPOT Assay

An IFN-y ELISPOT was performed as previously described
[25], with some modifications. Briefly, PBMC were isolated from
whole blood by Histopaque-1077 gradient (Sigma). Ninety-six-well
plates (Costar, Corning Incorporated) were coated overnight with
IFNy-capture antibody (P2G10 clon, BD Pharmingen) diluted
1:100. After blocking the plates 1-h at 37°C, 500,000 PBMC/well
were seeded and stimulated with either 2 pg/ml of VIN1-peptide
cocktail or individually, or with 10°> TCID3, of inactivated pHIN1
IV per well for 20-h. Cells were removed and a biotin mouse anti-
pig IFN-y detection antibody (BD Pharmingen), diluted 1:1,000,
was used followed by streptavidin-peroxidase (0.5 pg/ml). Insol-
uble TMB blue (Calbiochem) was added as final substrate. Positive
spots were counted using a microscope.

Immunofluorescence Microscopy

MDCK cells (300,000 cells/well) were either mock infected or
infected with pHIN1 IV, SWHINI IV, SwH3N2 IV or H5NI
HPAIV for 16-h at a MOI of 0.01. Cells were fixed with 4%
paraformaldehyde and permeabilized with 0.5% Triton X-100.
The cells were then blocked with 3%BSA/PBS 1x for 1-h and
incubated with the sera from the pigs (1:100) for 1-h in the
blocking solution at RT. After three washes with PBS 1 x, the cells
were incubated with anti-IgG pig:FITC antibody (1:300) (Jackson
Immunoresearch Europe L'Td) for 1-h in blocking solution at RT.
Finally, nuclei were counterstained with DAPI (1 pg/ml) and
coverslips were mounted with Vectaschield. Protocol was modified
from the previously described by Ballester et al. 2011 [26].
Fluorescence images were viewed on a Nikon eclipse 901
epifluorescence microscope equipped with a DXM 1200F camera
(Nikon Corporation, Japan). The images were processed by using
the Image J v1.45] software (http://rsb.info.nih.gov/1j).
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Figure 6. VIN1-sera recognize distinct viral subtypes. Indirect immunofluorescence of either H5N1, SWH3N2 or SwH1N1-infected MDCKs cells
at 16 hpi using as primary antibody the serum from one pig (representative of the group), immunized three times with VIN1 peptides.

doi:10.1371/journal.pone.0040524.g006
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