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Swine Influenza Virus (SwlV) is an important pathogen in veterinary field with a great zoonotic
potential and thus it is considered also a potential threat for public health. Surveillance and
control of this pathogen in pigs is therefore crucial. Current methods of control are based on
prophylaxis; in particular they are based on vaccines eliciting humoral response. Escaping
capacity and high variability of SwlV make that the efficacy of those can be compromised; thus
vaccines need to be periodically updated. This problem is shared in human health and thus
rationally designed vaccines are being developed. Those are being designed to enhance T cell
response against Influenza A Virus (IAV). T cell responses showed to be related with protection
against IAV infection, targeting the highly conserved internal protein of the virus. This would
solve the problems above cited. T cell epitopes of SwlV in pigs are just few and related to class
| Swine Leucocytes Antigens (SLA). Reverse vaccinology is used in human health to identify T
cells epitope; however, in pigs this has just recently been introduced and thus just few tools

were available.

The main aim of this work was to identify T cells epitopes in SwlIV to be used in rationally

designed vaccines. For this purpose, the following studies were performed.

Surveillance of SwlV is fundamental to design a proper control. The epidemiological situation
of SwlV in Spain needed to be updated and more genetic data were required to allow the use
of reverse vaccinology. The study showed that the epidemiological situation of Spain was
similar to other European countries in which circulating strains were closed related and
evolving in the same way. However, some exceptions were found; one strain evolved
divergently in Spain. Genetic shift has been suggested as a recent event in the evolution of

those strains.

In vitro assays to determinate binding affinities of epitopes to class | SLA (SLA-1) available were
few and based on recombinant molecules. Therefore, in a first instance an in vitro tool based
on native forms of SLA-l was attempted. MHC reconstitution assay for SLA-I was designed and
almost entirely developed. C1R cells expressing the Babraham pigs allele SLA-1*es11 were

generated. Finally, the denaturalization step of the assay was set-up.

Reverse vaccinology was then applied to identify T cells epitopes. Epitopes of the virus
selected as target were predicted in silico by NetMHCpan on Babraham SLA-I alleles (SLA-
1*es11 and SLA-2*es22) and tested by ex vivo functional assays (IFNy and proliferation
responses) using cells from immunised Babraham inbred pigs. Unfortunately, this approach did
not give any positive epitope.
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Additionally, T cells epitopes were empirically identified. Proteins M1 and NP of a human IAV
were selected as target and thus dissected by using overlapping peptides and functional
methods (IFNy and proliferation responses) until finding T cells epitopes. The tests were
performed using cells from IAV immunised Babraham inbred pigs. Two overlapping SLA-II

epitope were found, NP4gs.416 and NP 47420

In another attempt, a more complex strategy of reverse vaccinology was used. This was
previously used by other authors and it is based on a combination of methods: in silico
prediction of epitopes by NetMHCpan and validation of results by using in vitro binding
preferences of the selected SLA-I allele , an in vitro test binding assay and in vivo test by
tetramers. Peptides were identified in animals infected and challenged with two heterologous
SwlV. This strategy showed to be highly accurate and thus one immunodominant epitope

(NA171_180) was identified.

Overall, these data pave the way for rational design of vaccine against SwiV as well as

providing new insight into pig responses to infection or immunization with IAV.
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El virus de la gripe porcina (VGP) es un patdgeno importante en el sector veterinario con un
gran potencial zoondtico, y por lo tanto se considera también una amenaza potencial para la
salud publica. La vigilancia y el control de este patdgeno en cerdos es por lo tanto crucial. Los
métodos actuales de control se basan en la profilaxis, en particular, en vacunas que suscitan
una respuesta de tipo humoral. La capacidad de escape y la alta variabilidad de VGP hacen que
la eficacia de estas vacunas pueda verse comprometida; por tanto, deben ser actualizadas
periddicamente. El mismo problema se plantea en la salud humana donde se estdn
desarrollando vacunas disefiadas racionalmente con tal de solventarlo. Estas vacunas estan
siendo disefiadas para potenciar la respuesta de células T contra el virus de la gripe A (VGA). La
respuesta de células T esta relacionada con la proteccidn contra la infecciéon por el VGA,

centrandose en las proteinas internas y altamente conservadas del virus. Esto permitiria

resolver los problemas anteriormente citados. Los epitopos de células T de VGP conocidos en
cerdos son sdélo unos pocos y estan relacionados con el Complejo Mayor de
Histocompatibilidad porcino de clase | (CMHpo-I). La vacunologia inversa se utiliza en sanidad
humana para identificar los epitopos de células T; sin embargo, en cerdos este concepto se ha
sido introducido recientemente y por lo tanto se dispone de pocas herramientas. El objetivo
principal de este trabajo era identificar epitopos de células T para disefiar racionalmente

vacunas contra VGP. Para este propdsito, se abordaron las siguientes estrategias.

La vigilancia de VGP es fundamental para un control adecuado. La situacién epidemioldgica de
VGP en Espafia debia ser actualizada y se necesitaban mas datos genéticos para permitir el uso
de la vacunologia inversa. El estudio realizado mostré que la situacion epidemioldgica de
Espafia era similar a la de otros paises europeos; las cepas circulantes estaban estrechamente
relacionadas y evolucionaron de la misma manera. Sin embargo, también se encontraron
exepciones; una cepa evolucioné de forma divergente en Espafia. Se sugiere que el cambio

genético pueda ser un evento reciente en la evolucién de esas cepas.

Los ensayos in vitro para determinar la afinidad de unién de epitopos a CMHpo-I disponibles
actualmente son pocos y estan basados en moléculas recombinantes. Por lo tanto, en primera
instancia se intenté generar una herramienta in vitro basada en la forma nativa del CMHpo-I.
Para ello se disefid y desarrolld casi por completo un ensayo de reconstitucion de MHC
aplicado a CMHpo-I, para el cual se generaron células C1R que expresaran el alelo SLA-1*es11

de los cerdos singénicos Babraham. Por ultimo se puso a punto el ensayo de desnaturalizacién.
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A continuacién, se aplicé la vacunologia inversa para identificar epitopos de células T. Se
predijeron epitopos del VGP in silico mediante NetMHCpan para los alelos CMHpo-I de los
cerdos singénicos Babraham (SLA-1*es11 y SLA-2*es22); estos epitopos se probaron mediante
ensayos funcionales ex vivo (IFNy y respuesta de proliferacidon) usando células de cerdos

Babraham inmunizados. Desafortunadamente, este enfoque no dio ningun epitopo positivo.

Los epitopos de células T fueron también identificados empiricamente. Las proteinas M1 y NP
de un VGA humano fueron seleccionadas como diana, se estudiaron mediante el uso de
péptidos solapantes y métodos funcionales (IFNy y respuestas de proliferaciéon) hasta
encontrar epitopos de células T. Los epitopos fueron analizados con células procedentes de
cerdos Babraham inmunizados con VGA. Se encontraron dos epitopos CMHpo de clase Il

solapados, NPgs.a16 Y NP4o7.420.

En otro intento, se utilizé una estrategia mds compleja de vacunologia inversa. Esta habia sido
utilizada anteriormente por otros autores y comprende una combinacién de métodos:
prediccién de epitopos in silico mediante NetMHCpan y validacion de los resultados utilizando
las preferencias de unién del alelo CMHpo determinadas in vitro, analisis in vitro mediante un
ensayo de unién y analisis in vivo mediante tetrdmeros. Los péptidos fueron identificados en
animales infectados y expuestos a dos VGP heterdlogos. Esta estrategia demostré ser muy

precisa y asi se identificd un epitopo inmunodominante (NA;71.1s0).

En general, estos datos allanan el camino para el disefio racional de una vacuna contra la SwlV
a parte de proporcionar una nueva visién de la respuesta de los cerdos a la infeccion o

inmunizacion con VGA.
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Overview on Influenza A virus

Influenza A virus (IAV) is thought to have emerged from aquatic birds and bats. Its peculiar
evolution characteristics allowed it to cross barrier species and therefore spread to mammals
and domestic poultry . It has caused several pandemic outbreaks in the human population
during the last century, being the 1918 (The Spanish Flu) the most devastating one. In
veterinary, mostly in poultry, it causes great economic losses. Any available prophylactic or
therapeutic tool has been demonstrated ineffective due to the peculiar escaping
characteristics of the virus. The general characteristics of IAV and its evolution are briefly

reviewed here.

Genetic and structural characteristics

Orthomyxoviridaes have a negative-sense, single-stranded, and segmented ribonucleic acid
(RNA) genome. They are classified into 5 different genera in which 1AV is found. IAV genome is
constituted by 8 segments named from 1 to 8 (Figure 1) or as PB2 (2341pb), PB1 (2341pb), PA
(2233pb), HA (1778pb), NP (1565pb), NA (1413pb), M (1027pb), NS (890pb); each of those is
constituted by a central coding region flanked by two short Untranslated Regions (UTRs)
located at the 5’ and 3’ extremes. The UTRs play important roles as a packaging signal 2,
polyadenylation 3, or signals for genomic replication *. Notwithstanding, even when there are
just 8 genomic segments, their central regions codify for at least 18 known proteins due to the
fact that different molecular mechanisms provide expression of multiple proteins from some
of them. These mechanisms are schematically represented for each segment in figure 1 and
they include alternative splicing of viral mRNAs as well as non-canonical translation, such as
leaky ribosomal scanning, non-AUG initiation, re-initiation, and even ribosomal frameshifting

>® Viral translated proteins undergo a variety of post translational modifications including

8 9

glycosylation 7, acylation ® and proteolytic cleavage ° that contribute to formation of the

mature proteins constituting the viral particle.

The IAV particle (represented in figure 2) could be described from an immunological point of
view into two parts. The surface part of the virus, which is exposed to the humoral response of
hosts and it is constituted by three glycoproteins: Hemagglutinin (HA), Neuraminidase (NA)
and Matrix protein 2 (M2). Those proteins are inserted into a phospholipid bilayer membrane
that masks the proteins of the inner part of IAV from the interaction with the cited immune

response. Secondly, Ribonucleoproteins (RNPs) complexes surrounded by the protein of the
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Matrix (M1) constitute the inner part of the virus. The RNPs complexes constitute the core of
the virus and each of them contains: a genomic segment, Nucleoprotein (NP), Polymerase

Basic proteins 1 and 2 (PB1 and PB2) and Polymerase Acidic protein (PA).

segment 1 (-)-RNA

segment 2 {-)-RNA
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PA-MN182
PA-X
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5% AU RAGTE LAICANE A mRNA b,
T -
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Figure 1. The proteome of influenza A viruses. The organization of the protein-coding Open Reading
Frames (ORF) in viral mRNAs transcribed from IAV genome segments is shown. The (-)-RNA genome
segments are indicated by square-ended black lines. Non-spliced and spliced viral mRNAs are shown as
black lines, where the 5’-cap structures are shown as black circles and the poly A tails are depicted as
(A)n. Spliced regions are shown as dotted lines. Black arrows indicate initiation of protein synthesis at the
start codon (AUG) of an ORF. Proteins are shown as blue rectangles, alternative ORFs are shown in
different shades of blue. FS — frameshifting event. The hypothetical NEG8 mRNA and protein are shown
as dotted lines. Based on Vasin et al. 2014 ™.
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The Non-Structural protein 2 (NS2), also known as Nuclear Export Protein (NEP), it is associated
with M1 in the internal part of IAV ™. Finally, there are other known factors constituting the
proteome of the virus; however, those are non-structural and are involved the replication

cycle.

HA trimer

NA tetramer

Lipid envelope

100 nm
NS2 (NEP)

Viral RNA wound
over NP to form a
RNP complex

PA

Figure 2. Structure of IAVs. IAV is about a 100 nm particle. HA, NA and M2 proteins are encased in a
phospholipid membrane surrounding the internal part of IAVs. The latter is constituted by M1 protein
and RNP complexes. RNP complexes are in turn constituted by PA, PB1, PB2 and NP proteins. Each of IAV
genomic segments is wound by NP proteins; thus viral particles host 8 RNP complexes. Based on Epstein
etal. 2010 %,

Replication cycle

IAV is an intracellular pathogen whose cycle is the result of a complex network of interactions
of viral and cellular factors. The most relevant ones are here described. The replication cycle
could be divided into several steps *> which are summarized in figure 3. AV is adsorbed on cell
surface membranes by the binding of its HA with terminal sialic acids. Cellular endocytic
processes internalize and traffic the viral particle up to the endosome compartments, through
which viral RNPs complexes are released into the cytoplasmic compartment. The characteristic
low pH of mature endosome compartment triggers conformational changes of the M2 and HA
proteins. Activated M2 alters the curvature of the viral membrane and acidify the virion

interior, leading respectively to fragmentation of filamentous virions into spherical particles
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and dissociation of the M1 from the RNPs. The new conformation of the HA exposes a fusion
peptide which inserts into the endosomal membrane and, by another conformational change,
forces the cell membrane to fuse with the viral one; thus, viral contents (the uncoated RNP
complex and the M1) are released into the cytoplasm. Replication of IAV genome takes place
in the nucleus of cells. The uncoated RNPs complexes are transported there from cytoplasm
through the nuclear membrane and then dissociated. Nuclear Localization Signals (NLS) allow
the importation process. All proteins of the RNP complex bear those signals; however, NP NLS
cover a major role in the importation process. The negative sense viral RNA ((-)vRNA) is
transcribed into the nucleus to complementary positive sense RNA ((+)cRNA) which in turn is
the template for generation of new (-)vRNA. The trimeric viral RNA-dependent RNA
polymerase, consisting of PB1, PB2 and PA subunits, is responsible of that process. However,
NP is also involved . (-)vRNA is also used for transcription of viral mRNA by the activity of the
cellular RNA polymerase Il. Cap-snatching is fundamental in that process as it permits the
initiation using the host pre-mRNA 5’ end Cap. The primer is generated by the endonuclease
activity encompassed within the trimeric viral RNA-dependent RNA polymerase **. Viral mRNAs
undergo maturation and they are used in the cytoplasm for translation of new structural and
non-structural proteins. New RNPs are ensembled in the nucleus and then they are
transported in the cytoplasm. One of the most known viral factors involved in the exportation
process and bearing the needed signals (Nuclear Export Signals, NES) is NEP. The internal part
of the virus (constituted by the RNP, M1 and NEP) is assembled with HA, NA and M2
glycoproteins, already expressed on the membrane of the cellular surface; finally, the new
virion is realised by budding. Several proteins contribute to the budding process and in
particular HA, M1, M2 and NP are known to be part of it. IAV is pleomorphic and it can be
found as spherical virions as well as filamentous virions. Mutation in the M1, M2 or NP
proteins seems to influence the budding process and thus the resulting form of the virions **’.
NA enzymatically removes terminal sialic acid linkages, facilitating release of virus from cells
during budding *®. Moreover, it also removes decoy receptors and mucins from cells surface to

aid 1AV particle entry *°.

Role of some other IAV proteins is not yet clear. PB1-F2 and Non Structural protein 1 (NS1) are
multifunctional proteins involved in virulence or viral cycle. However, they are also well known
to modulate host innate immune response *>*'. PB1-F2 and NS1 are known to act on the
cellular sensing pathway; thus, cells do not detect IAVs presence as a threat. In that way, those

factors limit the Type | Interferons (IFN) response, which triggers the immune response. NS1 is
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also able to act post-transcriptionally; it limits the available cellular mRNA and thus it reduces
the translated Type | IFNs. The high mutation rate of IAV genome generates different
phenotypes of those proteins with enhanced or decreased functions or changing the
mechanisms of action. One paradox example is that PB1-F2 protein of some strain has the
opposite function than the described; therefore it is not limiting but in contrast it is
exacerbating Type | IFN production **. The rest of IAV proteins have been recently discovered
and their function is being studied; they are mostly involved in complementation of lacking

function of other viral proteins *°
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Figure 3. IAV life cycle. IAV is absorbed to the cell surface through interaction of its HA with salicylate
receptor. Viral particle is then transported to the ER where low pH triggers release of the RNP complexes
into the cytoplasmic compartment. Those are transported to the nucleus where the replication process of
the viral genome is taking place. The (-)vRNA are here transcribed and in turn re-transcribed by viral
polymerases complexes into mRNA and new viral genomes; the first are used to translate new viral
proteins which are transported into the nucleus (Polymerases, NP, M1 and NEP) to be assembled with
viral genomes into new RNP complexes. New RNP complexes are transported into cytoplasm and then
assembled with the rest of new proteins (HA, NA, M2 ad M1) to compose the IAV particle. Finally the
nascent particle is released by budding processes. Polymerases: red, green and black circles; NP: blue
circles; M1: yellow; NEP: red triangle; HA and NA: yellow and red cylinder; M2: cyan bars. Based on
Zheng et al. 2013 »
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IAV evolution

Understanding of viral evolution has fundamental importance into designing a good control
strategy. A phenomenon named quasispecie evolution has had substantial negative impact on
the development of a long lasting and efficient vaccine or drug for IAV. Viral quasispecies refer
to the fact that RNA viral populations consist of mutant spectra (or mutant clouds) rather than
genomes with the same nucleotide sequence. Mutant spectra and not individual genomes are

2 In IAV, there are two evolutionary events termed as

the target of evolutionary events
genetic drift and shift. The first one consists in nucleotide misincorporation leading into
mutation of the genome. The second one lies in reassortment of genomic segment to form a
new combination. There is another factor that could contribute to IAV evolution; this is
recombination. However, this seems to play little or no role in AV evolution *. Those events
could contribute to generate a great genetic diversity; however, negative selection also
contributes to eliminate unfit genomes, like those loosing biological information **. Therefore,
mutant spectra are the source of virus adaptability because they constitute dynamic
(continuously changing) repositories of genotypic and phenotypic viral variants. Major events
in the biology of RNA viruses, such as their capacity to change their cell tropism or host range

or to overcome internal or external selective constraints (immune responses, antiviral agents,

etc.) have their origin in the repertoire of variants present and arising in mutant spectra **.

IAV viruses are identified by the strain name that is unique and composed of A/Host/Place of
isolation/Code/Year of isolation (Subtype). Selecting pressures are acting differently on the
surface or internal proteins of the virus. As a result of strong selecting pressure, the surface
glycoproteins HA and NA are divided, depending on antigenic characteristics, into various
subtypes. So far there have been identified 18 HA (HA1-HA18) and 11 NA (NA1-NA11) types
(the lasts subtypes have been just recently described by Tong S. et al 2013 *). In some
subtypes, those proteins could be further classified. If an IAV has formed a stable lineage in
one host and the surface glycoproteins have adapted to it, they could be classified with the
name of the host; for example Human HA1 or Avian HA1l. When the virus is being recently
introduced in a new host, and thus the surface glycoproteins are not changed too much, they
are classified as Human-Like HA1 or Avian-Like HA1 (fully established but sufficiently different
to be distinguished from the original). Another further step of classification could be done
depending on the phylogenetic clustering (e.g. EuroAsian, American or American o, 3,y

clades). The internal proteins are less variable than the surface glycoproteins *. However,
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specie specific types or clades (e.g. Eurasian, American) can be also distinguished. IAV
variability is not just a matter of antigenicity. Several virulence determinants influencing traits
like replication, host range or host immune responses have been described 2. Other
determinants have been involved in IAV resistance to antiviral drugs like Adamantane or
Neuraminidase inhibitors *. Those determinants are often few point mutations into the amino

acid sequence able to generate a great diversity in viral phenotype.

Swine Influenza Virus

Swine influenza virus (SwIV) causes economic losses for pig industry *° and more recently it has
also been recognized as a threat for public health . It is involved in the Porcine Respiratory
Complex Disease and it is considered a sensitization factor for other porcine pathogens **. It
causes outbreaks of respiratory illness, which may lead pigs to death. However, enzootic
infections are also showed. SwlIV has a worldwide distribution in which, due to geographical
isolation, two to three main genetic lineages can be found. Those are the American, European
and Asian lineages. In the latter region, there is a complex epidemiological situation in which
some of the European or American lineages are established (sometime this lineage is referred
as Eurasian). In this section the aspect of SwlV infection together with the epidemiological

situation of European lineages are briefly discussed.

Infection

Infection of SwlV in pigs is a threat in both forms: acute and subclinical both of which are
damaging porcine production due to death or growth retardation of animals or due to the
zoonotic and epidemiologic implications respectively.

Natural acute 1AV infections in pigs causes classical symptoms like coughing, sneezing, fever

pyrexia, anorexia, lethargy and often growth retardation ****

. SwlV infection leads to high
morbidity and low mortality **. However, factors like poor farming conditions or co-infection
with multiple pathogens could exacerbate infections and even cause death *2. Infection is
restricted to the respiratory ways and so are lesions like pneumonia, pleuritis, and edema *. In
swine, 1AV primarily infect the epithelial cells lining the surface of the respiratory tract, from
nasal mucosa to alveoli, but virus also has been detected in the glandular epithelial cells
associated with the larger airways *. Therefore, virus replicates in both upper and lower

respiratory ways >%. Shedding of IAV is generally lasting up to 7 days *°. One infected pig can

infect between 3 and 7 other animals. However, shedding and propagation potential can be
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higher *°. Virus load in lungs generally peaks at day 3 and it is hold till day 5 post infection *.

3739 As previously mentioned IAV is a

Therefore, infection is generally solved after 5-7 days
high variable virus and so are its phenotypic characteristics. The grades of lesions change
depending on the subtype. A recent pathological study demonstrated that Korean SwlV
subtypes H3;N, induces more severe gross lesions than the other two circulating subtype (H;N;
and H;N,) * These correlate with the clinical signs observed by other authors for SwlV of the
same subtypes **. Finally, SwIV can also lead to subclinical infection in farms, which usually
pass unnoticed as none of the classical Influenza symptoms can be detected *. Those clinical
conditions can be also reproduced in experimental settings in which the intranasal route

usually leads to subclinical infection while the intratracheal route leads to acute infections *.

Inoculums titre is also influencing the infection outcome *.

Evolution and Epidemiology

SwlV circulating in America, Asia and Europe have similar origins. However, events like
interspecies transmission, genetic shift or drift and extinguishment of lineages lead to
completely different epidemiological situations.

The most important driving force for IAV drift in humans is the immune response pressure ***.
SwIV showed a drift evolution of surface glycoproteins as other IAV, although it is weak “°*.
The cause of the weak selection pressure could be attributed to the management system of
porcine production in Europe. This implies a short lifespan of pigs and often also a lack of
vaccination; therefore immunologically naive populations can be frequently found®.
Interspecies transmission is an important event in SwlV history being the frequency of human-
pig transmission recently been analysed. It has been shown that human to pig introduction
occurs frequently but transmission of human internal gene segments in swine is a
comparatively rare event *® Introduction of Avian IAV in swine population seems to be a more

d °*3. Another important event is the genetic shift and

rare or an event difficult to be detecte
which has been described to have a high rate between H;N; and H;N, SwlV subtypes in Europe
>* Multiplicity of infections by different IAV strains in the same farm, batch or even animal are

d *** and again the porcine production system might be responsible *°.

frequently observe
European porcine production is distributed in few regions and the most prevalent system is
the intensive one *’. Those characteristics might facilitate farm to farm and batch to batch

transmission leading to high multiplicity of infections and thus reassortment. Genetic drift and
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shift contribute to generate a great diversity in SwlIV although just few viruses successfully
transmit and persist.

Three main SwlV subtypes have been circulating in swine population in Europe; those are H;N;,
HsN, and H;N, (Figure 4). First data on SwlV circulation in Europe was based on few outbreaks
records or case observations during 1930s. Those viruses were supposed to have seasonal
human origin *. However, recent findings suggest that Classical H;N; SwIV could have been
circulating in the same period *°. The first strain of SwIV to be isolated in Europe belonged to
Classical H;N; lineage and it was isolated in 1950. This lineage spread in several countries and
definitely disappeared from Europe in the 1990s, when the last one was isolated. Since that
time, Classical H;N; lineage has no longer been detected in Europe notwithstanding it is
persistent in America.

The Avian-Like H;N; lineage was generated from interspecies transmission to pigs of all
segments of an avian IAV and it was probably circulating since 1979 %. It has spread across
several countries and it is fully establish in Europe. The Avian-Like H;N; lineage is now endemic
in several European countries and its seroprevalence in pigs vary considerably >>°.

The Human-Like H3N, lineage is another fully established lineage with several degrees of

4855681 The first strains

seroprevalence in pigs or even absence in some countries (UK, France)
of that lineage were isolated in the 1980s. The Human-Like HsN, lineage was generated by
interspecies transmission, HA and NA segments of the virus have origin in the human IAV
lineage. However, the genetic shift played also an important role, thus all the internal gene
segments of Human-Like H3N, virus have origin in the Avian-Like H;N; lineage 4.

The third main lineage circulating in pig in Europe is the Human-Like H;N,. Its seroprevalence

>>81 The first strain of that lineage was firstly

in pigs is variable among European countries
reported in 1995 %. The origin of this lineage is a complex mix of interspecies transmission and
genetic shift; HA and NA of Human-Like H;N, have origin in H;N; and H3;N, Human IAV while its
internal genes have origin in the Avian-Like H;N; or more probable in the Human-Like H;N,
lineage ®.

One last lineage has just recently been introduced from human and its persistency in European
pig population should be still clarified. That lineage is the pandemic H;N; 2009 (pdmH;N,). The
virus contained two gene segments derived from avian strains of North American lineage, one
gene from human influenza, three genes from classical swine viruses (still circulating in North
American and Asian pigs) and significantly, two segments from a Eurasian swine lineage (NA
and MP) *. Since its introduction in pigs after the human pandemic outbreaks, it has been
65-68

detected several times in swine herds across Europe
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Figure 4. SwiV virus lineages circulating in Europe. SwlV main lineages were generated by interspecies
transmission and genetic shift events (red lines) of avian, human and swine IAV. The Classical H;N; SwIV
was extinguished in Europe around 1990s. However, it has been perpetuated in America and that lineage
contributed to the generation of the pdmH;N,. The pdmH;N; lineage is not yet clear if it is a stable in
some countries. The Avian-Like H;N, is a new recent reassortant generated from the Human-Like H;N,

and the Avian-Like H;N; that is already established in few European countries. Based on Richt et al. 2013
69

Several new reassortants comprising the H;N, subtypes of SwIV or the pdmH;N; have been

isolated recently in pigs in Europe *%%7%7

. They mainly were generated from SwlV but also
human IAV. Most of them have no longer been detected and therefore may have failed to
persist. Just a few of them were showed to persist in specific European regions, like the Avian-

Like H;N, SwiV #77°,

SwiV circulating in Spain
During 2001-2004, H;N4, HsN, and H;N, SwiVs were reported as endemic in the pig population
in Spain, with seroprevalences slightly lower than those described in other pig rearing areas in

1,72
Europe oL

. The three subtypes were reported to co-circulate in pigs in Spain, with sows often
being seropositive to multiple subtypes at a time, probably as a result of multiple contacts
during life >>72 swIVs described in the 2000s in Spain belonged to the Avian-Like H;N;, the

Human-Like HsN,, and the Human-Like H;N, lineages. Even thought they were described at
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subtype level using partial sequencing and antigenic procedures, a low number of complete
genetic sequences of SwlVs in Spain were available for genetic comparison after that period.

48,55,72

The three lineages showed to be maintained in Spain up to 2007 . A new genetic lineage

having an Avian-Like hemagglutinin gene related to the H;N; strains circulating in Spain was

73,74
d

also circulating in the same perio . The epidemiological situation of SwlV in Spain was

therefore incomplete, particularly from a genetic point of view.

Zoonotic threat

IAV has as natural reservoir in avian species, particularly waterfowl birds. However, during
history it has spread and adapted to mammals and now IAV has reservoir in species like pigs,
horses, bats, sea mammals, dogs and so more. Several pandemic outbreaks caused by IAV
from other species occurred in humans ’® such as the one in 1918 when over twenty million
deaths occurred worldwide. The viruses have being evolving divergently in each of those
species with different strength; for example they can lose antibody cross reaction with viruses
of the original lineage or capacity to spread to other species. The public threat for IAV resides
in the novelty for humans and the ability to transmit within population. The virus that causes
the pandemic outbreaks in 2009 exhibited these characteristics. pdmH;N; showed a novel
genetic and antigenic composition originated in other species than humans, from a complex
mix of interspecies transmission and shift events. Novelty of the antigenic characteristics
makes that no current vaccine was efficient and that previous exposition to seasonal IAV was

. Naive human populations were available and therefore virus spread

not protective
worldwide. pdmH;N; 2009 is the lone documented pandemic virus to sustain transmission in
humans and nowadays it has replaced the humans seasonal H,N; viruses 76

One World One Health (OWOH) signals greater collaboration in the face of shared health risks
that exist at the human, animal and environmental interfaces ”’. This initiative was born before
2009 to face zoonotic problem. However, just after that date there has been a call for
increased surveillance and research . The survey and control of IAV in other species rather
than humans has significantly improved, as virus with pandemic potential can be detected and
controlled. Great attention has been recently focused on avian viruses as they are considered
the next potential source of pandemic threat. Therefore, a number of studies have been
recently focused on determining factors influencing the host range of infection, replication and

transmission of IAV in different species. However, the real pandemic potential of IAV is still

unpredictable. Specie barrier crossing and transmission is generally achieved by multiple
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mutations in the IAV genome in which several viral proteins are involved "®”°. The most
important and known host range determinant is the HA. Viral infectivity restriction is
influenced by the type of sialic acids (SA) showed by the host and its body distribution. For
example, it is of general assumption human IAV preferentially bind to a2,6-linked SA receptors
(a2,6-SA) which are predominant on epithelial cells in the human upper respiratory tract,
whereas avian IAV preferentially bind to «2,3-linked SA (a2,3-SA) receptors, which are
abundantly present on epithelial cells in the intestinal tract of birds and in the lower
respiratory tract of humans. Therefore, the infectivity of those viruses is restricted to members
of the respective host species. Pigs are an exception of those rules; their respiratory tract
showed both kinds of sialic acids and thus they can be virtually infected by IAV from mammals
and avian. If that occurs, novel genetic reassortant IAV could be generated. The pdmH;N; virus
is the result of that concept and therefore, after the 2009 outbreaks, pig has been reassessed

as “mixing vessel” for novel resassortant viruses®.

Figure 5. Countries with priority for targeted surveillance for (IAV evolution or circulation in swine.
Brown, the highest priority for surveillance in swine is in countries of East and Southeast Asia due to
higher rankings for spread and emergence of IAV in swine, with high population numbers of pig, poultry,
and waterfowl, risk factors for outbreaks, and potential for reassortment between viruses circulating in
pigs and birds due to husbandry methods. Red, Western Europe and North America have higher ranking
with risk factors for outbreaks in pigs and continental and global spread through movement and export.
Pink, countries of Eastern Europe are ranked for potential reassortment between viruses circulating in
pigs and birds plus global spread. Light orange, Nigeria ranked for potential reassortment between
viruses circulating in pigs and birds. Dark orange, Brazil ranked for outbreaks in pigs, but with lower risk
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of global spread by export. This priority ranking does not imply that lower-ranked countries should not
conduct IAV surveillance in swine, but emphasizes those regions that should receive priority focus. Based
on Vincent et al. 2014 %.

Several pig to human transmission of SwIV have been reported 2, this together with the

|II

“mixing vessel” theory of pigs and the fact that IAV can circulate unnoticed in this specie **
make that a great pandemic potential reside in pigs and SwlIV. A recent study demonstrated
that pigs can independently facilitate combinatorial genetic changes in the genesis of a
potential human pandemic strain that has all gene segments of swine origin **.

Altogether, those findings emphasize the importance of continued monitoring and control of
influenza viruses in pigs. Figure 5 summarizes those countries identified as being a high-priority

for targeted surveillance for IAV in swine.

Immune response to IAV infection

Swine are considered one of the major animal species used in translational research. They are
similar to humans in terms of anatomy, genetics and physiology. Swine has been used as
model for a wide range of infection diseases including respiratory diseases. The respiratory
ways of the pigs have some little anatomical differences, like the lobulation of the lungs. The
similarities with humans in virology studies of IAV make pigs a good animal model to study that
disease ®. Notwithstanding, the knowledge of porcine immune system is still limited. Recently,
great advances have been done and paradoxically this is due to a change in direction of
translation of knowledge and reagents, from humans and other animal models like pigs. The
immune response to IAV is here briefly described. However, it mainly refers to what is known

in humans and rodents as the knowledge in pigs is still incomplete.

The outcome of IAV infection depends on the capacity of the host to deal with pathogens.
There are two main mechanism: the antiviral resistance reduces the viral burden and the
antiviral tolerance reduces the negative impact of infection on host fitness®. The same
mechanism could be translated to swine in which IAV can induce different shades of clinical
outcomes from acute to subclinical. Therefore, the clinical outcome depends on the interplay
of viral resistance and tolerance. Susceptible animals that end to death are those not able to

sufficiently provide one of such mechanisms.

33| Page



Innate response

The first line of defence of the host organisms to pathogens infection is the innate immune
system (Figure 6). The primary infection site of IAV is the respiratory ways, therefore the virus
has first to get through mucus ® and counteract the effect of the humoral arm of innate
response that includes members of the complement cascade and soluble pattern recognition
molecules (PRMs) 26. The host organism senses IAV by non soluble PRMs or Pattern
Recognition Receptors (PRR) ¥, such as Toll Like Receptors (TLR3, TLR7 and TLR8), Retinoic
acid-inducible gene (RIG-I), NOD-like Receptor family member NOD-LRR and pyrin domain
containing 3 (NLRP3). PRRs differ in their capacity to recognize Pathogen-Associated Molecular
Patterns (PAMPs) or in the signalling pathway, cellular localization and cell type expression.
Those characteristics permit to differently sense pathogens and thus signalling out accordingly.
The host organism response to sensing (signalling out) is wide too; it includes secretion of type
I and IIl IFNs, proinflammatory cytokines, eicosanoids and chemokines . Type | and IIl IFNs
induce antiviral state in neighbour cells by activating IFN stimulated genes. Proinflammatory
cytokines and eicosanoids cause local and systemic inflammation, induce fever and anorexia,
and instruct the adaptive immune response to IAV. Chemokines recruit additional immune
cells. In summary, lung resident cells (epithelial, endothelial, alveolar macrophages, dendritic
cells) sense virus, activate and in turn recruit and activate more cells. Activation does not

878 Resident or recruited

involve just signalling out, cells have also effector functions
macrophages are involved in clearing pathogens, apoptotic cells and they are also involved in
antigen presentation to T-cells *°. Macrophages kill pathogens by phagocytosis and releasing of
toxic compounds. The action of released compound goes beyond virus and thus also kills host
organism cells. Cells debris is also cleared by phagocytosis process of macrophages.
Neutrophils are recruited cells that once activated assist viral clearance by phagocytosis,
extracellular release of toxic compounds and by trapping and killing them by the neutrophil
extracellular traps. Toxic function of neutrophils is also non-specific and therefore leads to
tissue damage. Natural Killer (NK) cells are resident or recruited cells that can recognize and kill
IAV infected cells by two basic mechanisms: natural cytotoxicity and Antibody Dependent Cell
Cytotoxicity (ADCC). NK cells are activated by PAMPs or by Type | IFNs and carry out their
killing activity through releasing toxic compound or FAS-ligand induced apoptosis. ADCC

mechanism permits to better restrict the cytotoxic activity to infected cells taking advantage of

the specificity of antibodies to recognize pathogens.
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In summary, the innate immune response is needed to recognize IAV during the first phase of
infection. Innate immune responses are known to orchestrate adaptive immune response °*.
The effectiveness in clearing virus at this stage will influence the involvement of the adaptive

response.

Innate resistance Disease versus tolerance
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Figure 6. Mechanisms of resistance, disease and tolerance in mice. Innate resistance (left) is conferred by
type | and type Il IFNs that are secreted upon stimulation of RIG-I in infected cells and TLR7 in
plasmacytoid dendritic cells (pDCs). Type | IFNs act on most cells, whereas type Ill IFN (IFNA) acts on
epithelial cells to block virus replication. DCs and macrophages that are infected with IAV release IL-186,
which enables bystander DCs to upregulate CC-chemokine receptor 7 (CCR7) expression and migrate to
the draining lymph nodes to stimulate T cells. NLRP3 signalling pathway also increases disease tolerance
by promoting tissue repair. T cells and NK cells secrete IFN-y to induce an antiviral state or induce the
granzyme B-mediated lysis of virus infected cells, whereas B cells secrete antibodies to viral antigens to
mediate adaptive immune protection of the host. The balance between these negative and positive
regulators determines whether the host succumbs to disease or can enter a state of tolerance (right).
ILC2, type 2 innate lymphoid cell; ssSRNA, single-stranded RNA. Based on Iwasaki et al. 2014 8

Chimera cell, half innate and half adaptive.

vd T cells play a great variety of roles in innate and adaptive immune responses due to their
half way nature; those roles are briefly summarized in figure 7 °*. y5 T cells, like the other cells
of the innate immune system, can be activated through PRRs and/or cytokine receptors and
respond without requirement of a prior extensive clonal expansion **. However, their halfway
nature with cells of the adaptive immune response permits them to be activated through the
TCR too. Moreover, their capacity to be primed, expanded and even to generate memory like

III

“conventional” adaptive Lymphocytes have been observed in some circumstances **. The v
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version of the TCR molecule seems to be able to recognize antigens in a MHC independent way
including soluble or cell surface proteins, small peptides, phospholipids, prenyl-
pyrophosphates, and sulfatides 2. Their effector function in infection is based on releasing
inflammatory and effector molecules by which they kill infected cells. Contribution of vy T cells
to combat IAV infection is still partially unknown; however, it has been reported that they are

able to kill some type of cells infected by 1AV %.

Lysis of infected Cytokine and
or stressed cells chemokine production
Regulation of
stromal cell B cellhelp
functionvia |«=———| @ Tcell | ——|and IgE
growth factor production
production
Dendritic cell Priming of ap T cells
maturation via antigen presentation

Figure 7. Six of the best y6 T cell known functions 2. One, vé T cells can directly lyse and thereby
eliminate infected or stressed cells through the production of granzyme. Two, they can produce a
diversified set of cytokines and chemokines to regulate other immune and non-immune cells. Three, they
can provide help for B cells and promote the production of IgE. Four, they can present antigens for a8 T
cell priming. Five, they can trigger DC maturation. And, six, they can regulate stoma cells function
through the production of growth factors. Based on Vantourout et al. 2013 2

Antigen presentation and triggering of the adaptive immune response.

The ability to present antigens for triggering the adaptive immune system is restricted to
certain cell types, called Antigen Presenting Cells (APC). Antigen presentation in APC has been
generally studied in Dendritic cells (DCs) *°; thus this process is here described referring to
them. DCs play a key role in bridging innate and adaptive immune responses following IAV
infection. The bridge nature of DCs lies on their ability to sense pathogen and signalling out
(like the innate immune system cells) and to mount and regulate the adaptive immune
response °®. Dendritic cells are divided in different subset which distribution is tissue

dependent”. In lungs, two main DC types can be found: conventional DC and plasmacytoid

DCs. In the first type, further subsets could be defined depending on the tissue localization;
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those cells are specialized in process and present antigens. In contrast, pDCs are more
specialised in sensing and producing cytokines. In inflammation conditions, this heterogeneity
can be further enriched by recruited monocyte derived DCs. Draining Lymph Nodes (LN)
migration of DCs is followed by activation. Adaptive immune response is mounted there

through antigen presentation to T cells **%’

. However, it has been also recently demonstrated
that B or T cells dependent immune responses can also be mounted in the site of infection and
in particular in secondary lymphoid tissues induced by IAV *; those are located in the lungs

and have been named inducible Bronchus-Associated Lymphoid Tissue (iBALTSs).

T cells differentiation requires three basics signals *>'*°

. Signal 1 is delivered through the T-cell
receptor (TCR) when it recognizes an appropriate peptide—MHC complex (pMHC). Signal 2 is
referred to as “co-stimulation” and it is mainly mediated through the CD28 when it engages
CD80 and/or CD86. Signal 3 is mediated by ILs and factors like TGFf. The first two signals are
exposed on APC while the third signal is depending on the microenvironment to which the
cells are exposed. The Mayor Histocompatibility Complex molecules class | (MHC-I) or class Il
(MHC-1I) (which are part of the first signal) have epitope presenting functions and are
differentially recognized by different T cells subsets. This discrimination depends on CD4 and
CD8 receptors, which are TCR co-receptors differentially expressed by T cells; generally
speaking, CD4" T cells subsets are recognizing MHC-Il molecules whereas CD8" T cells subsets
are recognizing MHC-I molecules. Those discriminations lead to different T cell responses to
IAV infection or vaccination as described in the next sections. DC are likely to be the primary
population responsible at least for the induction of IAV specific CD8" T cells responses.

11 Two mechanisms have

However, the primary route of antigen uptake in vivo is still unclear
been described: through direct infection with 1AV or through phagocytosis of either dead or

dying cells.

It is generally known that the route undertaken by the antigen will influence the class of the

MHC by which it will be presented. Three main routes have been described (Figure 8) %%, |

n
the first route, antigens found at the cytoplasm compartment, usually expressed in the
cytoplasma, undergoes proteasoma cleavage to generate peptides of different length; those
are then further cleaved by peptidases at the endoplasmic reticulum (ER) compartment. Then,
peptides are transported through specific proteins named Transporter Associated with antigen
Processing (TAP). Peptide Loading Complex loads the generated peptides into the MHC-I and
then those peptide-MHC complexes (pMHC) are transported to the surface. In the second

pathway, antigens are coming from an extracellular source and they are uptaken by APC
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through different processes. Antigens could enter the endosomal route, where they are
degraded by proteases and loaded into MHC-II molecules for cell surface display. Intracellular
antigens can also enter the normal class Il pathway through a process called Autophagy '®.

the third route, antigens from extracellular source are uptaken by cells as the normal class Il
pathway does. However, the antigens in the late endosome are preserved or just partially
cleaved by proteases; thus they are transported to the cytoplasm and processed through the

classical class | pathway. This route is referred as Cross-presentation pathway '
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Figure 8. A simplified view of antigen presentation by DC (humans, mice). Left, exogenous particles,
proteins or pathogens can be taken into the cell through various pathways, including phagocytosis (for
particles >1 um), macropinocytosis (<1 um), and endocytosis from caveolae (~60 nm) or clathrin-coated
pits (~120 nm). Exogenous antigens are then processed in endocytic vesicles. Processed antigen (peptide)
is subsequently loaded onto MHC-II molecules (which have been assembled in the ER, transported
through the Golgi apparatus and targeted to endocytic compartments) in a lysosome or MHC-II
compartment (MIIC). The peptide—MHC-II complexes then move through exocytic vesicles to the cell
surface, where antigen presentation occurs. MHC-Il loading of endogenous antigen provided by
autophagy can also occur, particularly when the cell is under stress. Right, antigen can be loaded onto
MHC-I molecules through two main pathways. In the classical pathway, endogenous or viral proteins in
the cytosol are processed through the proteasome, transported into the endoplasmic reticulum through
the molecule TAP, loaded onto MHC-I molecules, and then transported through the Golgi apparatus and
exocytic vesicles to the cell surface for presentation. In addition, exogenous antigens that have been
phagocytosed, macropinocytosed or endocytosed can be cross-presented on MHC-I molecules by some
subsets of DC. In this pathway, antigen either may be loaded in endocytic compartments (not shown) or
may escape endosomes and arrive in the cytosol, where it is processed through the proteasome as usual,
loaded onto MHC-I molecules and transported to the surface. Finally, terminal degradation pathways

can occur (for example when apoptotic cells are internalized). Based on Hubbell et al. 2009 105
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Cleavage activities during antigen processing generate peptides of different length; however,
each MHC class prefers peptides of specific length. This is due to structural differences of the

MHCs, which can be appreciated in figure 9 '*

. It is generally accepted that MHC-I binds short
peptides (9-10 aminoacids, but longer peptides have been observed) as its binding cleft is
closed at the edges; in contrast, MHC-Il has got open edges and thus the length of hosted

peptide molecules can be larger.

A Peptide

a2 B Peptide

o
¥
[Ar]

£

g ¢

Figure 9. A structural comparison of MHC-I and MHC-Il peptides complexes. Although the subunit
compositions of (A) MHC-I (PDB: 2AK4) and (B) MHC-II (PDB: 354S) are different, the structural
conformation they assume is very similar, illustrating their shared role in presenting antigenic peptides
(red) to T-cells. (A) MHC-1 is comprised of 3 a-chain domains (a1, a2, and a3 in blue), which constitute
the heavy chain and f3—2-microglobulin (f2m) (cyan), whereas (B) MHC-II is comprised of a2 domain o-
chain (blue) and « 2 domain p-chain (cyan). (C) A top down view of the MHC-I binding cleft
demonstrating the closed conformation of the cleft and (D) the MHC-II binding cleft demonstrating how
the open cleft enables the peptide to extend from either end (colours as in A and B). (E) Side view of
PMHC class | showing how the closed conformation of the cleft forces the central residues of the peptide
up in a bulged conformation. (F) Side view of pMHC class Il showing how the open ended peptide binding

cleft enables the peptide to lie flat and extend. Based on Bhati et al. 2014 106

Other cell types, a part from DCs, have been shown to be involved in antigen presentation and
triggering of adaptive immune responses. Macrophages are cells carrying out various functions

in the innate immune response; however, they also have antigen presenting functions and
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thus they are thought to be implicated in generation of T cells response, in particular MHC-II

107,108
d

relate . v T Lymphocytes can promote indirectly antigen presentation providing help to

other APC; however, they can also act as professional APC. Antigen presenting functions in yo T

109-111

cells have been described in different species like mice, bovine and human . For example,

in humans, the Vy9/V32 T cells have shown to capture antigen through endocytosis ** or

phagocytosis ', and to prime CD4" or CD8" T cells "%

. In Vy9/V82 T cells, antigens are
thought to be uptaken from extracellular sources and to be processed through the normal
pathway to be presented on MHC-II; in contrast, antigens presented by MHC-I are processed

through the cross-presentation pathway ***

. MHCs are not just used by APC to expand adaptive
immune response; those molecules are also used to activate effector functions of T cells. MHC-
I molecule is virtually expressed in all nucleated cells; this molecule alone permits to drive the
effector function of T cells to those cells presenting epitopes recognised by their TCR .
Therefore, cells infected by viruses are specifically targeted by CD8" T cells. In contrast, MHC-II
is preferentially expressed by APC cells allowing activation of effector functions of the CD4"

subsets of T cells **.

Adaptive response

APC contribute to both humoral and cellular responses of the adaptive immune system. The
generation of humoral response relies on the activity of B cells (Figure 10). Those are being
primed, expand and differentiate into effectors cells named plasma cells and memory B cells,

18 The places where those events happen are the germinal centres (GC)

during IAV infection
of secondary lymphoid organs, including the iBALTs. Plasma cells showed different life span
and thus different implication into the length of protection. Once generated, plasma cells
reach specific niches in bone marrow and lungs in which they persist. IAV infection induces
virus specific antibody response "%, Protection to IAV infection relies on the neutralizing as
well non-neutralizing antibodies **°. The first type of antibodies avoids infection of cells, while
the second type can perform a larger variety of functions that are briefly summarized in figure
11. Moreover, two main antibody isotypes have been associated with protection to IAV

infection. Those are 1gG, which are found in blood and fluids (systemic) and IgA, whose

secretory form is important for protection at the mucosal sites (local).
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Figure 10. Primary B cell responses in lungs and Mediastinal LNs (mLN) following pulmonary influenza
virus infection (mice). Infected DCs deliver viral antigen to mLN where initial priming of B and T cells and
prompt supply of plasma cells takes place. mLNs also support the formation of GC which persist for a
long period. One week after infection, iBALT begin to develop in inflamed lungs and support cellular
niches for plasma cells and formation of GCs at the sites near virus replication. Based on Takahashi et al.
2012,

Cellular Mediated Immune (CMI) response is constituted by T cells; those are a heterogeneous
population of lymphocytes and so it is their response to IAV. T helper cells (Th) are the CD4"
fraction of the T cells. The microenvironment in which cells are found after antigen exposure,
contributes to generate a great phenotypic variability of those cells **°. The classical view
defined three subsets ***: Th1, whose signature cytokine is IFNy; Th2 with IL-4; Th17 with IL-17.
Those subsets polarize the immune response to be adapted to cope with intracellular
microbes, helmints and venoms or finally extracellular bacteria and fungi respectively.

122,

However, a greater plasticity of Th subsets have been described (Figure 12) *°*; thus different

subsets have specialized effector functions which cooperation contributes to the above cited

immune responses. The contribution to protection and mechanisms in 1AV infection of the

123

different subsets are not entirely clear . It has been reported that CD4" T cells can provide

protection through multiple pathways ***
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Figure 11. Alternative mechanisms of neutralization. (a) Classical HI active antibodies (in blue) neutralize
by inhibiting attachment of the viral HA to sialylated host cell receptors and block entry at an early stage.
(b) Stalk-reactive antibodies (green) bind to HA on the virus surface and may be taken up with the virus
into the endosome. During acidification of the endosome they may prevent conformational change of
the HA and inhibit release of the viral genome into the cytosol. (c) Broadly neutralizing antibodies may
also inhibit viral egress. (d) Stalk-reactive antibodies may inhibit HA maturation by sterical hindrance of
the interaction of host proteases with the HA cleavage site. (e) Stalk-reactive antibodies may also work
through ADCC, infected cells as well as viruses are killed/cleared by macrophages and NK cells. (f) Stalk-

reactive antibodies have been shown to trigger complement mediated lysis of infected cells and could

potentially also help to clear influenza virus particles. Based on Krammer et al. 2013 123

Their antigen specific viral clearance function is largely dependent on IFN-y and, to a lesser
extent, perforin but this response alone is not sufficiently robust to clear high-challenge doses
of virus. CD4" T cells synergize with naive B cells that act via secreting neutralizing antibodies
to improve viral clearance. Finally, they synergize with CD8" T cells during the phase of viral
clearance and they promote CD8" T cells memory. Cytolytic T Lymphocytes (CTL) are the CD8"
fraction of T cells bearing the a3 TCR. CTL are important for viral clearance. Their effector
functions against 1AV infections include the ability to realize cytotoxic compounds such as
perforin and granzymes, as well as being able to secrete chemokines and a variety of potent
inflammatory cytokines. More IAV associated effector functions are the induction of Cell death
pathways TNFo-related apoptosis inducing ligand (TRAIL) or FAS-FAS ligand 2. CTL can be
classified into three different subsets depending on the cytokine production profile: Tcl
secreting IFNy and TNFo; Tc2 secreting IL-4, IL-5 and IL-13; finally, Tc17 secreting IL-17, IL-21

126,127

and IL-22. Each of those subsets is involved in protection against AV infection although

. 12
none of them seems to be essential *%%.
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Figure 12. Subsetting CD4" T cell responses based on Th cell polarization. The polarizing mileu contributes
to the polarization of Naive T cells. Differentiation of polarized effector T cells is controlled by unique sets
of transcription factors (like FOXP3, RORyJ etc..), the expression of which is determined by multiple
signals but particularly by soluble factors that act on responding CD4" T cells during their activation.

Active T helper cells perform a great variety of effector function mediated by several factors (ILs, IFN,

TNF etc..). Based on Swain et al. 2012 '%.

Effector functions of T lymphocytes are not just beneficial. Overwhelmed response to 1AV
could contribute to immunopathology. Both CD4" and CD8" could be involved; however, the
exact mechanisms are not completely clear '*°. As already mentioned, the immune response is
a balance between antiviral and tolerance activities; in the adaptive immune system there are
cells specialized in containing the immunopathology instead of the virus. Those are T
regulatory cells (Figure 12) which have been demonstrated to suppress specific CD8" response
to IAV through IL-10 and TGF-B **°; therefore, limiting potential damage to the host. Effector
Th and CTL cells have also be shown to have some regulatory proprieties through secretion of

IL-10 ™.

Presentation of antigens in the draining lymph nodes (or other peripheral lymphoid organs like
spleen) contributes to priming, clonal expansion and differentiation of naive into effector T
cells. The heterogeneity of subpopulation in each T cells subsets depends on the polarizing

milieu. IAV effector T cells migrate to the site of infection where they perform their functions.
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Here, re-stimulation by specific antigens is needed for optimal CD8" T cells performance;
although, for CD4" T cells it is not completely clear *°*. Contraction of T cells is following viral
clearance (Figure 13) *°. During that phase activated T-cell effectors die via apoptosis to leave
a small but relatively stable population of memory cells; therefore, during contraction

transition from effector to memory is occurring.
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Figure 13. T-cell contraction following influenza infection (mice). Following maximal effector responses,

an acute contraction phase (yellow highlighted) occurs in the lung; that is coincident with viral clearance.

Based on McKinstry et al. 2010 30

Memory T cells seem to be not lasting during all life span of an individual (at least in humans);
therefore, there is a phase of: generation, homeostasis and then senescence; the maximum of

B! Memory T cells are not a homogeneous

protection is reached in the homeostasis phase
population and thus differentiation stages can be distinguished. Recently, a model for memory
generation in T cells has been proposed for human and it is reported in figure 14. T cells
migrate with preference for specific tissues ***; the stages from naive to Central Memory (Tcw)
T cells have preference (this means they circulate among tissues of a specific type) for
Lymphoid tissues while the Effector Memory (Tgy) and Effector (Tgk) T cells have preference for
peripheral tissues. Finally, a third stage is based on Resident Memory T cells (Tgy); those, in
contrast to the previously described stages, persists at the site of the infection and thus does
not circulate. The stages of memory differ more than just the tropism and thus difference in

functionality has been described *!; for example, Ty proliferate more but secrete less

cytokines like IFN-y and TNF compared to Tgy cells.
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Figure 14. A model for the generation of human memory T cell subsets. The progressive differentiation of
the three major circulating subsets — stem cell memory T (Tsey) cells, Ty cells and Ty, cells — from
activated naive T cells is shown relative to the extent of antigen exposure. Ty cells represent terminally
differentiated cells, and death is one outcome of increased antigen exposure and proliferation. Naive,
Tsewm and Ty cells circulate and migrate to lymphoid tissue, whereas Tgy and Tgg cells are the subsets of T
cells that have the capacity to traffic to peripheral tissues. Tgy, cells in peripheral tissue sites may derive
from either Tgy or Tgy cells that migrate to these sites through tissue-specific factors. It is possible that
Tem cells could develop into Tgy, cells in lymphoid sites (dashed arrow). Tgy cells in the peripheral

compartments are probably terminally differentiated as they do not circulate or convert to other

memory T cell subsets. Based on Farber et al. 2014 B

SwilV immune response. What is known in pigs.

Few studies have been studied the immune responses to IAV in pigs in vitro and even less have
been studied this infection in vivo. Those were well reviewed by Crisci E. et al. 2013 ** and

briefly summarised below.
Innate Immune response

Responses of soluble PRMs have been described under SwlV infection. However, their direct
implication in infection has been studied just for few of them. The previously described
members of the innate cellular response have shown to be implicated in SwlV infection in pigs.
Ephitelial cells, DC and macrophages sense SwlV pathogen and respond with proinflamatory
cytokines **. However, just few PRR and pathways implicated in that process have been
studied. Functionality of effector and APC (natural killer, macrophages and dendritic cells)
during SwlV infection in vivo is still partial or it has not been described yet. However, some in

vitro studies have analysed the interaction of porcine DC with 1AV 334,

Adaptive immune response

45 | Page



IAV infection is inducing humoral responses in pigs similar to the observed in mice, as it can be

appreciate in the model proposed by Crisci E. et al. 2013

and reported in figure 15. B-cell
clones are primed in lymphoid tissues and an antigen-specific and isotype-associated (IgM, 1gG,
IgA and even IgD and IgE) proliferation is induced 135, IgG and IgA are again the main
protagonists due to their involvement in protection. Maternal derived antibodies also cover an
important role in protection of piglets during the first weeks of life. Although they do not

completely prevent infection, they reduce transmission of 1AV "¢,

Porcine af} T cells have been recently dissected and a model for memory and subsets, which is
very similar to the human one, has been proposed **’. Studies on y8 T cells are also recent in

138-140
d

pigs. An ontogeny model has been propose and phenotypes as well functional

characteristics have been partially studied *****?

. CMI response dynamics to IAV infection in
pigs "** resemble the one observed in other models like mice (Figure 13) in which infiltration of
virus specific lymphocytes or cells of the CMI response in lungs corresponds with a drastic
decrease of viral titre. This suggested the involvement of the CMI system in the response
against IAV in pigs. However, no study has demostrated their role in protection or viral
clearance. Staining based on the CD3, CD4, CD8 and Y3 TCR showed the involvement of some

143-145

population of lymphocytes in IAV infection responses . Just few works were able to

properly differentiate those populations showing that CTL, T helper, T regulatory and y5 T cells

135,146-148
' . It has

were responding to IAV infection in periphery and/or in the site of infection
been showed that aff TCR cell response is oligoclonal and therefore antigen specific ***. The
effector functions of the CMI responses to IAV have been associated with IFN-y and

196149150 Recently, multifunctional CD4" T cells have been identified in peripheral

proliferation
blood of infected pigs; those were double or triple producers of IFNy, TNFo. and IL-2 **%. In the
same study, CTL responses were also multifunctional involving mainly IFNy and TFNa 148, Yo T
cells, T helper cells and CTL cells have been also shown to be involved in IFN-y response
131411 However, none of them discriminate with accuracy T cells lymphocyte nature, T
helper (CD4'CD8") or CTL (CD8") by CD3 staining. Interestingly, it has also been showed that y8
T cells could also respond by IL-10 secretion to IAV infection *** and therefore they could be
involved in regulatory responses. In summary, the effector mechanisms and the

subpopulations of the CMI responding to IAV infection remain a matter of further studies.
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Figure 15. SwlV infection in pigs. General kinetics of lung viral load, acute phase proteins (APPs),
cytokines (e.g. TNF-q, IL-6, and IL-8) and different immune system components (lymphocyte, IFN-y
producing cells and IAV specific antibodies (IV-specific Abs) during infection with different SwilV (H;N,
and HsN,) in pigs. The magnitude of responses is related to the days after infection (0-14). Based on
Crisci et al. 2013 ™

Rational design of vaccines against IAV—- Reverse vaccinology for the

rational design of pigs vaccines

IAV vaccines

Inactivated vaccines were the first to be developed for IAV and they are still largely used in
humans. Current inactivated vaccines are composed by the whole killed virus, split virus (Split
vaccine) and finally by just HA and/or NA proteins of the virus (subunit vaccine) (Figure 16).
Another commercially available vaccine is constituted by an attenuated form of the IAV that is
temperature sensitive and cold adapted; therefore, it is able to infect but it is not pathogenic.
Novel vaccines reduce viral content to few parts of the virus but at the same time give
relevance to more than HA and NA as immunogens. Those are coupled to adjuvant and/or
proteins with carrier function (e.g. flagellin in subunit HA stalk vaccines) or delivery functions
(e.g. viral vectors and plasmid based vaccines) (Figure 16). Novel vaccines are not yet
commercially available for IAV. The main target of current inactivated vaccines is the
generation of protecting humoral immune responses directed to HA. As previously mentioned,
surface glycoproteins are highly variable; there are a lot of different subtypes and even

subclades which usually induce a little or no cross reaction. Therefore, the major problem
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related to current inactivated vaccines has been antigenic drifts and shifts of IAV which lead to

a decrease of vaccine efficiency >
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Figure 16. Range of current and new vaccine presentations against IAV
on the left of red line, while novel vaccines are on the right hand side. Based on Reperant et al. 2014

Live attenuated influenza vaccines contain a defective virus, which replicates just in the upper
respiratory ways without causing classical influenza illness. Those are able to generate specific
IAV humoral and CMI response. However, they are only available for healthy individuals aged
2-49 years; the efficacy is controversial and it seems to be related with the age of the target

>4 Moreover, taking into account the cross reacting proprieties of the induced

population
immune responses it needs to contain more than one virus subtype. IAV antigenic drifts and
shifts force a periodical update of the strains contained in the vaccines. World Health
Organization (WHOQ) analyses IAV surveillance data generated by the WHO Global Influenza
Surveillance and Response System and issues recommendations on composition of vaccines
for the following influenza season. Therefore, if circulating strains are matching the strain in
the vaccine, this formulation would be kept for the next season. In contrast, if they are
mismatched, a new reference strain would be introduced to keep vaccine efficacy standards.
Figure 17 shows that some strains have been kept for long period during past IAV seasons (like
in H;N; subtype) while others have been changed yearly (like in H3N, subtype). This system is
quite efficient; however, lack of a complete knowledge of IAV and its unpredictability are the
mayor pitfalls. pdmH;N; is the clear example of system failing; the virus has been silently
evolving in its animal reservoirs and suddenly jump to humans; therefore, it was not
detectable by the normal surveillance system. Moreover, the current vaccines were not able to
efficiently protect due to the novelty of the antigenic characteristics of the virus *>. Zoonotic
characteristics of IAV are actually the mayor threat to this system; thus, recently surveillance
of the virus in animals reservoirs, like pigs and chickens, has been taken into account into
vaccine recommendations *°. Vaccines able to protect against different 1AV lineages (with
different subtypes, from different hosts and subclades) and thus able to give efficient cross

protection, would cope with those problems.
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Figure 17. WHO recommendations on the composition of influenza vaccines from 1978-1979 to 2013-

2014 for the northern hemisphere. The virus strains are periodically changed to match the antigenic

characteristics of the circulating strains. Based on Noh et al 2014 =

Rational design of vaccines
Empirically developed vaccines dominate the first era of vaccination and they are still widely
used ™’. However, they have safety and efficacy concerns, which are tried to be solved

through rational design of vaccine (RDV). Figure 18 shows two examples of RDV applied to

inactive or live pathogens 2.

: . ] IAVWt
: Antigen Rational
designed

vaccine . ;NS

Delivery "

.

A Adjuvant

Figure 18. Example of rational designed vaccines. Left side: pathogens are reduced to antigens (subunit
or peptides) and coupled to a delivery system (plasmids or viral vectors) and adjuvant. Right side: d.
Virulence of the pathogen is reduced by deleting or editing specific factors; however, its infection abilities
are maintained to generate a live attenuated virus. In the example (based on the work of Choi et al. 2015

159), NS1 of IAV is truncated.
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In both cases, factors representing safety threats are removed and factors that could increase
efficacy are coupled to pathogens antigens; in this case, a delivery system facilitating its

transport and an adjuvant improving adaptive immune system responses are coupled.

Recombinant DNA and Reverse Vaccinology (RV) have been the motor of the development of
the RDV '®°. RV is a science in which knowledge of the genome leads to vaccines **. In silico
mining has an important role permitting to narrow the laboratory work required for antigen

identification.

The process starts from large databases that make available genomic sequences of pathogens;
those are then used by bioinformatics softwares allowing to determinate a large range of
proprieties including: predicted protein sequence, localization or predicted antigen sequence.
Bioinformatics softwares have a great variety of function and their application depend just on

the case studied. The identified antigens are then tested in laboratory.
Bioinformatics in reverse vaccinology — antigen prediction for T cells response.

Bioinformatics is already integrated in the process of RV. It is providing tools for data analysis
and prediction which can be applied in multiple steps constituting the pipeline of vaccine

181 prediction of immunogenicity is one of the pivotal roles of bioinformatics in RV,

discovery
which looks for predictions in regions of the proteins from each pathogens that are recognized
by the humoral or cellular adaptive immune response (epitopes). Correct identification of
epitopes recognized by antibodies is crucial to design molecules that potentially mimic
protective epitopes; unfortunately, the available tools for prediction are not accurate enough
due to the complexity of the prediction **.

As previously mentioned, T cells epitopes have to be exposed on the cell surface by the MHC,
in order to be recognized by the TCR. Prediction of the immunogenicity for T cells epitopes
primary relies on the determination of the binding parameter of peptides to the MHC *®.
Bioinformatics software predicts the sequences of possible MHC binders from the aminoacidic
sequence of target proteins through the use of algorithms (Figure 19). The algorithms are used
to train and generate prediction model (usually specific for one MHC) using experimental
binding data. Depending on the nature of the data, the models can be mainly categorized into
Quantitative Binding Affinity Models and Binding Pattern Recognition Models. The first uses
guantitative experimental data of binding (affinities) to predict the binding strength of

epitopes; the second uses qualitative experimental data (binary data: binder or no binder) to

predict the binding propriety of epitopes. A third category of data is structure based; those are
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3D structures from already determined peptide-MHC complexes (pMHC) that are used to

generate the most recent modelling based algorithms.
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Figure 19. Schematic illustration of bioinformatics prediction by pan-specific methods. A) Peptide binding
and B) MHC pseudosequence are two types of major data incorporated in training. C) It shows the
trained model using binding data of A1, making predictions for a new A2 allele and other alleles. Based
on Zhang et al. 2012 e

The models discussed are generally specific for each allele and experimental binding data is
not always available. The pan methods of the Centre for Biological Sequence analysis
(http://www.cbs.dtu.dk/index.shtml) allow solving this problem. Those methods allow
predicting not just the binding characteristics of the epitopes to the MHC, but they predict
even the binding preferences of virtually all MHC with known sequences (Figure 19) ***'®, This
is because the prediction models are generated from both types of data, experimental
epitopes binding data and pseudosequences of the MHC; being the latter the minimal position
of the MHC that influence the epitope binding. Therefore, pan methods are useful for

veterinary species in which the knowledge of MHC binding preferences is still incomplete.

MHC molecules of class | or class Il have structural differences with functional implications in
the binding propriety to peptides and also in the specificity to T cells subsets, as already
explained in previous sections. Therefore, bioinformatics softwares offer the possibility to
make predictions for one or the other class of MHC. Binding of epitopes to MHC is used as
pivotal parameter for immunogenicity predictions; however, other factors could be crucial too.
The processing pathways preceding the presentation to MHCs can influence the availability of

some epitopes into the MHC charging process **"*°; for examples, some epitopes could not be
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formed during proteases cleavage but they could not be transported from the cytoplasm to
the ER. Software for predicting the activity of factors like the Proteasome and TAP functions
have therefore been developed and successively integrated into the MHC binding assays *"**"*.
In that way, just the epitopes that are made available to the MHC are taken into account for

binding predictions and thus the performance are increased (Figure 20).
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Figure 20. Pipeline of Epijen software analysis. This software integrate Proteasome cleavage and TAP

binding preference to narrow the MHC binding prediction just to the peptide that have been made

available after protein cleavage and transport to the ER. Based on Doytchinova et al. 2006 7

MHC-I epitopes binding assays

The strength of binding (equilibrium dissociation constant, Kd) of peptides for MHC-I binding
cleft is a predictor of CTL immunogenicity, as cited above. Assays characterising the affinity of
peptides for the MHC (binding assays) can be used to generate prediction software or to
validate predictions. The affinity is experimentally intended as the amount of peptide leading
to the formation of 50% of the maximal p-MHC complexes; thus to obtain this value, the

peptides must be titrated on MHC molecules.
Translation of RV technologies in pigs.

The recent advances in pig immunology allow a better understanding of host-pathogen
interaction permitting to rationally design vaccines. Databases of pathogens genomes have
been recently updated thanks to the recent lower cost of sequencing technologies. However,
there is still lack of reliable tools for in silico prediction of antigen immunogenicity. This

problem arises from the lack of experimental data without which, the prediction algorithms
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cannot be generated. Looking at the Immune Epitope Database > we can observe that despite
the large number of deposited T cells epitopes identified by functional methods (IFN-y release
or proliferation assays) in pigs, there is no MHC-Il epitope and just few and recently published

173-175

MHC-I epitopes characterized in MHC binding assays . There are few Swine Leucocyte
Antigen (SLA) class | (SLA-I) binding assays available and no one class Il (SLA-Il). The first
attempts to characterize binding propriety of peptides to SLA-I were done in similar ways by
Oleksiewicza et al. 2002 and Gao et al. 2006 *’**”7. In those works, a recombinant form of SLA
folded in vitro was used. It was constituted by the heavy chain of SLA (SLAhc) fused by a linker
to B2m. Peptides (free or bound in turn to the SLA by a linker) able or not to bind the SLA were
then identified through antibodies recognizing the p-SLA complex or by mass spectroscopy.
Those qualitative assays were not used to characterize peptides in any other publications,
probably because the difficulties to apply this techniques to different SLA alleles or because
time and labour expensive. A second generation of in vitro SLA-I binding assay was then

developed and expanded to different alleles "**"*

. In those assays, a recombinant form of SLA-
| was again used, which was formed by a chimeric heavy chain composed of human a1 and a2
domains and porcine a3 domain (where the binding cleft is located). The heavy chain was
folded in vitro with free human 32m and peptides to reconstitute the p-SLA complexes, which
was then quantitatively detected through an Enzyme-Linked Immunosorbent Assay (ELISA).
The absence of specific antibodies to detect all or at least the majority of known SLA-| alleles
leaded to the decision of using a recombinant SLA form which can be easily detected by an anti
Human Leucocyte Antigen (HLA) antibody. This decision did not to influence the reliability of
data, at least for the analyzed alleles. The use of Positional Scanning Combinatorial Peptide
Libraries (PSCPL) permitted to characterize the binding preferences of the some SLA- alleles *’*
and thus generated available data for the development of prediction algorithms. However,
those data have just been recently generated and no SLA allele specific prediction tools have

been developed.

The only available prediction tool applicable to SLAs of both classes are those using pan

165

methods. NetMHCpan showed high accuracy of prediction for SLA-I ™ and it has been recently

used for the identification of epitopes in Foot and Mouth Disease Virus, Classical Swine Fever

173,178,179

and even SwlV . A pipeline for identification of class | epitopes in pigs allowing to have

higher success rate is shown in figure 21.
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Figure 21. Pipeline for SLA-I T cells epitopes discovery. PSCPL are used to determinate the binding

preference of SLA. Those last are represented as LOGO; the example shows that SLA-1*0401 has binding

173

preference for specific aminoacids at positions 2, 3 and 9 *”°. Those data are used as cut off on the

predicted peptide; therefore, the peptides showing consistency between NetMHCpan and the PSCPL are
then tested in vitro. Finally, those peptides that bind to the SLA are used to generate tetramers and thus
they are tested in vivo on animals immunized or infected with the target pathogen. Based on Pedersen et
al. 2014 7%

This pipeline combines the predictions of NetMHCpan with the in vitro determined binding
preference of the target SLA (determinate by PSCPL). Candidate peptides are then
characterized in an in vitro binding assay. This system drastically reduces the number of
peptides to be tested in vivo or ex vivo. In this way, laborious and expensive but more accurate
technologies like the tetramers can be applied. In summary, whereas SLA-I binding preference
are being characterised in silico or in vitro, SLA-II are still uncharacterised due to the lack of
both in vitro and in silico technologies. In silico pan method for SLA-Il are available but they

have not been yet tested nor used in pig.
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Influenza vaccines and their rational design in pigs

Vaccines for pigs against IAV exhibit the same problems as their human counterparts.
Antigenic drift for SwiV has been described, although it is weaker than human IAV. In contrast,
there are a great variety of IAV lineages circulating in pigs, which are the result of
recombination events, highlighting the importance of this event in that specie. However, the
most important concern is the susceptibility of pigs to cross specie transmission of IAV. The
available commercial vaccines are based on inactivated whole or split virus. The epidemiology
situation of SwlV is directly influencing vaccines efficacy. For example, in USA SwiIV have
become increasingly diverse; updating strains in commercial vaccines has fallen behind and in
response, autogenous (made by the exact strain circulating in the farm) vaccines have become
common among USA swine producers 180 Europe, the strains contained in vaccines have
been updated with very less frequency, and just recently a trivalent vaccine has been
commercialized to cope with the new circulating H,N, subtype. A recent study showed that,
although the virus is evolving, the old vaccines might be still efficient to cope with SwiIV

81 The efficacy of homologous or autogenous vaccines is

infection of circulating strains
unclear, probably due to the inconsistency of vaccines formulations and type of viruses used
for challenges. Clinical signs and transmission are certainly reduced and sometimes they are

even avoided. However, the immunity induced is not sterilizing and animals still show infection

181-184

In a recent study, a mathematical model predicts that the most common vaccination strategies
are ineffective in eliminating or even reducing IAV infection in a breeding herd, as the virus can
still be found in piglets regardless of target population or vaccine type **. The major problem
of inactivated vaccines is still the protection against heterologous SwlV (protection against a

different subtype or SwlV lineage or HA clustering). Inactivated vaccines can induce partial

182,183,185 184 [

protection, which can reduce viral transmission , or no significant protection n

some cases, even vaccine-associated enhanced respiratory disease has been observed %'’
The observed weak heterologous protection induced by inactivated SwlIV vaccines could be
derived from CMI responses as well as from cross reacting antibodies; however, this issues

have not yet been fully addressed.

Influenza vaccines for pigs are adjuvated and therefore compared to humans vaccines, they
might be better at boosting CMI responses. Inactivated vaccines are able to induce IFNy

secreting CMI response against homologous or heterologous SwlV, which has been associated
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at least with the Th effector /memory cells ¥3®° and CTL cells *®. Proliferative response of CMI
specific for SwIV has been detected too after vaccination with inactivated virus **°. A different

study associated this response with Th effector/memory cells, but also with CD4" and CD8" T

191

cells ", Analysis of CD25 (o chain of IL-2 receptor) confirms those results, showing up-

regulation in T helper ' but also in CD4* T cells and CTL cells (CD8%&") **8. Regulatory
functions have been also associated with T helper cells after vaccination with inactivated SwlV,

| 188,189

which showed IL-10 responses to homologous or heterologous virus recal . A very recent

study showed that vaccines are able to induce SwlV specific T cells and several class | epitopes

7% |n addition, it was suggested that CTL subsets

have been identified by tetramer technology
might possess multiple specificities as they could to be stained even by tetramers bearing
epitopes mutated compared to the immunization strain. This means that CMI response, apart
from recognizing conserved epitopes in the internal proteins of IAV, might posses a broader
cross reactivity due to a TCR recognition flexibility, which permits recognizing epitopes even in
case of mutations. Detection of SwlV specific CMI induced by vaccination sometimes is not

192

detectable . This might depends on the different vaccine formulation or strategy adopted. In

a recent study, vaccination of pigs with adjuvated vaccines induced a better CMI response

1 The generation of a broadly protecting CMI response

compared to the non adjuvated one
is not just a concept in pigs. Different platform of rational designed SwlV vaccines are being

investigated, including Live attenuated, Subunit, DNA and vectored vaccines 193
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General objectives
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The main objective of this thesis was to identify and characterize SwIV T cells epitopes in pigs
that could be used in rational design of future vaccines against SwlV. This objective can only be
informed by a deeper knowledge of immune responses during host-pathogen interaction.

Thus, the following specific objectives were formulated:

1- To update the epidemiological situation of SwlV circulating in Spain, providing and

analysing genetic information of current SwlV circulating strains.

2- To generate an in vitro cell assay to characterise peptides binding abilities to particular

class | SLAs.

3- To identify SwIV T cells epitopes in inbred pigs.

4- To identify class | SwIV T cells epitopes in a SLA-I defined pig herd.
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Chapter I: An update on Swine Influenza epidemiology in
Spain
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Deep knowledge of circulating IAV will enable future rational design of vaccines. The
epidemiology of SwlV is fundamental to decide about vaccine formulations and in which
situation would be more effective. That differs among different continents and countries. The
epidemiological situation of SwlV strains circulating in Spain needed to be updated because all
genetic information were few and old. Serological information is limited to the antigenic
evolution of surface glycoproteins and their distribution. In contrast, genetic data gives more
deep information about the evolution and distribution not only on the surface but also about

internal proteins. This is very important considering the peculiarity of drift events in IAV.

The aim of this study was to complement the already available serological data of the pre-

pandemic period 2006—2007 on circulating 1AV, with genetic data.
Materials and methods

Virus isolation and subtype determination

Lungs were collected from freshly dead or euthanized pigs housed in 5 unrelated pig herds
showing clinical signs of influenza at the time of sampling (Table 1). Virus isolation was
attempted by inoculating the lung homogenates into the chorioallantoic sac of 9- to 11-day-old
embryonated SPF chicken eggs. After 3-5 days of incubation at 372C, the allantoic fluids were
tested for the presence of influenza virus by Reverse Trancription-Polymersase Chain Reaction

195 and

(RT-PCR) ™, and hemagglutination. Isolates were then tested by multiplex RT-PCR
standard cross-hemagglutination inhibition to determine the virus subtype and lineage. Virus
isolates were then propagated a maximum of 2 times on the Madin-Darby canine kidney

(MDCK) cell line and stored at -802C for further testing.

Virus A/Swine/Spain/SF11131/2007 (H1N1) Abbreviation: SF11131
Outbreak Location: Alcarras (Lleida)
Date: December 2007
Animals age®: 12
Mortality rate”: 3.28%
Sampling date: n/a
Accession numbers: HA: HF674888, NA: HF674889, PB2: HF674895, PB1l: HF674894, PA: HF674893, NP:
HF674891, M: HF674890, NS: HF674892

Virus A/Swine/Spain/SF32071/2007 (H3N2) Abbreviation: SF32071
Outbreak Location: Termens (Lleida)
Date: July 2007
Animals age: 20
Mortality rate: 3.07%
Sampling date: September 2007
Accession numbers: HA: HE774666, NA: HE774670, PB2: HE774669, PB1: HE774671, PA: HE774668, NP:
HE774667, M: HE774673, NS: HE774672

Virus A/Swine/Spain/80598LP1/2007 (H3N2) Abbreviation: 80598LP1
Outbreak Location: Torres de Segre (Lleida)
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Date: August 2006
Animals age: 20
Mortality rate: 9.19%
Sampling date: May 2007
Accession numbers: HA: HF674896, NA: HF674897, PB2: HF674903, PB1: HF674902, PA: HF674901, NP:
HF674899, M: HF674898, NS: HF674900

Virus A/Swine/Spain/ SF12091/2007 (H1N2) Abbreviation: SF12091
Outbreak Location: Binefar (Huesca)
Date: August 2007
Animals age: 22-24
Mortality rate: 6.99%
Sampling date: n/a
Accession numbers: HA: HF674904, NA: HF674905, PB2: HF674911, PB1: HF674910, PA: HF674909, NP:
HF674907, M: HF674906, NS: HF674908

Virus A/Swine/Spain/80598LP4/2007 (H1N2) Abbreviation: 80598LP4
Outbreak Location: Almenar (Lleida)
Date: September 2006
Animals age: 10-12
Mortality rate: 6.98%
Sampling date: May 2007
Accession numbers: HA: HF674912, NA: HF674913, PB2: HF674919, PB1l: HF674918, PA: HF674917, NP:
HF674915, M: HF674914, NS: HF674916

“ weeks of life
b average mortality during the fattening period
Table 1. Data on the Spanish SwiV strains analyzed in this study.

Genome sequencing

Total RNA was extracted from the infected MDCK supernatants using the QlAamp Viral RNA
Mini kit (Qiagen), according to the manufacturer’s instructions. The full length coding
sequences (CDS) of the 8 segments of the SwlV isolates was obtained using an RT-PCR method,
which combines several approaches listed below. Primers from the World Health Organization
% and from Chiapponi et al. (2003) were used. Additional primers were designed to obtain
sequences of regions not amplified by the above cited sources (Table 1 in supplementary file).
They were designed so they could be used under the same amplification conditions described
in the WHO protocol. The AccessQuick master mix RT-PCR System (Promega) was used
according to the conditions suggested by the WHO (detailed in Table 1 of Supplementary files).
Amplification products were separated by standard agarose gel electrophoresis, and then
purified using the NucleoSpin Extract Il (Macherey-Nagel) purification kit as per manufacturer’s
instructions. Sequencing reactions were performed using the BigDye Terminator Cycle
Sequencing kit v3.1 (Applied Byosystems), and resolved by using the ABI 3730 DNA automatic
sequencer (Applied Biosystems). ChromasPro software was used to assemble and edit the

overlapping fragments sequences (Technelysium Pty Ltd.).

Sequence analysis

64 |Page



BLAST sequence analysis ** was used for assessing the greatest similarity for each gene.

Publicly available nucleotide sequences of IAVs were collected from the Influenza Virus

198 199

Resource database and GenBank. Sequences were aligned using the ClustalW tool

20 A first phylogenetic tree for each CDS was

implemented in the MEGAS software
constructed using all available sequences isolated in swine in Europe, with complete CDS.
Then, for clarity, a second tree was constructed using only selected SwlV sequences
representative of each cluster in the tree, along with all the existing sequences from Spanish
isolates (available in the databases up to 14/03/2013). Phylogenetic trees of the eight CDS
from SwiVs were constructed using MEGAS software. The evolutionary history of SwiVs was
inferred using the Neighbor-Joining method *** with the Jukes-Cantor model *%, and

2% The reliability of the phylogenetic history was checked by

boostrapped 1000 times
comparing the phylograms generated with the above described method, and the phylograms
generated with Maximum likelihood method based on the best DNA evolutionary model for

each segment.
Screening for antigenic and glycosylation sites

The amino acid sequences of the hemagglutinin (HA) belonging to both Spanish field isolates,
and strains in RESPIPORC FLU3/GRIPOVAC 3 (IDT Biologika GmbH, Merial S.A.S.) (Table 2 in
supplementary file) were aligned and analysed for similarity (Figures 2 in supplementary files).
The position of the antigenic sites Ca, Sa, Cb and Sb on the H1 type of the HA protein, were

204

deduced from Brownlee 2001 ™. The glycosylation motifs were identified by NetNGlyc 1.0

server 205.
Results

The five isolated viruses belonged to the subtypes H;N; (n=2), H;N, (n=1) and HsN, (n=2). The
phylogenetic trees constructed from the full coding regions of the eight viral genomic
segments showed the same topology using either the Neighbor-Joining or the Maximum

likelihood method (data not shown).

The internal genes (PB1, PB2, PA, NP, M and NS) CDSs of the isolated viruses belonged to the
“Avian-Like” lineage and clustered together with SwlV strains isolated after 2004 (Table 2 and
figure 1 of supplementary files), whereas the surface glycoproteins CDSs (HA and NA) belonged

to different lineages depending on the subtype.
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SF11131 Identity Strain Accession number
HA 98% A/swine/Spain/53207/2004(H1N1) CY010580.1
NA 99% A/swine/Italy/65296/2004(H1N1) EU045389.2
A/swine/Italy/53949/2004(H1N1) EU045388.2
A/swine/Spain/53207/2004(H1N1) CY010582.1
pB1° 98% A/swine/Spain/53207/2004(H1N1) CY010586.1
A/swine/Italy/71251/2005(H1N2) JX843273.1
PB2 99% A/swine/Gent/132/2005(H1N1) CYl1e6431.1
A/swine/Spain/53207/2004(H1N1) CY010587.1
A/swine/Italy/50568/2005(H1N2) HQ845023.1
PA 99% A/swine/Spain/53207/2004(H1N1) CY010585.1
A/swine/Italy/50568/2005(H1N2) HQ709221.1
NP° 99% A/swine/Gent/132/2005(H1N1) CY116435.1
A/swine/Spain/53207/2004(H1N1) CY010583.1
98% A/swine/Hungary/13509/2007(H3N2) FJ1798771.1
A/swine/Greven/IDT2889/2004(H1N1) GQ161157.1
MP° 99% A/swine/Spain/53207/2004(H1N1) CY010581.1
A/swine/Ploufragan/0214/2006(H1N2) CY116542.1
A/swine/Gent/132/2005(H1N1) CY116437.1
NS 98% A/swine/Spain/53207/2004(H1N1) CY010584.1
A/swine/ltaIy/159870-2/2005(H1N1)a CYy116483.1
A/swine/Hungary/13509/2007(H3N2)? FI1798774.1
SF32071
HA 99% A/swine/Spain/82108/2007(H3N2) CY116558.1
98% A/swine/Hungary/13509/2007(H3N2) F1798772.1
A/swine/Damme/IDT5673/2006(H3N2)a GQ161147.1
A/swine/Spain/54008/2004(H3N2) CY010564.1
NA 99% A/swine/Spain/82108/2007(H3N2) CY116560.1
A/swine/Gent/96/2007(H3N2) CY116452.1
A/swine/Hungary/13509/2007(H3N2) F1798773.1
pB1° 99% A/swine/Gent/96/2007(H3N2) A/swine/Spain/82108/2007(H3N2) CY116448.1
A/swine/Spain/53207/2004(H1N1) CY116556.1
CY010586.1
PB2 99% A/swine/Spain/82108/2007(H3N2) CY116555.1
A/swine/Gent/96/2007(H3N2) Cy11e6447.1
A/swine/Hungary/13509/2007(H3N2)* FJ1798770.1
A/swine/Spain/53207/2004(H1N1) CY010587.1
PA 99% A/swine/Spain/82108/2007(H3N2) CY116557.1
A/swine/Gent/96/2007(H3N2) CY116449.1
98% A/swine/Hungary/13509/2007(H3N2)° F1798775.1
A/swine/Spain/53207/2004(H1N1) CY010585.1
NP 99% A/swine/Greven/IDT2889/2004(H1N1) GQ161157.1
A/swine/Spain/51915/2003(H1N1) CY010575.1
A/swine/Spain/53207/2004(H1N1) CY010583.1
M 99% A/swine/Spain/82108/2007(H3N2) CY116561.1
A/swine/Gent/96/2007(H3N2) CY1l16453.1
98% A/swine/llle et Vilaine/1455/1999(H1N1) CY116383.1
NS 99% A/swine/Spain/82108/2007(H3N2)a CY1l16562.1
A/swine/Gent/96/2007(H3N2)? CY116454.1
A/swine/Hungary/13509/2007(H3N2) F1798774.1
98% A/swine/Spain/53207/2004(H1N1) CY010584.1
80598LP1
HA 98% A/swine/Spain/54008/2004(H3N2) CY010564.1
97% A/swine/Gent/96/2007(H3N2) CY116450.1
NA 98% A/swine/Spain/54008/2004(H3N2) CY010566.1
97% A/swine/Damme/IDT5673/2006(H3N2) GQ161148.1
PB1 98% A/swine/Greven/IDT2889/2004(H1N1) GQ161154.1
A/swine/Spain/53207/2004(H1N1) CY010586.1
PB2 99% A/swine/Greven/IDT2889/2004(H1N1) GQ161153.1
98% A/swine/Spain/53207/2004(H1N1) CY010587.1
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PA 99% A/swine/Greven/IDT2889/2004(H1N1) GQ161155.1

A/swine/Spain/53207/2004(H1N1) CY010585.1
NP 98% A/swine/Spain/42386/2002(H3N2) CY020504.1
A/swine/llle et Vilaine/1455/1999(H1N1) CY1l16381.1
A/swine/Brno/00/2000(H1N1) CY115882.1
M 99% A/swine/Ploufragan/0214/2006(H1N2) CYl16542.1
A/swine/Gent/132/2005(H1N1) CY116437.1
A/swine/Spain/53207/2004(H1N1) CY010581.1
NS 98% A/swine/Spain/54008/2004(H3N2) CY010568.1
A/swine/Spain/42386/2002(H3N2)a CY020505.1
A/swine/Cloppenburg/IDT4777/2005(H1N2) EU053145.1
SF12091
HA 99% A/swine/Groitzsch/IDT6016-1/2007(H 1N2)a GQ161141.1
A/swine/Kitzen/IDT6142/2007(H1N2) GQ161145.1
A/swine/Groitzsch/IDT6016-2/2007(H 1N2)a GQ161143.1
98% A/swine/Spain/40564/2002(H1N2) CY116550.1
NA 99% A/swine/Kitzen/IDT6142/2007(H1N2) GQ161146.1
A/swine/Groitzsch/IDT6016-1/2007(H1N2) GQ161144.1
A/swine/Groitzsch/IDT6016-2/2007(H1N2) GQ1l61142.1
98% A/swine/Spain/40564/2002(H1N2) CY116552.1
PB1 98% A/swine/Spain/53207/2004(H1N1) CY010586.1
A/swine/Cloppenburg/IDT4777/2005(H1N2) EU053139.1
A/swine/Italy/71251/2005(H1N2) JX843273.1
PB2 99% A/swine/Gent/132/2005(H1N1) Cyl16431.1
98% A/swine/Spain/53207/2004(H1N1) CY010587.1
A/swine/Italy/50568/2005(H1N2) HQ845023.1
PA 99% A/swine/Spain/53207/2004(H1N1) CY010585.1
A/swine/Italy/50568/2005(H1N2) HQ709221.1
A/swine/Italy/626-2/2006(H1N2) HQ709222.1
NP 99% A/swine/Gent/132/2005(H1N1) CY116435.1
A/swine/Spain/53207/2004(H1N1) CY010583.1
M 99% A/swine/Ploufragan/0214/2006(H1N2) CY116542.1
A/swine/Spain/51915/2003(H1N1) CY010573.1
A/swine/Gent/112/2007(H1N1) CY1l16429.1
NS 99% A/swine/Italy/159870-2/2005(H1N1)? CY116483.1
98% A/swine/Spain/53207/2004(H1N1) CY010584.1
80598LP4
HA 94% A/swine/England/690421/95(H1N2) AF085415.1
A/swine/Cotes d'Armor/790/1997(H1N2) CY116410.1
A/swine/Bakum/1832/2000(H1N2) EU053148.1
NA® 96% A/swine/England/88761/1997(H1N2) CY116325.1
A/swine/England/61605/1998(H1N2) CY116246.1
95% A/swine/England/645913/1996(H1N2) CY116262.1
PB1 98% A/swine/Greven/IDT2889/2004(H1N1) GQ161154.1
A/swine/Spain/53207/2004(H1N1) CY010586.1
PB2 99% A/swine/Greven/IDT2889/2004(H1N1) GQ161153.1
A/swine/Spain/51915/2003(H1N1) CY010579.1
PA 99% A/swine/Greven/IDT2889/2004(H1N1) GQ161155.1
98% A/swine/Spain/53207/2004(H1N1) CY010585.1
NP 98% A/swine/Spain/40564/2002(H1N2) CY116551.1
A/swine/Granstedt/IDT3475/2004(H1N2) GQ161164.1
A/swine/Haseluenne/IDT2617/2003(H1N1) GQ161120.1
A/swine/Spain/53207/2004(H1N1) CY010583.1
M 99% A/swine/Spain/51915/2003(H1N1) CY010573.1
NS 99% A/swine/Spain/51915/2003(H1N1) CY010576.1

Table 2. The most homologous SwlV sequences for each segment analyzed in this study, according to
BLASTn search (25/02/2013). “Query coverage: 99%; ® The sequence of the virus isolated in this study
showed degenerate nucleotide (multiple nucleotide have been found at particular positions).
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H;N; subtype

The phylogenetic analysis showed that all eight CDSs of the SwlV strain SF11131 belonged to
the European “Avian-Like” lineage (Figures 22a, 23a and figures 1 a-f in supplementary file)
and clustered together with the contemporary strains isolated after 2000. This isolate also
showed high identity (Table 2) and close clustering of the HA and NA CDSs, with the Spanish
strain A/Swine/Spain/53207/2004 (H;N,). This latter, in turn, showed similar relationship with
other European strains like A/Swine/Hungary/19774/2006 (H1N4), and
A/swine/Germany/SIV04/2008 (H;N,) for HA CDS and A/swine/Italy/53949/2004 (H;N;) and
again A/Swine/Hungary/19774/2006 (H;N,) for the NA CDS.

H;3N, subtypes

The HA and NA CDSs of the isolates SF32071 and 80598LP1 clustered with the European strains
of the “Human-Like” H3;N, SwIV subtype. Both isolates exhibited a close relationship with the
Spanish strains A/Swine/Spain/54008/2004 (Hs;N,) and A/Swine/42386/2002 (H3N,), and

clustered together with strains described in North-East Europe in 2006-2007.

Alswine/Hungary/19774/2006 HIN1
Alswine/Ennigerloh/IDT5803/2006 H1N1
Alswine/Germany/SIV04/2008 H1N1
AISwine/Spain/SF11131/2007 H1N1

a)

Alswine/Spain/53207/2004 H1N1
Alswine/Germany/S1V05/2007 H1N1
A/swine/Greven/IDT2889/2004 HIN1
Alswine/Spain/51915/2003 HI1N1
Afswine/Spain/50047/2003 HIN1
Alswine/Germany/SEk1178/2000 H1N2
Alswine/Haseluenne/IDT2617/2003 H1N1
Afswine/Denmark/WVL9/1993 HIN1
Alswine/England/WVL7/1992 HIN1

“hvianLike" SulVs

100 L— A/swine/Spain/WVL6/1991 HIN1

Alswine/France/MVL13/1995 HINT

Alswine/! y/Vi 1995 HIN1
97 \—ENswlne/BeIgium/W\/UMQm HINT
10 331 Alswine/France/WVL3/1984 HIN1 ]
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Figure 22. Evolutionary relationships of HA CDS of taxa. The tree is drawn to scale, with branch lengths in
the same. units as those of the evolutionary distances used to infer the phylogenetic tree. Bootstrap
values greater than 50% are shown (1000 replicates). Strains isolated in this study are in boldface and
Spanish SwlV strains previously isolated are underlined. (a) H1 HA phylogenetic tree. The analysis
involved 38 nucleotide sequences of H,N; and H;N, IV subtypes. There were a total of 1676 positions in
the final dataset. (b) H3 HA phylogenetic tree. The analysis involved 25 nucleotide sequences of H;3;N, IV
subtype. There were a total of 1694 positions in the final dataset.

The HA CDS of isolate SF32071 was particularly highly related with A/swine/Spain/82108/2007
(H3N,), whereas the NA was highly related with the same strain but also with
A/swine/Gent/96/2007 (H;N,) (Table 2, figures 22b and 23b). Conversely, the HA CDS of
isolate 80598LP1 exhibited a higher phylogenetic distance from SF32071 and the closest
neighbour was the European strain A/swine/Gent/96/2007 (HsN,). The NA of 80598LP1
showed the same trend as the HA CDS but the closest neighbour was the Spanish strain

A/Swine/Spain/54008/2004 (HsN,).

H;N, Subtypes

The surface glycoproteins CDSs of the isolates SF12091 and 80598LP4 belonged to the same

lineage of SwlVs, the “Human-like” H;N,. However, they showed a divergent evolution
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between them, which was particularly evident when analysing the NA gene (Figure 23b). The
HA CDS of the isolate SF12091 were related to the Spanish strain A/Swine/Spain/40564/2002
(H1N,) and strains circulating in north-east Europe. Among them, the strain
A/swine/Kitzen/IDT6142/2007 (H;N,) was the most closely related one (Table 2, Figure 22b).
The NA CDS showed a clustering pattern similar to the HA CDS (Figure 24b). The HA of isolate
80598LP4 was more phylogenetically distant from the other co-circulating H;N, viruses,
including the co-isolated SF12091. Besides, the greatest identity found by BLAST was 94%, the
lowest compared to the other strains (Table 2, figure 23b). On the contrary, the NA CDS
clustered with strains circulating in the 1990s in England and France. However, none of them
showed a close relationship in terms of either identity or genetic distance (Table 2, figures 22b

and 23b).
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Figure 23. Evolutionary relationships of taxa of NA CDS. The tree is drawn to scale, with branch lengths in the same
units as those of the evolutionary distances used to infer the phylogenetic tree. Bootstrap values greater than 50%
are shown (1000 replicates). Strains isolated in this study are in boldface and Spanish SwlV strains previously
isolated are underlined. (a) N1 NA phylogenetic tree. The analysis involved 27 nucleotide sequences of H;N; IV
subtypes. There were a total of 1403 positions in the final dataset. (b) N2 NA phylogenetic tree. The analysis involved
34 nucleotide sequences of H;N, and H;N, IV subtypes. There were a total of 1398 positions in the final dataset.

Molecular characterization

The divergent evolution of the two H;N, isolates SF12091 and 80598LP4 may have changed
their antigenic characteristics; hence, amino acid sequences of their HA protein were
compared between them and with the vaccine strain A/Swine/Bakum/1832/2000 (H,N,) which
has a “Human-Like” HA (figure 2 of supplementary files). The antigenic sites of the two field
isolates were unidentical with the vaccine strain. Whereas the isolate SF12091 showed few
mutations falling into the antigenic sites, isolate 80598LP4 showed more mutations along the

entire length of the protein but also in the hypothetical antigenic site Ca (Table 3).
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Antigenic sites

Strains Ca Sa Cb Sb
80598LP4-
SF12091 6 1 0 1
A/Sw/Bakum/1832/00 5 0 O 1
SF12091-

A/Sw/Bakum/1832/00 2 1 0 0

Table 3. Number of mutations in the antigenic sites of “Human-Like” H1 HA SwiV proteins.

In contrast, the predicted glycosylation pattern was completely conserved among the H;N,

strains screened (Table 4), suggesting that masking of the antigenic sites was conserved.

Strain Glycosylation sites positions

A/Swine/Spain/80598LP4/2007 27,28, 40,172,177, 286, 304, 498, 557
A/Swine/Spain/SF12091/2007 27, 28,40,172,177, 286, 304, 498, 557
A/swine/Bakum/1832/2000 27,28,40,172,177, 286, 304, 498, 557

Table 4. Glycosylation sites on the HA protein from selected SwiVs. The boldface positions are the
glycosylation sites that are different in all strains.
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Chapter II: Generation of an in vitro assay to characterize
binding proprieties of peptides to SLA-I
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In vitro MHC binding assays are used to determine binding affinities of peptides to MHC
molecules. Experimentally obtained affinities are then used to validate predicted data or to
generate prediction softwares. There are several formats of binding assays in human or mice.

Those can be divided into cells-based or cells free assays.

In cell-based assays, the MHC expressed on the cell surface, used to titrate peptides, is in a
native form and thus the cell naturally folds it. Generally speaking, there are two main types of

206207 that relates the

cell-based assays. The first method is the MHC reconstitution assay
binding proprieties of peptides with their ability to reconstitute pMHC on cells surface (Figure
25). This is performed through denaturalization of the already expressed MHCs by releasing
the already bound natural peptides and 2m which are then reconstituted with target
peptides and f2m; amounts of pMHCs are then detected by specific antibody and by flow

cytometry. The second method is the MHC stabilization assay ****°

that relates the binding
propriety of peptides with their ability to stabilize pMHC on cells surface. The particular type of
cells used in this assay (TAP") already offers “empty” MHCs (MHCs not bound to peptides) on
the cellular surface and thus can be used for peptide titration. The amount of labelled peptide
can be also directly established using fluorescent or radioactive labelled peptides which are

used instead of antibodies ***.

Cells free binding assays are based on the same principle of cells based assays; they evaluate
the ability of peptides to generate a pMHC-I complex. However, they use a recombinant and in
vitro folded form of MHC-I molecule. There are several different method of detection of the
pMHC complex; these can be detected by antibodies enzimatically linked (Enzyme Linked

212

Immunosorbent Assay (ELISA)) or luminescently linked (Luminescent oxygen channelling

) 213

immunoassay) . Another method detect radiolabelled pMHC and retained radiolabelled f2m

214

is used as indirect measure of pMHC complexes (scintillation proximity assay) . Finally, there

are some assays in which in vitro folded or native purified MHC-I molecules can be used 2>,
In those assays, pMHC are separated from unbound MHC by gel filtration or column filtration
chromatography or antibody capture. Use of radiolabelled peptides allows quantification of

separated pMHC-I complexes.

In pigs, there are just a few formats of in vitro assays to test predicted binding propriety of
epitopes; those are “cells free” assay which use a recombinant form of in vitro folded SLA-I. As
mentioned, there are cell-based assays but they have not been developed for SLA-I. A cell-

based assay was chosen based on two reasons, firstly because the naturally folded properties
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of the SLA-I molecule and secondly to develop a new assay to increase the knowledge in
porcine immunology. The next chapter focus on Babrahams inbred pigs alleles SLA-1*es11 and
SLA-2*es22; these alleles were studied here with the aim of complementing the in vivo
information from chapter lll. Allele SLA-1*0401 is not present in Babraham pigs but it was
chosen here because there were already available some information about its binding

preference *°

and therefore it could be used as a reference in our experiments. The aim of
this study was to develop an SLA-I reconstitution assay to allow analysis of peptides binding
strength to SLA-I alleles SLA-1*es11, SLA-2*es22 and SLA-1*0401. Hence, in a first instance a
pipeline to generate transfected cells lines expressing SLA-I was set up using C1R cells due to
the fact that they are MHC negative and express little human HLA. Subsequently, SLA-I stably

transfected cells were used to set up optimal conditions for SLA-I reconstitution assay.
Materials and methods

Amplification of SLA heavy chain (SLAhc)

Babrahams pigs bear the alleles SLA-1*es11 (EU440342.1) and SLA-2es22 (EU432089.1). PK15
cells (ATCC CCL-33) bears the SLA-1*0401 allele **’. RNA was extracted from Babrahams pigs
lung or PK15 cells by RNeasy Mini Kit (Qiagen) with the on column digestion of DNA by RNase-
Free DNase Set (Qiagen). RNA was used as template for two-steps Reverse Transcription
Polymerase Chain Reaction (RT-PCR) with home-made SLA-1 primers forward:
CGAGGCTGAGGATCATGG and reverse: CCACAAGGCAGTTGTCTCAC respectively including the
start and stop codons of the SLA-1*es11 and SLA-1*0401 CDS. Primers used for the SLA-2*es22
forward: AGATGCGGGTCAGGGGCCCTCAAG and reverse: CAGTCCCCACAAGGCAGCTGTCTC were
from Gao et al. 2006 ’®. RT step was performed with MuLV enzyme (Applied Biosystem),
RNase Out (Applied Biosystem), Gold Taq Buffer (Applied Biosystem) and reverse primers
incubating 60 minutes at 48°C. PCR was performed with the GoTaq Flexi DNA Polymerase kit
(Promega) 2 minutes at 95°C for initial denaturation, 50 cycles of 94°C for 45 seconds,
annealing at 55°C for 30 seconds, and extension at 72°C for 2 minute followed by a last step of
extension at 72° C for 7 minutes. Amplification products were separated by standard agarose

gel electrophoresis and purified with NucleoSpin Extract Il (Macherey-Nagel).
Cloning SLAhc

Amplified SLA products were ligated into the pGEM-T vector with the kit pGEM-T Easy Vector

System | (Promega) and these were used to transform chemiocompetent E.coli. Recombinant
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clones were selected with Ampicillin (100 pg/ml) and Blue/White screening. Recombinants
plasmids pGEM-T-SLA were purified with the SV miniprep DNA purification System (Promega)
and those right oriented and non mutated were screened by sequencing. Sequencing reactions
were performed using the BigDye Terminator Cycle Sequencing kit v3.1 (Applied Byosystems),

and resolved by using the ABI 3730 DNA automatic sequencer (Applied Biosystems).
Generation of a recombinant mammalian expressing vector bearing SLAhc

Genes inserted into pGEM-T-SLA plasmid were excised using Not | enzyme (Roche), separated
by standard agarose gel electrophoresis and purified. The same process was applied to
pCDNA3.1" plasmid (Life technologies); moreover, this was de-phosphorilated with Alkaline
Phosphatase CIP (New England Biolabs) and then purified again. pCDNA3.1" plasmid and SLA
gene with generated Not | sticky ends were ligated with Instant Sticky-end Ligase Master Mix
(New England Biolabs). Chemiocompetent E.coli were then transformed with the recombinant
plasmid pCDNA3.1%-SLA as described above and selected with Kanamicin (50ug/ml). Right
oriented, non mutated plasmids were screened by sequencing and purified by EndoFree

Plasmid Maxi Kit (Qiagen).
Cell line and transfection

Immortalized human B lymphoblastoid C1R cells (ATCC CRL-1993) were grown in RPMI 1640
(Life technologies) supplemented with 10% Foetal Calf Serum (FCS) (Lonza), 2mM L-Glutamin
(Life technologies) and Penicillin/Streptomycin (Life Technologies). Cells were washed twice
with Phosphate Buffer Saline (PBS), once with RPMI 1640 and transfected. 9x10° cells in 90yl
of RPMI 1640 were placed into a Gene Pulser/MicroPulser Cuvettes 0.4 cm gap (BIORAD) and
mixed with 10pug of plasmid. C1R cells were then electroporated with Gene Pulser Xcell
Electroporation Systems (BIORAD) using Square wave method at 250V and 20 ms. Cells were
incubated 24 hours with RPMI 1640 supplemented with 10% FCS; then, media was
supplemented with selecting agent G418 (Life Technologies) at 1mg/ml and cells were
incubated during 1 week. After that period, cells were diluted to limit in selecting media and
incubated during 2 more weeks. This step was repeated once again to increase the purity of

recombinant C1R cells.
Flow cytometry staining

Cells were washed with buffer A or B (Table 5); buffer A was used for identification of

recombinant cells clones, while buffer B was used during the optimization of denaturalization.
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1x10° cells were incubated with the primary antibodies (table 5), washed twice with buffers (A
or B) and incubated with the secondary antibodies (listed in table 6). Cells were then washed

again and fixed with 1% paraformaldehide. The staining process was performed on ice until

fixation.
Primary Antibody Antigen Dilution Brand
74-11-10 SLA-I 1/400 Kingfisher
4B7/8 SLA-| - In house Bullido et al. 1996 ***
2G1/VAN SLA-I - In house (N/A)
W6/32 HLA - In house Barnstable et al. 1978 **°
BBM.1 human 2m - In house Brodsky et al. 1979 **°

Secondary antibody

PE Anti mouse IgG 1/50 Jackson Immunology

FITC Anti mouse IgG 1/400 Jackson Immunology

Buffers Composition

A PBS, 2%FCS and 0.2% Sodium Azide

B PBS, 1%Bovine Serum Albumin and 0.2% Sodium Azide

Table 5. Buffer and antibodies used for flow cytometry.

Denaturalization

Cells were washed two times with PBS. Denaturalization was performed incubating cells in
elution buffer (Citric Acid — Sodium phosphate dibasic at various pH). Duration of incubation
varies depending on requirement and it was stopped by adding RPMI 1640. Cells were washed
again in RPMI 1640 and stained for flow cytometry. Denaturalization process was performed
on ice (reagents and incubation) or at 3792C. When required, cells were incubated with
Brefeldin A Golgi plug (Becton Dickinson) 0.5 g per 10° cells before the denaturalization. RPMI
1640 (pH 8.2) was used instead of elution buffer as CTRL.

Results

Optimization of SLA reconstitution assay.

Firstly, specificity of the antibodies was evaluated in flow cytometry on wild type C1R cells
(C1R); in particular this was evaluated in denaturalised and untreated C1R cells.
Denaturalisation was performed through incubation of cells at pH3 during 90 seconds. Several

antibodies used to detect SLA-I (74-11-10 and 4B7/8), class | HLA (W6/32) and human 32m
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(BBM.1). Staining was performed with buffer that did not contain f2m (buffer B) to avoid
reconstitution of the MHC-I and it was performed on ice to avoid re-circulation. Antibodies 74-
11-10 and 4B7/8 did not stained C1R cells in all assayed conditions (Figure 24a and 24b)
indicating the absence of cross recognising epitopes on these cells before and after
denaturalization. C1R cells showed fluorescent signal due to the staining with W6/32 and
BBM.1 antibodies before denaturalization. Therefore, those antibodies detected a little
amount of HLA (heavy chain and bound 32m) on C1R cells. Denaturalization decreased C1R
cells fluorescence to background levels for staining with W6/32 and BBM.1 (Figure 24c and
24d), indicating elution of B2m and peptides from HLA. Therefore, reagents used for SLA

reconstitution assay did not cross react with HLA or any other unspecific factor.
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Figure 24. Testing antibodies cross reactivity. C1R cells were denaturalized at pH3 and on ice; then, those
were stained with different antibodies: a) 74-11-10, b) 4B7/8, c) W6/32, d) BBM.1. Dotted lines are CTRL
CIR treated at physiological pH (RPMI), continuous lines are pH3 treated CI1R, slash dotted lines are
unstained CTRL C1R.

Generation of C1R expressing SLA-I alleles.
SLA-I alleles were then stably transfected into C1R to be expressed on their cell surface. RNA
was extracted from lung tissues of Babraham pigs; SLA-1 specific primers were used to reverse
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transcribe and amplify the SLA-1*es11 coding sequence (about 1100 pb) (Figure 25a). This

fragment was then ligated into a cloning vector to generate the pGEM-T-SLA-1*es11 plasmid.

The insert was excised by Not | restriction and cloned into a mammalian expression vector to
generate the pCDNA3.1°-SLA-1*es11 plasmid. This plasmid allowed SLA-1*esll gene
expression into C1R cells after transfection. Screening of transfected clones was performed by
flow cytometry using 74-11-10 anti SLA-l antibody based on results from figure 24. This
antibody recognised SLA-1*es11 heavy chain and human (from C1R) or bovine (from FCS) f2m
(Figure 25b-c). SLA-I" cells were selected in batch culture and isolated by two limiting dilution
steps; in the first limiting dilution, some SLA-I" cells were still present in the culture of
transfected cells (Figure 25b). In the second round, C1R cells expressing the SLA-1*es11 were

successfully isolated (Figure 25c).

a) b) First limiting dilution c) Second limiting dilution
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Figure 25. Generation of CI1R SLA-1*es11. a) RT-PCR with SLA-1 primers of the RNA of Barbraham pigs
lung tissues. CI1R cells transfected with pCDNA3.1"-SLA-1*es11 plasmid were stained with the antibody
74-11-10 and analyzed by flow cytometry. b) Selection by limiting dilution of the CI1R cells transfected
with pCDNA3.17-SLA-1*es11 plasmid. c) Second limiting dilution of C1R cells transfected with pCDNA3.1"-
SLA-1*es11 plasmid. Dotted lines represent unstained cells, slash dotted line are C1R cells, continuous
lines are C1R SLA-1%*es11 cells. MW stands for molecular weight ladder.

The process for generation a stable C1R cell line expressing SLA-lI was also applied to other
alleles. SLA-2*es22 coding sequence was amplified by RT-PCR as described above using the
SLA-2 primers with RNA extracted from Babraham pig lungs, which was cloned into pGEM-T

easy vector and then into the pCDN3.1" (Figure 3 supplementary files).
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As mentioned previously, allele SLA-1*0401 was also used. PK15 cells were used as source of
allele SLA-1*0401. It was processed as described above to obtain pCDN3.1'SLA-1*0401
following the same methods as described in previous sections. C1R cells were transfected with
pCDN3.1"SLA*10401 plasmid and selected with just one round of limiting dilution. SLA-I" cells
were checked by flow cytometry, however, previously used 74-11-10 and 4B7/8 antibodies
were not recognising the chimeric structure of SLA-1*0401. In contrast, another anti SLA-I
antibody (2G1/VAN) was recognising a small population of transfected cells (Figure 4
supplementary files). Transfection and /or selection of the SLA-2*es22 and SLA-1*0401 were

not further continued due to time constrains.
Optimization of the SLA-I reconstitution assay

The SLA reconstitution assay was optimised on C1R cells expressing SLA-1*es11. Conditions to
obtain free empty SLA-l heavy chain (denaturalization step) as conditions to elute 32m and
naturally presented peptides, are here optimized. In a first instance, a range of pH was tested
by incubating cells during a fixed time (60 seconds). Stability of SLA-I molecules on cell surface
was evaluated by staining with antibody 74-1-10 which recognised chimeric SLA-1*es11
structure, based on previous results of figure 25. Re-circularization of newly synthesized MHCs
on the cell surface was avoided by working on ice throughout the experiment. Wild type C1R
represented background level in the assay (Figure 26). None of the pH conditions used
decreased the fluorescence of stained C1R SLA-1*esll, compared to the untreated cells
(CTRL), indicating that denaturalization of SLA-I did not happen. In contrast, treatment at pH 3

increased the fluorescence (Figure 26).
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Figure 26. Detection of chimeric SLA molecules after pH treatmenton CIR SLA-1*es11 cells by flow
cytometry with antibody 74-11-10. The first line (C1R) represents wild type CIR cells.

Increasing time of pH treatment might have been helped destabilizing the SLA-I structure.
Therefore, 90, 120 and 150 seconds of incubation with elution buffer were also tested,
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whereas temperature was maintained constant and pH of the buffer was set up at 3, based on

previous results (Figure 24).
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Figure 27. Time dynamic of SLA expression during the denaturalization step at pH 3. Flow cytometry of
the cells stained with 74-11-10. CTRL was incubated for 150”.

Wild type C1R represented background levels in the assay (Figure 27). None of the time length
used induced any decrease in fluorescence on stained C1R SLA-lesl1 cells when pH treated
and untreated (CTRL) conditions were compared. In contrast, these treatments increased
fluorescence (Figure 27) on transfected cells. This result has been observed in previous
experiment (Figure 26) and here again. One possibility would be that 74-11-10 antibody was
recognizing the heavy chain instead of the pMHC form of the SLA. Following this hypothesis,
denaturalization would increase free heavy chain form of SLA-I and thus C1R SLA-1*esl1
fluorescence; this is in line with observed results. To proof this hypothesis, denaturalization
experiment was repeated but this time, staining of cells was performed with different anti SLA
antibodies (74-11-10 and 4B7/8). Anti HLA (W6/32) and 32m (BBM.1) antibodies were also
used to check that denaturalization was properly performed. Recombinant cells C1R SLA-

1*es11 were treated at pH3 during 90 seconds on ice.

74-11-10 antibody staining revealed an increase of fluorescence in C1R SLA-1*es11 cells after
denaturalization (Figure 28a) confirming previous results. In contrast, staining with antibody
4B7/8 did not show any mayor change in fluorescence (Figure 28b). Therefore, the effect
observed for 74-11-10 could be particular of this antibody. However, this is not due to
recognition of SLA-I heavy chain, because 4B7/8 staining indicated that SLA-I was not
denaturalized as fluorescence was maintained at the same levels before and after
denaturalization. Recombinant cells showed a weak staining with W6/32 antibody, whose
fluorescence decreased after denaturalization (Figure 28c). Fluorescence with BBM.1 staining

decreased after denaturalization as well. W6/32 and BBM.1 stainings could indicate that the
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low levels of HLA in C1R cells could be denaturalised, determining release of 2m from the
cellular surface. However, BBM.1 fluorescence did not reach background levels after
denaturalization (Figure 28d) indicating that some B2m was still retained on the cellular

surface, probably by the transfected SLA-I allele.
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Figure 28. Testing antibody specificity after denaturalization on CI1R SLA-1*esl11. Cells were
denaturalized at pH3 on ice and then stained with different antibodies against SLA-I a) 74-11-10, b)
4B7/8, against HLA-I c¢) W6/32 and against f2m d) BBM.1. Dotted lines are CTRL C1R SLA-1%*esl1l,
continuous lines are pH3 treated C1R SLA-1*es11, slash dotted lines are CIR, large spaced dotted lines
are C1R SLA-1*es11 stained with just the secondary antibody.

These results suggested that HLA was denaturalised while transfected SLA-I was not. To
destabilize the chimeric SLA-1*es11 structure and thus achieve its denaturalization, the
temperature of the assay was increased up to 37°C. In that case, re-circularization of newly
synthesized SLA on cells surface was avoided by pre-incubation of cells with the inhibitor of
protein transport Brefeldin A. Staining with antibodies was performed at room temperature.
This treatment decreased C1R SLA-1*es11 cells fluorescence in all staining conditions tested

using 74-11-10, 4B7/8, W6/32 and BBM.1 (Figure 29).
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Figure 29. Denaturalization test at 37°C. Cells were denaturalized at pH3, during 90 seconds at 37°C;
then, they were stained at room temperature with different antibodies: a) 74-11-10, b) 4B7/8, c) W6/32,
d) BBM.1. Dotted lines are CTRL C1R SLA-1*es11, continuous lines are pH3 treated C1R SLA-1*es11 and
slash dotted lines are C1R.

Therefore, denaturalization of SLA (measured by 74-11-10 and 4b7/8) and HLA (measured by
W6/32) was achieved and thus f2m (measured by BBM.1) was released. However, a little of
SLA-I was still present on cell surface as fluorescence levels of 74-11-10 (Figure 29a) and 4B7/8
(figure 29b) were not brought to background levels (C1R). The behaviour of 74-11-10 staining
observed in previous experiments (Figures 26-28) was probably related to performing the
experiment on ice, as this effect was not noticed in this experiment performed at 372C (Figure

29a).

Therefore, denaturalization step of the SLA reconstitution assay was achieved on C1R SLA-
I*es11 transfected cells using the following conditions: pH3, incubation of 90 seconds, 372C

and finally staining with the appropriate antibody at room temperature.
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Chapter III: Identification of Swine Influenza Virus T cells
epitopes in inbred pigs
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There is a lack of knowledge around SwlV epitopes recognised by porcine T cells. T
lymphocytes are involved in immune responses against SwlV and only few SLA-I epitopes have
been identified in just one allele (SLA-1*0401), whereas any SLA-Il epitopes have been
identified. This situation is partially due to the technologies used for T cells identification.
Therefore, knowledge on different SLA epitopes is needed and more evidence supporting the
already available tools for their identification is also required. T cells epitopes are generally
identified in inbred models, when available. MHC homozygosis allows better definition of
epitope restriction’”. Inbred lineages are rare in large animals and thus not widely used.
Inbreed pigs have never been used for T cells epitopes identification. The aim of this work was
to apply RV as well as conventional methods to identify T cell epitopes of SwlV in inbred pigs
bearing SLA-I alleles SLA-1*es11 and SLA-2*es22. So far, SLA-II alleles in those inbred pigs has
not been defined. RV was used to identify SLA-I epitopes through in silico prediction followed
by ex vivo functional assays. Also, SLA epitopes were identified empirically through testing ex
vivo overlapping peptides representing two SwIV proteins. Another aim of this work was to
characterise the identified epitopes, as in their conservation, anchor positions and responding

T cells subsets.
Materials and methods

Animals

Babraham pigs were housed at the Greenfield farm (Compton) belonging to The Pirbright
Institute. Those are inbred large white pigs syngenic for the allele SLA-1*es11 and SLA-2*es22.
Animals were Mycoplasma Hyopneumoniae and Porcine Reproductive and Respiratory
Syndrome Virus free. They were vaccinated for Glassers Disease (MSD Animal Health), Mites
and Parasites Panomec Injection (Merial), Erysipelas Porcillis Ery Injection (MSD Animal
Health), Parvo Virus Suvaxyn Parvo/E Injection (Zoetis). Study 1: animals were 25-30 weeks old
and around 39-50 Kg of weight; they were labelled B557, B558, B563, B564, B568 and B570.
Study 2: animals were 8-9 weeks old and around 5.5-9.5 Kg of weight; they were labelled CTRL,
1 and 2. Study 3: animals were 2-3 years old and around 173-192 Kg of weight; they were
labelled B625 and B650. All studies were carried out under UK Home Office Licence number

70/7505 and approved by the ethical review processes at The Pirbright Institute.

Virus propagation and titration
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Virus A/Swine/Spain/SF11131/2007 (SpH;N;) was isolated and sequenced previously 2%

(Chapter I). Virus was isolated and propagated in embrionated eggs, as described in chapter 1
and then once in MDCKs cells. The latter step is here briefly described. Virus was diluted 1:10
in PBS with 10ug/ml of porcine trypsin type IX from pancreas (Sigma) and incubated 30
minutes at 37°C. MDCKs cells were cultured in flasks until confluent. Treated virus was
inoculated to flasks at 0.01 MOI and incubated 1 hour at 37°C and 5% CO,, for absorption.
DMEM (Lonza) media supplemented with 1ug/ml of porcine trypsin and L-Glutamine (Life
technologies) was added and then, they were cultured between 2 and 3 days at 37°C and 5%
CO,. Presence of cytopathic effect confirmed replication of the virus. Supernatants were
harvested, centrifuged (450g during 10 minutes) and stored at -80°C until further use. Mock
treated cells were processed following the same protocol and generated samples labelled as

MDCKs sup.

Virus stocks were then titrated as follows. Virus was diluted 1:10 in PBS with 10ug/ml of
porcine trypsin type IX from pancreas (Sigma) and incubated 30 minutes at 37°C. MDCKs cells
were grown in plain bottom 96 wells plate until confluent. Treated virus was diluted to end
point (serial diluted 1:10) in PBS and inoculated to each plate at 20ul per well. Plates were
incubated 1 hour at 37°C and 5% CO, for absorption. DMEM (Lonza) media supplemented with
1lug/ml of porcine trypsin and L-Glutamine (Life technologies) were distributed at 200ul per
well per plate. Plates were then cultured between 5 and 7 days at 37°C and 5% CO,. Cytopathic

effects were read and TCIDs, was then calculated by the method of Reed and Muench **.
Generation of the UV inactivated SpH;N;

SpH;N; virus (7.36-7.24 logTCIDsy/ml) was distributed into 6 wells plates generating a layer of 3
mm height. VL-4.C, 4W 254 nm UV lamp (Vilber) was located at 7 cm of distance from the
bottom of the plate. Wells were exposed to UV radiation during 20 minutes at room
temperature. To determinate virus inactivation the following method was used. The starting
volume of inactivated virus to be tested was 500ul; this volume was treated with trypsin as
above described and the entire 1:10 solution of virus (5 ml) was tested on MDCK plates at 20l
per well following the standard procedure described above. Absence of any cytopathic effect
confirmed virus inactivation with a limit of detection of 0.3 logTCIDso/ml. Hemagglutination
Units (HAU) were used to evaluate the quality of inactivated virus, as protein integrity. The
assay was performed using chicken red blood cells (RBC). Virus was diluted to end point in PBS

(1:2 dilution). One volume of 0.5% suspension of RBC in PBS was added to each condition;
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then, those were incubated at room temperature up to maximum 45 minutes. The highest
dilution of virus that causes complete hemagglutination was considered the HAU titration end
point. The HAU units were the reciprocal of titre. HAU were maintained before and after

inactivation of the virus at around 512-256 HAU/50ul of solution.
Pig immunization

Animals were immunised as described in table 6 and 28 days later they were boosted following
the same procedure. Intramuscular immunisation was performed inoculating antigens in the
front shoulder. Intranasal immunisations were performed inoculating antigens by a mucous
administration device (Wolfe Tory Medical) in nasal cavities. Animals were culled at 28 days
post boost (dpb) in study 1 and 2; in contrast, in study 3 animals were culled at 14 dpb.
Antigens used to immunise pigs were whole inactivated SwlIV (SpH;N; and Gripovac 3) or live
attenuated recombinant IAV (S-Flu). S-Flu was used to boost immune response in study 3. This
is a recombinant virus constituted by H5 HA subtype and the rest of proteins from the human
IAV A/PR/8/34. This virus was generated and attenuated by suppression of HA signal sequence

224

by Dr. Alan Townsend (University of Oxford, UK) as described by Powell et al. 2012

Antigen Adjuvant Dose Brand Route Animals
TCIDs,

Study 1

UV inactivated Montanide 10’ In house IM B557

A/Swine/Spain/SF11131/2007 (H;N,) (Seppic) B563
B568

Binary ethyleneimine inactivated Carbomer N/A Gripovac3 IM B558

A/Swine/Bakum/IDT1769/2003 (H;N,) 971 P NF (IDT BEEd

A/Swine/ Haseliinne/IDT2617/2003 (H;N,) Biologika) B570

A/Swine/ Bakum/1832/2000 (H;N5)

Study 2

UV inactivated Montanide  2x10’ In house IM land?2

A/Swine/Spain/SF11131/2007 (H;N,)

None - - - CTRL

Study 3

UV inactivated Montanide  3.5x10"  In house IM

A/Swine/Spain/SF11131/2007 (H;N,) 625

Pseudotyped IAV (S-Flu), H5 HA - 6x10’ Povzvzill et IN 650

al.

Table 6. Immunization followed in the three studies. The route of immunization was intramuscular (IM)
or intranasal (IN). Live attenuated virus S-Flu was kindly donated by Dr. Alan Townsend (University of
Oxford, UK). * in case of inactivated virus the dose corresponded to the titre before inactivation.

Sampling

Samples were collected following the scheme in table 7.
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Study 1 dpi Study 2 dpi Study 3 dpi

PBMCs 0, 28, 31,35,42,56 | O, 28, 35,42,49,56 | 0, 28, 35,42

Sera 0, 28, 25, 42, 56 0, 28, 42, 49, 56 0, 28, 35, 42
Spleen 56 - -
BALc - - 42

Table 7. Sampling of pigs in each study.

PBMCs

Blood was collected in heparinised tubes by anterior vena cava venepuncture. Peripheral
Blood Mononuclear Cells (PBMCs) were obtained by density gradient centrifugation, 1200xg
for 30 min over Histopaque 1.083 g/ml (Sigma). RBC were lysed by 5 minutes incubation on ice
with Ammonium Cloride buffer (Ammonium Cloride 155mM, Potassium Bicarbonate 10 mM,
EDTA disodium salt 0.1mM) and then washed several time with PBS. Cells were counted and
frozen at -80°C in FCS (Gemini) with 10% Dimetil Sulfoxid (DMSO). Samples were stored in

liquid nitrogen for further use.
Sera

Sera was harvested from centrifuged clotted blood samples maintained at 4°C. Samples were

stored at -80°C for further use.

Spleen

Following culling of animals, spleens were harvested and chopped into small pieces. Cells were
then passed through a metallic sieve and RBC lysed. Then, cell suspensions were separated in a

Histopaque gradient and processed as described for PBMCs.

Broncheo Alveolar Lavage cells (BALc)

Following culling of animals, lungs were removed and washed with 250 ml of cold PBS
supplemented with penicillin/streptomycin (Life technologies). The harvested fluids were
centrifuged and cells collected. Cells were then separated on Histopaque gradient and

processed like the PBMCs.
Culture medium

Culture medium was RPMI-1640 medium with glutamax-I and 25 mM Hepes (Life technologies)
supplemented with penicillin/streptomycin (Life technologies), and 10% heat-inactivated pig

serum (Life technologies) or FCS (Gemini).
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Peptides

Predicted peptides (Table 3 in supplementary files) and those representing the 43 and 44
peptides sequences were synthesized by the Laboratory of Proteomics & Protein Chemistry,
Department of Experimental & Health Sciences of the Pompeu Fabra University (Barcelona,
Spain). Peptides constituting pools 1-3 represented NP (AFG72805.1) and M1 (AFG72802.1)
protein sequences of human IAV strain A/Panama/2007/1999 (H;N,) while MSP represented
the Malaria Merozoite Surface Protein-1. Those pools were gently donated by Dr. Sarah Gilbert
(The Jenner Institute, Oxford, UK). Peptides were resuspended in DMSO and in culture media

at the desired concentration. They were conserved at -80°C for further use.

Stimulus

Study 1

Stimulus were diluted in culture media and tested as the following amount per well: predicted
peptides (Table 3 of supplementary files) and pools (Table 5 of supplementary files) at 1ug,
virus at 10° TCIDs,, MDCK sup was diluted like virus and Gripovac3 diluted 10 folds. Culture
Media was used to determinate background of the assays (Media). Where specified, DMSO
was added to the stimulus diluted 500 folds to resemble the amount contained in peptide

suspensions.

Study 2-3

Stimulus were diluted in culture media and tested as the follow amount per well: Pools 1-3 and
MSP at 1ug, Pools A-D and individual peptides (Table 4 and 5 in supplementary files) at 0.2ug,
SpH;N; at 10° TCIDs,, MDCK sup diluted like the virus, S-Flu at 2x10° TCIDs,. Culture Media was

used to determinate background of the assays (Media).
ELISA assays.

Sera were diluted 1:50 and then serially diluted 1:3 in milk PBST (PBS, 4% dry milk (Marvel) and
0.05% Tween?20). Viruses were diluted in carbonate buffer, pH9.6. Falcon 96-Well PVC Plates
(Becton Dickinson) were coated with 10* TCIDs, per well with diluted virus, incubated 1 hour
and washed five time in PBST (PBS and 0.05% Tween20). Plates were blocked 1 hour with milk
PBST and washed again five times. Sera dilutions were distributed in each plate at 100ul per
well, incubated 1 hour and washed five times. Porcine IgG were labelled with 100ul per well of
Goat anti pig 1gG(Fc)-HRP (Serotec) diluted 10° folds. Plates were then incubated for 1 hour,
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washed five times and then 50ul per well of TMB substrate were added. Finally, adding 50ul
per well of 0.1 M sulfuric acid stopped enzymatic reaction. Plates were read at 450nm and
630nm using a PowerWave XS reader (Biotek). Data was analyzed using Excel and Prism

software.
IFNy ELISPOT

Capture antibody Purified Mouse Anti-Pig IFN-y (Clone P2G10) (Becton Dickinson) was diluted
in carbonate buffer (pH9.6). 50ng per well of capture antibody were used to coat MultiScreen-
HA ELISPOT plates (Millipore). Plates were incubated for 2 hours and then washed five times
with PBS. Blocking was performed distributing 100ul per well of PBS with 4% milk (Marvel),
incubating 2 hours and finally washing again five times. Stimuli were distributed at 100 pl per
well. Pokeweed mitogen (PWM) 1ug/ml or Concanavalin A (ConA) 10ug/ml (Sigma) were used
as positive control. Cells were distributed at 5x10> per well for all stimuli except PWM, for
which 10’ cells per well were used. Plates were cultured overnight at 37°C and 5%CO,. Cells
were washed off the plates using PBST (PBS, 0.05% Tween 20). 100 pl per well of biotinylated
mouse anti-pig IFNy (Clone PTC11) (Becton Dickinson) diluted at 0.5 pg/ml, were added to
each plate and incubated 2 hours at room temperature. Plates were washed again five times
with PBST. 100 ul per well of streptavidin conjugated to alkaline phosphatase diluted 1:1000
(Invitrogen) were added to each plate and incubated 1 hour at room temperature. Plates were
washed five times with PBST. 100 ul per well of alkaline phosphatase substrate solution
(Biorad) were added to each plate and incubated for 20 min at room temperature. Plates were
then rinsed with tap water and allowed to dry overnight at room temperature. Finally, Dark
blue-coloured immunospots were counted using the AID ELISPOT reader (AID Autoimmun

Diagnostika).
Proliferation assays

[H’] Thymidine incorporation assay

Cells at 2x10° per well and each stimulus were plated into a final volume of 200pl in 96 U
bottom well plates. PWM at 0.1ug per well was used as positive control. Plates were cultured
at 37°C and 5%CO, during 5 days. Cells were then pulsed with [H*] Thymidine (Senior RPS) at
1uCi per well and culture for another 16-18 hours. Cells were then harvested onto a glass fibre

filter-mat (PerkinElmer) using the semi-automated cells harvester (Tomtec). Scintillation
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cocktail (PerkinElmer) was added to the Filtermats and then they were counted with Wallac

Trilux Microbeta scintillator counter (PerkinElmer).

CellTrace Violet proliferation assay

Cells were labelled with CellTrace Violet Proliferation Kit (Life technologies), which was used at
2.5 nM following the manufacturer’s instructions. Labelled cells were then plated at 5x10° per
well with stimulus at the above reported conditions. 2 ug of ConA (Sigma) were used as
positive control. Six wells per stimulus were used. Plates were incubated during 5 days at 37°C
and 5% CO,. Cells were then centrifuged and washed with buffer A (above reported). Staining
for surface markers CD4, y0 and isotype controls was performed by incubating cells with
reagents in table 8 during 10 minutes at room temperature. Excess of reagents was washed
out two times with buffer A and cells were stained with corresponding secondary antibodies
(Table 8) during 10-minute incubation at room temperature. Again, the excess of antibody was
washed out two times with buffer A and cells were stained with Live/Dead, CD3 and CD8
antibodies during 10 minutes at room temperature. Finally, cells were washed with buffer A
and fixed with 1% paraformaldehyd in PBS. Samples were passed through LSR Fortessa Il
(Beckton Dickinson); at least 1x10° events were collected. Data were analyzed with FlowJo v7

(FlowlJo). Results were graphed with Prism v5.01 (GraphPad).

Clone Subtype Fluorophore Brand
MHC blocking
1°Antibodies Amount per

5x10° cells
SLA-I 74-11-10 lgG2a - Kingfisher and in
house
SLA-II MSA-3 IgG2b - Kingfisher and in
house

Isotype controls

W6/32 IgG2a - In house
IFNy ICS
1°Antibodies Amount per

10° cells

CD3 BB23-8E6- IgG2a Alexa Fluor Becton Dickinson 200ng

8C8 647
CD4 MIL-17 IgG2b Biotinilated In house 120ng
CD8a. MIL-12 IgG2a FITC AbD Serotec 100ng
10 TCR PGBL22A lgG1 - Kingfisher 40ng
LIVE/DEAD Fixable Near- APC-Cy7 Life Technologies  0.3ul
IR Dead Cell Stain Kit
IFNy P2G10 IgG1l PE Becton Dickinson 20ng
2°Antibodies
Streptavidin Alexa Fluor Life technologies  100ng
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700
Anti-lgG1 eFluor® 450 eBioscience 20ng

Isotype controls

= MOPC-173  IgG2a Alexa Fluor BD, 558053 0.4ul
647

- MPC-11 IgG2b Biotinilated AbCam 120ng

- IgG1 PE AbCam, ab81200 20ng

- MRC OX- IgG2a FITC AbD Serotec 100ng
34

- ICIGG1 IgG1 - AbCam, ab91353  40ng

Proliferation assay

1°Antibodies

) PGBL22A lgG1l - Kingfisher 40ng

CD4 MIL-17 IgG2b Biotinilated In house 120ng

CD8 76-2-11 IgG2a PE Becton Dickinson  80ng

CD3 PPT3 IgG1 PE-Cy5 AbCam 40ng

LIVE/DEAD Fixable Near- Life Technologies  0.3pl

IR Dead Cell Stain Kit

2°Antibodies

Streptavidin APC Southern 100ng

Biotech
Anti-lgG1 FITC Southern 100ng
Biotech

Isotype controls

- ICIGG1 IgG1 - AbCam 40ng

- MPC-11 IgG2b Biotinilated AbCam 120ng

- X39 IgG2a PE BD (340459) 80ng
15H6 IgG1 PE-Cy5 AbCam 40ng

Table 8. Antibodies used in this chapter.

MHC blocking

Inhibition of class | or class Il MHC mediated IFNy response was performed through co-
incubation of cells, stimulus and anti-MHC antibodies. The antibodies used to block SLA-I and
SLA-1l and the isotype control are listed in table 8. Cells used were from animals of study 2 and

3 at different time points post immunization. Samples were then assayed by IFNy ELISPOT.
Cells separation by Magnetics Activated Cell Sorting

Cells were labelled with the anti SLA-Il antibody MSA-3 (hybridome supernatant diluted 10
fold) and separated by Magnetics Activated Cell Sorting Anti-Mouse 1gG MicroBeads
(Myltenyi), which are conjugated to goat anti mouse IgG (H+L), following manufacturer
instructions. Recall responses to peptides 43 and 44 from SLA positive and negative fractions
were then characterized by IFNy ELISPOT. Viability of cell suspensions was evaluated using

LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit (Life Technologies) at 0.3ul per 10° cells. Purity
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was evaluated using the anti mouse 1gG PE (Jackson Immunology) diluted 50 fold binding to
MSA-3 antibody and thus it permitted evaluating presence of SLA-II" cells by flow cytometry in
each cell fraction. Reagents used for viability and purity were incubated during 10 minutes at
room temperature with samples of SLA-II" and SLA-II" cells fractions. Excess of reagents was
washed out two times with PBS, 0.2% Sodium Azide and 2%FCS. Cells were then fixed with 1%
paraformaldehyde in PBS and passed through LSR Fortessa Il (Beckton Dickinson); at least
2x10" events were collected. Data were analyzed with FlowJo v7 (FlowJo). Results were

graphed with Prism v5.01 (GraphPad).
IFNy Intracellular Cytokine Staining (IFNy ICS)

Cells were distributed at 5x10° per well in a 96w plate with stimuli. 1ng of Phorbol 12-
myristate 13-acetate (PMA) (Sigma) and 20ng of lonomycin (Sigma) per well were used as
positive controls. Six wells for each stimulus were used. After 2 hours of culture at 37°C and
5%CO,, protein transport was inhibited with 0.25pg of Brefeldin A Golgi plug (Becton
Dickinson) per well. Plates were cultured again during 6 hours and then stored at 4°C over
night. Cells for each stimulus were joined together and stained using the following protocol.
Briefly, cells were centrifuged and washed with buffer A (PBS, 0.2% Sodium Azide and 2%FCS).
Staining reagents were also diluted in buffer A. Cells were incubated during 10 minutes at
room temperature with Live/Dead, isotype controls or cells surface markers CD3, CD4, CD8
and Y3 (Table 8). Excess of reagents was washed out two times with buffer A and then cells
were stained with secondary antibodies (Table 8) during 10-minute incubation at room
temperature. Excess of reagents was washed out 2 times with buffer A. Cells were fixed and
permeabilized with Cytofix/Cytoperm (Becton Dickinson) following manufacturer’s instructions
and stained with the anti-IFNy antibody and Isotype control reported in table 8. Finally,
samples were passed through LSR Fortessa Il (Beckton Dickinson); at least 2x10> events were
collected. Data were analyzed with FlowJo v7 (FlowlJo). Results were graphed with Prism v5.01

(GraphPad).

Structure of NP protein.

3D structure of NP of A/Panama/2007/1999 IAV strain (AFG72805.1) was built by homology

modelling through the automatic Expasy server Swiss Model (http://swissmodel.expasy.org/)

2 The resulting homologous model was visualized and hydrophobicity analyzed with Cn3D

(http://www.ncbi.nlm.nih.gov/Structure/CN3D/cn3d.shtml) .

Conservation analysis of epitopes
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Sequences of IAV of different subtype and isolated in swine, human and avian were retrieved

from the Influenza Virus Resource (http://www.ncbi.nlm.nih.gov/genomes/FLU/FLU.html) *%;

at least 500 full length sequences for each group were taken into account. Those belonged to
the protein in which epitopes were located. Sequences were aligned with Clustal W
implemented in MEGAS; regions corresponding to epitope sequences were used to generate

logo by Weblogo Version 2.8.2 (http://weblogo.berkeley.edu/).

Statistical analysis

Descriptive statistics including distribution images of results and tables were performed with
SAS system V.9.1.3 (SAS institute). Non-parametric statistic analysis were performed with
Wilcoxon test implemented from SAS software. Individual pigs were used as experimental unit.

The significance level (p) was set at 0.05 with tendencies reported when p>0.1.

Results

Candidate T cell epitopes

SpH;N; epitopes were identified trough two main pathways. The first one involved in silico
prediction of candidate epitopes. Peptides with potential to bind to class | alleles at locus 1
SLA-1*es11 or at locus 2 SLA-2*es22, were predicted using NetMHCpan v.2.8 software
(http://www.cbs.dtu.dk/services/NetMHCpan-2.8/). Length from 8 to 10 amino acids was

selected as parameter; this respect the minimum and maximum limit for class | MHC binding
cleft. The prediction was performed on HA, PB1, M1 and NP proteins of SwlIV SpH;N;. A total of
49 peptides were predicted (Table 3 in supplementary file). Irrelevant peptide sequence was

taken from an irrelevant antigen and used as control.

The second approach empirically identified candidate epitopes through dissection of
overlapping pools of peptides representing certain viral proteins. Those representing the
sequence of SpH;N; were not generated. However, pools 1 and 2 representing full NP and pool
3 representing M1 proteins (Pool 3) of human IAV strain A/Panama/2007/1999 (Hs3N,). were
used (gently donated by Dr. Sarah Gilbert from the Jenner Institute, Oxford, UK). These pools
were constituted by peptides between 17 and 20 amino acids and overlapping 10 amino acids
(Table 5 in supplementary files). The homology of NP and M1 proteins between that virus and
SpH1N1 was 90% and 92% respectively. Pool MSP represented an irrelevant antigen and was

used as control (gently donated by Dr. Sarah Gilbert from the Jenner Institute, Oxford, UK).
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Therefore, some candidates SLA-l epitopes were in silico predicted whereas others were

empirically tested.

Priming of immune response in Babraham pigs

Antigen specific cells were generated with the desired antigen by immunising and boosting
pigs intramuscularly with adjuvated inactive SwlV viruses, either SpH;N; or those composing
Gripovac3 (Table 6). Priming of animals was tested by analysing specific antibodies in sera. IgG

responses were measured by ELISA and results from studies 1 and 2 are shown in figure 30.
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Figure 30. IgG ELISA in sera from study 1 and 2. Sera from study 1 were tested against antigens: a)
SpH;N,, b) Gripovac3 and c) MDCKs sup. Pigs B557, B563, B568 were immunised with SpH;Ny; pigs B558,
B564, B570 were immunised with Gripovac3. Data are represented as mean of duplicate results. d) Sera
from study 2 were tested against SpH;N; antigen. Pigs 1 and 2 were immunised with SpH;N; while pig
CTRL was not immunised. Data are represented as mean with standard deviation (sd) of triplicate results.
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Specific responses against different antigens were tested. Pigs immunised in study 1 and 2
responded to the homologous antigens used for immunisation and maintained the response
during the entire study. In study 1, pigs B557, B563 and B568 responded to SpH;N; (Figure 30a)
while B558, B564 and B570 responded to Gripovac3 (Figure 30b); in study 2, pigs 1 and 2
responded to SpH;N; whereas the untreated pigs did not (CTRL) (Figure 30d). Cross-reactive
responses in SpH.N; vaccinated animals to Gripovac3 and vice versa were observed. In study 1,
B558, B564 and B570 pigs responded to SpH;N; (Figure 30a) whereas B557, B563 and B568
pigs responded to Gripovac3 (Figure 30b). In the same study, immunisation of animals with
SpH1N; also generated humoral responses against the vehicle solution (MDCKs sup); this
response was not shown when Gripovac3 was used to immunise pigs. 1gG response to viral
solution SpHiN; was higher than the one against MDCK sup. and thus it was specific for virus

antigens. Therefore, pigs showed specific IgG responses against the desired antigens.

Identification of T cells epitope.

Sequences of candidate epitopes were determinate, as explained above, by two approaches: in
silico peptide prediction and empirical identification. Peptides representing those sequences
were tested ex vivo on tissues from immunised pigs. Therefore, IFNy and proliferative recall

responses induced by the peptides were evaluated.

Predicted peptides were tested individually by using IFNy ELISPOT and [H’] Thymidine
incorporation assay in PBMCs from immunised pigs of study 1. Descriptive statistic analysis
showed that distribution of these responses exhibited high standard deviations (sd) from day 0
and up to the end of the experiment (Figure 31 and figures 5-6 of supplementary files). This
observed variability implied that positive responses were identified at each time point as those
showing values major than the mean plus two to three times the standard deviation
(depending on the assay). Following this approach, only outstanding positive responses were
identified, decreasing the type | error of the analysis. However, this approach increased the
probability to have a type Il error but, at this stage, the most critical point was ensuring

positive responses.
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Figure 31. Identification of T cell epitopes in predicted peptides and pools of peptides representing NP,
M1 proteins. Predicted peptides and pools 1-3 were tested by a-e) IFNy ELISPOT or f-1) [H3] Thymidine
incorporation assay with PBMCs from animals immunized with SpH;N; (a, d, f and i) or Gripovac3 (b, e, g
and 1) in study 1. Distributions (a, b, f and g) and descriptive statistics (c and h) of results are reported;
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stimuli showing statistical significant positive results are those having values major than the mean and
three times (IFNg ELISPOT) or two times ([H3] Thymidine incorporation assay) sd (cut off). Stimuli were
tested in triplicate. b) and d) Results of positive identified stimuli; data are represented as mean and sd
of IFNy secreting cells (ISC) per 10° PBMCs (ISC/10° PBMCs) or counts per minute (com). Statistically
positive stimuli are highlighted by asterisks.

SpH;N; specific responses (IFNy and proliferation) were generated after the first immunisation
and maintained up to the end of the study in PBMCs (Figure 31 and figure 5-6 of
supplementary files); those responses were also detected in spleen of animals immunised with
Gripovac3 (Figure 5-6d of supplementary files). However, [H?] Thymidine incorporation results
showed that SpH;N; and MDCKs sup recall responses were present even at Odpi (Figure 6a
supplementary files). None of predicted peptides showed a positive response at any tested
time point in PBMCs nor spleen (Figure 31 and figure 5-6 of supplementary files). In summary,
cellular mediated IFNy and proliferative responses against SpH;N; were generated and
maintained after immunisation to the end of the study but none of the predicted peptides was

identified as a SpHiN; T cell epitope using a in silico peptide prediction approach.

T cells epitopes were also empirically identified in study 1. Pools 1-3 were tested
simultaneously to predicted peptides by using IFNy ELISPOT and [H’] Thymidine incorporation
assays on PBMCs of 14 dpb. The same statistic approach used for predicted peptides was also
used to identify pools inducing positive responses. Pool 2 was giving a positive IFNy and
proliferative recall response (Figure 31) and therefore was selected for further analysis. Pool 1
and 3 were not giving any substantial positive response. Study 2 was performed to identify
which peptides from pool 2 were responsible of the observed IFNy response. Whole virus
SpH;N; or in its absence S-Flu, were used in IFNy ELISPOT to check recall response in pig PBMCs
to the antigens used for immunisation (SpH;N,). Positive responding stimuli were identified by
non-parametric statistics analysis as those showing values major than media or pool MSP and
with p<0.05. SpH;N; was tested just at 7dpb and it recalled positive responses in cells from
immunised animals (Figure 32). Results using S-Flu were similar to SpH;N; indicating that
PBMCS from immunised pigs cross-reacted against S-Flu (Figure 32); however, this response
was not positive at any further tested time point (Figure 7 of supplementary files). Peptides
composing pool 2 were grouped in pools A-D (Table 5 supplementary file) and they were
tested individually by IFNy ELISPOT on PBMCs from animals in study 2. Pool 2 recalled IFNy
response in cells from all immunised animals (Figure 32). Pools A, B and C were positive at 7

dpb; although pools A and B were not further detected positive at any other time point
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whereas pool C was positive also at 21 dpb (Figure 7 supplementary files). Finally, peptides
composing pool C (peptides 39-46) were tested individually. Peptide 43 and 44 were inducing
positive response at 7 and 14 dpb; at the other time points, they showed a tendency to
positive response (figure 7 supplementary files). As expected, cells from CTRL pig were not
responding to any pools, sub-pools and or even peptide 43 and 44 (Figure 32). Therefore,
these results indicated that peptides 43 and 44 were the mayor inducers of IFNy responses in

pool C and in pool 2.
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Figure 32. Empirical identification of T cells epitopes in Pool 2. Pool 1-3 and control (MSP), pools A-D and
peptides of pool C (39-46) were tested by IFNy ELISPOT with PBMCs of study 2 at 7 dpi. Pools A-D and
individual peptides were not tested on the CTRL pig. DMSO was added to controls at the same
concentration as peptides. MDCK sup is the mock infected control or better defined as the vehicle of virus
particle of the immunization antigen SpH;N;. Results were expressed as IFNy-producing cells number per
10° stimulated PBMC (/SC/106 PBMCs). Data for each animal was represented in graphs as mean with sd
of triplicate results. Non-parametric statistic analysis identified stimuli with difference statistically
significant when compared to media+DMSO and pool MSP. Those having a p<0.05 are marked with
asterisks (*).

Epitopes were better defined by using a new set of peptides encompassing the 43 and 44
(Table 4 Supplementary files), which were designed hypothesizing that an epitope was located
in the overlapping region between peptide 43 and 44. Peptides differed each other by 2 amino
acids in length; thus, the importance of amino acids located at the N-terminus and C-terminus
of peptide 43 and 44 respectively was sequentially tested by IFNy ELISPOT assay. Peptide 44
showed some mutations compared to the corresponding region in SpH;N;. Therefore, peptide
Sp44 was designed without those mutations to evaluate their influence in recall responses.
Study 3 was performed to test those peptides. Animals were immunised with the same
inactive antigen previously used in previous studies, SpHiN;. However, live attenuated virus S-

Flu was used for boosting. S-Flu had a high homology in the amino acid sequences of NP and
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M1 within pools 1-3 (92% and 96%) and five mutations were falling into the sequences of
peptide 43 and 44. As seen above (Figure 32), response to this virus was cross-reacting and
thus able to boost epitopes shared by pool 2 and SpH;N;. Therefore, peptides were tested by
IFNy ELISPOT assay on PBMCs and positive responding peptides were identified by non
parametric statistics analysis as those showing values major than irrelevant peptide or media
and with p<0.05. IFNy recall response of antigens used for immunization was detected from
the time of boosting (28 dpi or 0 dpb) and it was maintained up to the end of the study (Figure
33).

Positive response to virus vehicle (MDCKs sup) was also detected, defining non specific
responses. Reactivity of PBMCs from immunised pigs from study 3 to pool 2, pool C and
peptide 43 and 44 (Figure 33c) was positive and consistent with previous studies (1 and 2).
Peptides 43a-d and 44c-e induced IFNy recall responses (Figure 33). These responses were

coherent during all time points tested in study 3.

The results showed that 43d (QISVQPTFSVQR) and 44c (SVQPTFSVQRNLPF) were peptides in
which shortening of 2 amino acids at respectively the N terminus (Ql) and C terminus (PF)
leaded to lose IFNy recall responses, suggesting that anchor positions important for SLA
presentation were located there (anchor regions). A difference in ISC numbers was noticed
when peptides 44c and 44d were compared (non-parametric statistics analysis). Peptide 44d
induced more ISC than 44c (p<0.05); this can be interpreted in two ways. On one hand,
sequence SVQPTFSVQRNLPFEK (peptide 44d) might contain 2 overlapping epitopes in which
the first ended at PF (peptide 44c) and the second ended at EK. Those epitopes might
contribute to the observed IFNy response of peptide 44d; however, losing EK disrupted one of
the epitopes in peptide 44d and thus IFNy response decreased to level of peptide 44c. Thus,
the anchor position of the second epitope in 44d could be located in EK. On the other hand,
another explanation would be that EK amino acids at the C terminus of epitope
SVQPTFSVQRNLPF improve presentation from SLA or TCR recognition and thus increasing IFNy
response generated by that epitope. Finally, peptide Sp44, which had the corresponding
sequence of peptide 44e (or peptide 44) but from the SpH;N; virus, showed a response similar
to 44e (Figure 33), suggesting that those specific mutations (Table 4 supplementary files) were

not located in relevant positions for TCR recognition or SLA presentation.
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Figure 33. Empirical identification of T cells epitopes in peptide 43 and 44. Pool 1-3 and control (MSP),
pools A-D, peptides 43-44, 43a-f, 44a-e and Sp44 were tested by IFNy ELISPOT with PBMCs of study 3 at
a) 28dpi or Odpb b) 7dpb c) 14dpb. MDCK sup is the mock infected control or better defined as the vehicle
of virus particle of the immunization antigen SpH;N,. Results were expressed as IFNy-producing cells
number per 10° stimulated PBMC (/SC/105 PBMCs). Data for each animal was represented in graphs as
mean with sd of triplicate results. Non-parametric statistic analysis identified stimuli with difference
statistically significant when compared to media+DMSO, pool MSP or irrelevant peptide. Those having a
p<0.05 are marked with asterisks (*).

Immunisation of pigs in study 3 contributed to induce an antigen specific CMI response also in
respiratory tract. SpH;N; and S-Flu showed to recall response in BALc when tested by

IFNy ELISPOT (positive recall response defined as those with showing difference with p<0.05).
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Specific IFNy responses were also recalled when peptides 43 and 44 were tested, although
they were observed for just one animal whereas the other one just showed a tendency (Figure
8 in supplementary file). Therefore, responses to virus and peptides 43 and 44 were not only

systemic but also local.

Once epitope sequences were defined, the question was whether they were associated to
presentation by SLA-I, SLA-Il or both. To get insight into the question, PBMCs from immunised
pigs were incubated with blocking antibodies against SLA-I and SLA-II. Antibodies treated cells
were then tested by IFNy ELISPOT; antibodies were inhibiting when ISC were compared with
untreated control (p<0.05 in non parametric analysis). Results in figure 34a showed that
inhibition of IFNy recall responses from peptides 43 and 44 was accomplished when anti SLA-II
antibody was used in the assay. Anti SLA-Il antibody inhibition was higher than the one by anti
SLA-I antibody every time the experiment was repeated (Figure 34b, p<0.05). This result

indicated that IFNy response induced by peptide 43 and 44 was SLA-Il dependent.
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Figure 34. SLA class of the identified T cells epitopes. SLA blocking of IFNy recall responses of peptides 43
and 44. a) Anti SLA-Il and SLA-I antibodies or isotype control (It CTRL) antibody were used to block the
response induced by peptides 43 and 44. Responses were recalled in PBMCs of study 3 at 28 dpi and
results were tested by IFNy ELISPOT. Results were expressed as IFNy-producing cell number per 10°
stimulated PBMC (ISC/106 PBMCs). Data for each animal was represented in graphs as mean with sd.
Statistical analysis were performed comparing antibodies treated with untreated conditions by non
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parametric analysis. b) Percentage of response calculated comparing anti SLA-I or SLA-Il antibodies
blocked with untreated conditions. PBMCs were stimulated with peptide 43 or 44 and blocked. This
experiment was performed at least 4 times for each peptide; mean with sd are represented. Statistical
analysis was done using non-parametric comparison between anti SLA-I and anti SLA-II conditions. Those
conditions marked by asterisks (*) have at least a p<0.05.

Association to SLA-l or SLA-Il in IFNy recall responses induced by both peptides was also
evaluated by a complementary method. PBMCs samples at 14 dpb in study 3 were separated
using magnetic beads into SLA-Il positive and negative populations and viability was evaluated.
The purity of those populations was respectively ranging 83.2 to 87.8 % and 93.3 to 94.4 %
with viability from 91.2 to 92.4% (Figure 9 in supplementary files). Peptides 43 and 44 were

tested by IFNy ELISPOT using SLA-II" and SLA-II" cells (Figure 35).
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Figure 35. SLA-II"” subpopulations responses to peptides 43, 44 and pool C. Purified SLA-II" cells were

stimulated and studied by IFNy ELISPOT. Peptide 44b was used as negative control as no recall response
was observed previously. In figure a and b, cells were plated respectively at 4x10° and 2.5x10° per well.
Results were expressed as IFNy-producing cell number (ISC). Data for each animal was represented in
graphs as mean with sd. Those marked with asterisks (*) had a statistic significant difference compared
to media or irrelevant peptide with p<0.05.

Cells were stimulated using two different conditions. In the first condition (Figure 35a),
different amount of SLA-II" and SLA-II" cells were exposed to the same amount of stimuli. The

relation of the number of cells per stimuli reproduced the condition previously used in IFNy

ELISPOT in this work. PBMCs had around 80% of SLA-II" cells in these pigs (data not shown);
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therefore, the corresponding amount per well was tested. The same analogy was performed

for SLA-II" cells.

Complementary, the experiment was also performed exposing the same amount of cells from

each subpopulation (2.5x10°) to the same amount of stimuli (Figure 35b).

SLA-II* fraction showed similar results in both tested conditions (Figure 35). There was a
positive recall response in conditions stimulated by SpH;N;, Pool C and peptide 44 (p<0.05).
IFNy response to controls (peptide 44b, irrelevant and media) was negative as expected. SLA”
fraction was also tested and it was negative for all stimuli (data not shown). This result
indicated that there were no IFNy competent cells in that subpopulation for the peptides
tested. Our results suggested that SLA-Il expressing cells are associated with responses to the

peptides under study.

In summary, two minimal SLA-Il epitopes were defined in NP potein (Figure 36). The first was
in peptide 43 and the IFNy responses were detected up to the sequence QISVQPTFSVQR. The
second epitope was in peptide 44 and IFNy responses were detected up to the sequence
SVQPTFSVQRNLPF.  Unfortunately, recall responses of the entire sequence
QISVQPTFSVQRNLPF were not tested. In those epitopes, QI and PF were supposed to be
anchor regions as their deletions disrupt IFNy responses against those epitopes. Finally, EK
amino acids were located at C terminal end of epitope in peptide 44 and two possible
hypothesis were formulated about this region, either it could be an anchor position of another

possible epitope or it was influencing recall response of the flanking epitope.

Peptided3 O verla ppmg _______ Peptide 44
NQQRASAG QISVQPT FSVQRNLPFEKSTVM

= o L Anchorregions

| Proposed epitope
regions

Figure 36. Proposed epitope sequences and their anchor regions. Peptide 43 and 44 exhibited sequence
overlapping of 10 amino acids; arrows indicate anchor regions identified in these sequences, whereas
grey bars indicate epitopes sequences. Those indicated by asterisks are putative anchor regions.

Cells involved in epitope recognition

Having defined antigenic sequences in peptides 43 and 44 and their dependence to SLA-II
binding, the question was to define which cells were responding to this particular SLA-
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Il/epitope combination. Thus, cells producing IFNy after stimulation by both peptides were
identified by flow cytometry through ICS assay on PBMCs at 28 dpb from study 3. Cells were

gated following the strategy in figure 37 and both pigs exhibited similar pattern of staining.
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Figure 37. Gating strategy of flow cytometry IFNy ICS assay on PBMCs of pig 650 at 28 dpb (Study 3). a)
Live Lymphocytes in T cells (CD3") were identified; b) y5 negative and c) positive populations of T cells
were then discriminated and further divided into different subpopulation using CD4 and CD8 markers.

Single positive CD4 or CD8 and double positive (CD4°CD8’) cells in y5 Tor ¥5 " T cells were identified and
further analysed to quantify /FN;/+ cells. Plots on the right in b and ¢ show some examples of IFN)/+ cells

gating for irrelevant and 44 peptides and SpHN; virus (frequencies are showed in figure 38).
Live cells, which constituted a high proportion of lymphpocytes (72-76%), were selected for
further analysis; T cells (CD3*) were distinguished into y& ~ and y8 " subpopulations (Figure

37a). Also, 8 ~ T cells was the highest proportion of CD3" cells (67-73%); this population was
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further dissected into: CTL (CD4CD8') (31-36%), Th naive (CD4'CD8) (27-29%) and Th
effector/memory (CD4'CD8") (33-36%) (Figure 37b). On the other hand, v T
cells represented around 26-32% of CD3" cells and they were dissected into yd 'CD4 CD8",
vd 'CD4'CDS’, y8 "CD4'CD8" and v3 "CD4'CD8 cells (Figure 37c). y5 "CD4CD8" and & "CD4"
CD8 were the highest subpopulations in y& T cells (14-17 and 81-83 %); the rest of
subpopulations were under 1% and therefore they were not taken into account for further

analysis. Isotype controls showed staining frequencies on live cells ranging between 0.01 and

0.26%.

Figure 38 summarizes percentages of IFNy" cells in each of those subpopulations gating like
examples showed in figure 37. Non-parametric analysis showed that the differences observed
were not statistically significant, probably due to the low number of animals and repetitions
used; therefore, all positive responses were just tendencies. Stimulation with SpH;N; virus
induced IFNy responses in CTL, Th effector/memory and v5 “CcD4CD8* T cells. Cells from pig
625 showed IFNy responses with a frequency around 1.5% in all the cited populations (Figure
38); in contrast, cells from pig 650 showed just a maximum of 1% in Th effector/memory.
When MDCKs sup was used as stimuli, frequencies of IFNy positive cells were always lower
than 1% in both pigs and therefore, this value was considered background. S-Flu induced a
response just in Th effector/memory, with frequencies ranging 0.5 and 1%. Therefore, CTL, Th
effector/memory and y8 *CD4°CD8" T cells in peripheral blood specifically responded with IFNy
to stimulation with SpH;N;. In contrast, Th effector/memory was the only T cell subpopulation

in peripheral blood responding with IFNy to stimulation with S-Flu.

Pool 2 and pool C induced responses in CTL, Th effector/memory and y8 “CD4CD8* T cells with
frequencies ranging between 0.25 and 1.5%. Peptides 44 induced a response in the same
populations cited before; however, frequencies were around 0.5% in the best situation. The
rest of peptides 43, 43d, 44c showed frequencies below 0.25%. Peptides 42 and 44b were
expected to give negative results as observed previously in IFNy ELISPOT assay (Figure 32 and
33) and thus they were used as additional negative controls; their frequencies were less than
0.25%, similar to all negative controls (Figure 38). In summary, peptide 44 induced IFNy recall
responses in CTL, Th effector/memory and v6 *CD4CD8" T cells whereas peptide 43 did not

induce detectable recall responses in any of the analysed T cells sub populations.
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Figure 38. Frequencies IFN7+ T cells. IFNy ICS assay was performed on PBMCs at 28
dpb from study 3. Peptides 42-44, peptides 43d, 44c and 44b, pools 2 and C were
tested. T cells subsets were differentiated in a) CTL, b) Th effector/memory c) Th

Naive d) yo *cpacp8’ and e) yo *CD4°CDS. Data are results of one experiment and

they are expressed as percentage of IFN y+ cells in each subset.
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Cell subpopulations responding to peptides 43 and 44 were also analysed by flow cytometry
and cell trace violet. Stimulation was performed on splenocytes at 28 dpb from study 1. Cells
were gated following the strategy in figure 39 and results were similar in both analysed pigs.

Live cells, which constituted about 43-50% of lymphocytes, were selected for further analysis;

T cells (CD3") were distinguished into y8 ~ and y8 " subpopulations (Figure 39a).
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Figure 39. Gating strategy of flow cytometry using Celltrace violet proliferation assay on Splenocytes
from pig 564 at 28 dpb (Study 1). a) Live Lymphocytes in T cells (CD3") were identified; b) y5 negative
and c) yo positive populations of T cells were then discriminated and further divided into different
subpopulation using CD4 and CD8 markers. Single positive CD4 or CD8 and double positive (CD4*CD8’)
cells in yo or ¥~ T cells were identified and further analysed to quantify cells showing low Celltrace
violet staining. Plots on the right in b and c show some examples of low Celltrace violet stained cells
gating for irrelevant and 44 peptides and SpH;N, virus (frequencies are showed in figure 40).
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¥8 ~ T cells were the highest proportion of CD3" cells (63-72%); this was further dissected into:
CTL (CD4°CD8") (24-25%), Th naive (CD4'CD8’) (29-36%) and Th effector/memory (CD4'CD8")
(36-45%) (Figure 39b). On the other hand, Yo T cells represented around 28-36% of CD3" cells
and they were dissected into y8 "CD4'CD8", 5 "CD4'CD8’, v5 'CD4*CD8" and y5 "CD4'CD8  cells
(Figure 39c); yo *cD4'cD8* and vo *CD4'CD8 populations constituted the highest proportion of
vd T cells (49 and 35-46 %). y5 "CD4'CD8" ranged between 4.5-12%. Isotype controls showed

staining frequencies of live cells below 0.62%.

Proliferating cells (low Celltrace violet staining) were quantified (Figure 40) for each stimulus,
gating like examples showed in figure 39 in CTL, Th naive, Th effector/memory, yd *cp4acDs’,

vd "'CDA'CDS, y& 'CD4"CDS".

Non-parametric analysis showed that differences were not statistically significant, probably
due to the low number of animals and repetition used; therefore, all identified positive
responses were just tendencies. SpH;N; virus induced proliferation in all analysed subsets and
in immunised animals, 564 and 570. In particular, between 70 and 80% of Th effector/memory
and yd T cells subpopulations (CD4CD8" and CD4°CD8") proliferated; the rest of analysed
subpopulations showed proliferating cells frequencies between 20 and 50%. MDCKs
supernatants induced responses that differed depending on the T cells subsets analised. In
CTL, Th naive and Th effector/memory T cells subsets cells from pig 564 (Figures 40a-c) showed
frequencies up to a maximum of 4%, while cells from pig 570 it was about 1%. On the other
hand, yd subsets (Figures 40d-e) showed proliferation frequencies in response to MDCKs
supernatants between 9 and 45% in both pigs. In summary, CTL, Th naive, Th effector/memory
T cells but also y8 " subsets (CD4'CD8" and CD4CD8") proliferated in response to the antigen
used for immunisation. Background response to SpH;N; vehicle was also detected, in particular
in YO subsets; however, it was always less than two times than the response to SpH;N;. The T
cells subsets Th effector/memory and y8 " were responding with the highest frequencies

compared to the rest of T cells subsets.

Cells responding to pools A-D were also quantified. Pool C was the only one showing a
consistent response among pigs in CTL, Th naive and Th effector/memory; frequencies of
proliferating cells in the first two subpopulations were between 7 and 14 % whereas they were
about 25-28% in the latter. The rest of pools (A, B and D) induced responses in the those

subpopulations with frequencies between 1 and 4% (Figure 40a-c). Pool A gave proliferation
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up to about 8%, although just in CTL cells from pig 564. Pool C was also the only one inducing a

consistent response in both pigs,

particularly in y8 * subsets (CD4CD8*, CD4

CD4CD8") with frequencies were between 45 and 65% (Figures 40d-e).
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Figure 40. Proliferation frequencies. Results of Celltrace violet assay performed on Splenocytes at 28 dpb
of study 1. Response of T cells subsets was differentiated by a) CTL, b) Th effector/memory c) Th Naive d)

yo ‘cp4cps’ and e) o *CD4*CDS’. Data are results of one experiment and they are expressed as

percentage of low Celltrace Violet cells in each subset.

Pools A and B induced frequencies ranging between 4 and 38% and they were very variable

between pigs. Pool D induced proliferating responses just in pig 564. Therefore, CTL, Th naive
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and Th effector/memory but also some y6+ subsets responded by proliferation to pool C.

However, Th effector/memory and y8 * subsets were responding with the highest frequencies

compared to the rest of T cells subsets.

Proliferating responses were analysed for peptides 43 and 44. Peptide 43 was inducing a
response with frequencies between 7 and 14% in CTL and Th naive, and a maximum was
observed in Th effector/memory (between 11 and 23%) (Figures 40a-c). Responses to peptides
44 were similar to peptide 43. CTL and Th naive responded with frequencies up to 3%, whereas
Th effector/memory responses ranged between 4 and 11 % (Figures 40a-c). On the other hand,
vd T cells responses exhibited frequencies of proliferating cells between 15 and 60% (Figures
40d-e). Finally, control stimuli like pool MSP and media did not induce any proliferation
response in yd T cells (Figures 40a-c); in contrast, y8 © T cells responded to both stimuli
(Figures 40d-e). Pig 564 showed frequencies to media up to 3% while responses in the other
pig was negative. The same pig responded with frequencies up to 15% to pool MSP while in
the other pig a maximum response was 2%. In summary, CTL, Th naive and Th
effector/memory but also v " subsets specifically responded by proliferation to peptides 43
and 44. However, Th effector/memory and y6+subsets were responding with the highest

frequencies compared to the rest of T cells subsets.

Proliferative responses were evaluated also in peripheral blood to check consistency of results
in different tissues. PBMCs from study 2 were used with the same strategy and method
adopted for splenocytes (Figure 39); however, CD4°CD8" y8 T cells were not taken into account
as they represented less than 0.1% in PBMCs (Figure 10 of supplementary files). Therefore, low
Celltrace cells were quantified (Figure 41). PBMCs cells from immunised pigs (1 and 2)
responded to virus SpH;N; as splenocytes did and thus CTL, Th naive, Th effector/memory and
vd *CD8" T cells proliferated; frequencies of Celltrace violet cells ranged between 7 and 10% in
the first two T cells subpopulations whereas they were more than 20% in the rest of them
(Figure 41). Control MDCKs sup. induced background responses in those T cells subsets, with

frequencies ranging between 1 and 8% in vy T cells subsets (Figures 41a-c) or around 30-40%

inyd " T cells subsets (Figure 41d).
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Figure 41. Proliferation frequencies. Results from Celltrace violet assay performed on PBMCs at 28 dpb of
study 2. Responses from T cells subsets was differentiated a) CTL, b) Th effector/memory c) Th Naive d)

yo *cD4CDS’. Data are results of one experiment and they are expressed as percentage of low Celltrace

violet cells in each subset.

Therefore, CTL, Th naive, Th effector/memory T cells but also y5 *CD8" T cells proliferated in
response to the specific antigen used for immunisation. However, Th effector/memory and
CD8"Y8 © responded with the highest frequencies compared with the rest of T cells subsets.
Proliferative responses to pools A-D were also analysed in PMBCs. Pool C induced responses in
CTL, Th effector/memory (2.5 -3%) and v5 "CD8" T cells (14-17%) (Figures 41a, 41b and 41d).
The rest of pools exhibited frequencies of proliferating Y0~ T cells subsets less than 1-1.5%
whereas v "CD8" proliferating cells ranged between 1 and 8% without consistency between

pigs.

Peptides 43 and 44 induced around 0.5-1.5% of proliferating cells in CTL and Th
effector/memory (Figures 41a-b). Peptide 43 induced proliferation in y8 *CD8" cells from both
immunised animals with frequencies up to 5% (Figure 41d). In contrast, peptide 44 induced

proliferation in just 1-2% of cells in that subset (Figure 41d).

Finally, responses to negative controls were as follow. Pool MSP induced frequencies of

proliferating cells less than 0.5% in yd ~ T cells subsets and less than 1.5% in y& 'CD8" (Figure
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41). Cells from CTRL pig did not respond to any stimuli a part of the positive control; MDCKs
sup induced a 2% maximum of proliferating cells in Yy ~ T cells subsets, whereas those were up
to 13% in yo *CD8" in CTRL pig. In summary, peptides 43 and 44 induced proliferation in

peripheral blood just in Y8 *CD8" T cells subset.

Therefore, different subsets of T cells were involved in IFNy and proliferation recall responses
in tissues from immunised animal to the whole virus SpH;N;, pool 2 and pool C. Those subsets
were CTL, Th helper effector/memory and vy *CD8" T cells; Th naive cells responded just with
proliferation to those stimuli. Th effector/memory and y8 'CD8" T cells were the highest
responders when comparing with the rest of T cells subsets. Proliferation responses to SpH;N;,
pool 2 and pool C were evaluated in PBMCs and spleen; in the latter, a tissue specific
responding T cell subpopulation was observed. Between the analysed tissues, just spleen host

the y8 T cells subset CD4*CD8" that responded to the stimuli.

Involvement of T cells subsets in IFNy production after stimulation with peptides 43 and 44,
was evaluated on PBMCs; CTL, Th helper effector/memory and yd *CD8" T cells subsets were
responding to peptide 44 whereas responses to peptide 43 was not detectable. Proliferation
responses to peptides 43 and 44 were evaluated in PBMC and spleen. In the first tissue, the
recall responses of peptide 43 involved just yo *CD8" T cells whereas responses to peptide 44
were not detectable. In contrast, a wide range of T cells subsets in spleen were recalled after
stimulation with both peptides; those subpopulations were CTL, Th naive, Th effector/memory,
v5 *CD8" and yd 'CD4'CD8" T cells. Th effector/memory, y5 *CD8" and y& 'CD4'CD8" T cells
were the highest responders when comparing with the rest of T cells subsets. The results

indicated that proliferation responses to peptides 43 and 44 were tissue specific.
Characteristics of identified epitopes

The joined sequences of the epitopes found in peptides 43 and 44 were located towards the C-
terminal region of the NP protein (Figure 42), particularly between position 405 and 420 (NP 4s.
a0); therefore, the epitope contained in peptide 43 QISVQPTFSVQR was named NPgps.416
whereas the epitope contained in peptide 44 SVQPTFSVQRNLPF was named NP 497.420.

The SLA-II alleles of Brabrahams pigs have not been defined; therefore, prediction of possible
anchor position in epitopes NP4gs.416 and NP4gy7.420 Was roughly based on the hydrophobicity of

the amino acids sequence.
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Figure 42. Predicted structure of peptides 43-44 in NP protein. a) The trimeric oligomer structure of the
NP protein of A/Panama/2007/1999 was obtained by homology modelling. The best fit model was
automatically determined by the server and the one used to generate the image was 4DYS (PDB ID).
Each of the monomer are coloured differently whereas the epitope 43-44 sequence is shown in yellow. b)
NP 405420 Sequence QISVQPTFSVQRNLPF is zoomed. On the left side, amino acids are coloured depending
the hydrophobicity; colours are shading from brown to blue indicating from hydrophobic to hydrophilic
respectively. On the right, predicted anchor positions in epitopes NPgs5.416 and NP 497.420.

It is generally assumed that the central core of MHC class Il epitopes host 2 mayor anchor
positions whose preference is for hydrophobic amino acids **’; those are at epitope position 1
(P1) and 9 (P9). In previous sections the anchor regions Ql and PF were suggested respectively
in NP4gs.416 and NP4g7.420. Those regions were located at the N terminal and C terminal ends of
their respective epitopes and thus they would contain anchor positions 1 and 9. Having
established these parameters and taking into account the hydrophobicity of NPgs.40, it Was
possible to assume the rest of anchor positions in each peptide. NP,gs.450 Shows the presence
of at least 6 hydrophobic amino acids (Figure 42b) of which 4 are in NP4ys.416 and 5 are in NP4g;.

a20- In the anchor region of NP5 416 (Ql) there was just one hydrophobic amino acid, Isoleucine

(), which could be considered as P1; on the other hand, P9 could correspond to another
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hydrophobic amino acid, Valine (V) (Figure 42b). In the anchor region of NP4g;7.45 (PF) there was
an hydrophobic acid, Phenilalanine (F), which could be considered as P9; thus P1 in this case
could be again F. Position 4 (P4) and 6 (P6) could be considered auxiliary anchors and their

227

amino acid preference is considered allele specific “*’. If P1 and P9 predictions were right, P4
and P6 would have had preferences for polar uncharged side chains like Glutamine (Q),
Asparagine (N) or Threonine (T). Therefore, predicted anchor position in NPs.416 Would be P1:
I, P4: Q, P6: T and P9: V; anchor positions in NP4y;.40 Were P1: F, P4: Q, P6: N, P9: F (Figure

42b).

Finally, conservation of epitopes NP4gs.416 and NP4o7.420 Was evaluated. Sequences of NPygs.450 in
swine, human and avian IAV were aligned and the frequency of amino acids at each position

was plotted in the logo of figure 43.
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Figure 43. Conservation of NPsys.40, QISVQPTFSVQRNLPF. Logo was generated using at least 500
sequences of IAV viruses isolated in a) swine b) human or c) avian species. Each letter represent an
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amino acid and its height is proportional with its frequency. Mutated positions (in which more than one
amino acid is showed) are indicated by asterisks.

NP.os.420 SEQqUENCE Was conserved in swine; however, mutations were detected at position 2 in
human and avian IAV and amino acids varied between Isoleucine (I), Threonine (T) or Valine
(V). Beside, positions 4 and 7 in human were mutated and amino acids vary between Alanine
(A), T or I. Therefore, considering each epitope separately, NP4gs.1.16 Showed mutations at
predicted anchor P1 and P6 in human IAV whereas in avian IAV just P1 was mutated. In

contrast, none of the mutated positions fall in predicted anchor positions in NPg7.420.
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Chapter IV: identification of Swine Influenza virus class I T
cells epitopes in a SLA-I defined pig herd
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Methods to identify class | T cell epitopes through RV have been recently introduced for pigs.
In particular, a reverse vaccinology pipeline was recently developed and applied by Pedersen
et al. 2014 *® to identify class | T cell epitopes of SwIV. However, those epitopes are still few
and related with just one SLA allele. The aim of this work was to extend that pipeline for allele
SLA-1*0702 identifying new SwlV epitopes. For this purpose, the present work was performed

in collaboration with the authors of Pedersen et al. 2014 '’

and several experimental parts
were preformed by them, which are marked with a sign (#). Hence, in silico prediction, in vitro
testing and tetramers technologies already available for pigs were translated to allele SLA-

1*0702 using two strains of SwlV HIN1.

Materials and methods
Animals (#)

Large White x Landrance pigs were typed for their SLA-1 allele by PCR-SPP **®

. Four pigs
bearing the allele SLA-1*0702 and a miss-matched pig (not bearing the selected SLA allele)

were selected and housed at the Lindholm facilities of the Technical Denmark Institute (DTU).
Virus and infection

Viruses were grown and titrated on MDCKs cells as described in previous sections. All animals
but one (L12) were intra-nasal infected using a mucosal administration device (Wolfe Tory
Medical) with 9.04 log TCIDs, of the “avian-like”H;N; SwlV strain A/Swine/Spain/SF11131/2007
(SpH:N;) **%; L12 pig was intra-tracheally infected with 8.2 logTCIDs,. Animals were intranasal
infected at 139 days post primary infection (dpi) with 5.58 logTCIDs, of the 2009 pandemic
H;N; virus strain A/Swine/Denmark/101310-1/2011 (pdmH;N;) and culled at 14 days post

challenge (dpc).
Sampling

Blood was collected in EDTA at 0, 8, 139, 144, 146, 148 and 153 dpi and PBMCs were purified
as explained in previous sections. Sera samples were harvested as explained in previous

sections at 0, 30, 139, 148 and 153 dpi.
SLA-1*0702 MHC class | protein encoding construct (#)

The construct encoding the SLA-1*0702 protein was designed as previously described 7.

Briefly, a trans-membrane, truncated fragment encompassing the SLA-1*0702 alpha chain
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(Genscript) followed by an FXa-BSP-HAT tag (FXa; factor Xa cleavage site comprised of the
amino acid sequence IEGR, BSP; biotinylation signal peptide, HAT; histidine affinity tag) was
inserted into a pET28a expression vector (Novagen). The construct was transformed into DH5a
cells, and sequenced with ABI Prism 3100Avant (Applied Biosystems) **°. The validated
construct of interest was transformed into an E. coli production cell line, BL21(DE3), containing
the pACYC184 expression plasmid (Avidity) with an IPTG inducible BirA gene to express biotin-

ligase leading to almost complete in vivo biotinylation of the desired protein product *°.

Expression and purification of recombinant SLA-1*0702 and human and porcine beta-2

microglobulin (62m) (#)

SLA-1*0702 MHC class | proteins were produced and purified as described elsewhere . In

brief, E. coli BL21(DE3) cells containing the SLA proteins were lysed in a cell-disrupter (Constant
Cell Disruptor Systems set at 2300 bar) and the released inclusion bodies were isolated by
centrifugation (Sorval RC6, 20 min, 17000 g). Inclusion bodies were washed twice in PBS, 0.5%
NP-40 (Sigma), 0.1% deoxycholic acid (Sigma) and extracted into Urea-Tris buffer (8M urea,
25mM Tris, pH 8.0). SLA-1*0401 heavy chain proteins extracted in 8 M urea were previously
purified by successive immobilized metal adsorption, hydrophobic interaction, and Superdex-

174

200 size exclusion chromatography . Throughout purification and storage, MHC-I heavy

chain proteins were dissolved in 8 M Urea to keep them denatured. Recombinant human and

porcine B2m was expressed and purified as described elsewhere %,

Peptides (#)

Influenza virus peptide sequences of interest were in silico analysed for their potential to bind
to SLA-1*0702 wusing the online available peptide predictor NetMHCpan v.2.8
(http://www.cbs.dtu.dk/services/NetMHCpan-2.8/). All candidate peptides were purchased
from Schafer-N, Denmark (www.schafer-n.com). Briefly, nine and ten amino acid long peptides
were synthesized by standard 9-fluorenylmethyloxycarbonyl (Fmoc) chemistry, purified by
reversed-phase high-performance liquid chromatography (to at least >80% purity, frequently

95-99% purity), validated by mass spectrometry and quantified by weight.
Epitope binding analysis (#)

Putative peptides were tested for their ability to produce complexes with the SLA-1*0702

212 Complexes of MHC class |

molecule using a previously described immunosorbent assay
heavy chain with human B2m and peptide were produced in 96 well plates (Thermo Scientific).
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All peptides were dissolved in 150ul standard folding (SF) buffer (PBS, 0.1% pluriol (Lutrol F-68,
BASF), pH 7.0) using sonication for 5 min. A 5-fold dilution series of peptide in 8 consecutive
points was performed in SF buffer. Following a 48-hour incubation (18°C) samples were
transferred to streptavidine (SA) coated plates (Nunc) and incubated for 3 hours at 4°C. Plates
were washed in wash buffer (PBS, 0.05% Tween-20) and probed with an in-house mouse-anti
human B2m mAb 23 BBML1, (70 nM, final) for 1 hour at room temperature. All wells were
washed in wash buffer and detection antibody HRP-conjugated goat-anti-mouse IgG (1.13 nM,
final) (Sigma) was added followed by 1 h incubation at room temperature. Plates were washed
and TMB substrate (Kirkegaard & Perry Laboratories) was added to all wells. Reactions were
stopped using H2S04 (0.3M) and plates read at 450nm using ELx808 Microplate reader

(Biotek). Data was analyzed using Excel and Prism software.

A pre-folded, biotinylated FLPSDYFPSV/HLA-A*02:01 *** complex was used as a standard to
convert OD450 values to the amount of complex formed using the second order polynomial (Y
= a + bX + cX2) hereby enabling a direct conversion of the assay peptide concentration to the
actual concentration of correctly produced pMHC complex. Because the effective
concentration of MHC (2-5 nM) used in these assays is below the equilibrium dissociation
constant (KD) of most high-affinity peptide—-MHC interactions, the peptide concentration,
ED50, leading to half-saturation of the MHC is a reasonable approximation of the affinity of the

interaction.
Immunoreagents and flow cytometry (#)

SwlV peptides, recombinant SLA-1*0702 and porcine B2m were produced and complexed into
tetramers as described previously ***> with minor modifications. Briefly, recombinant f2m and
peptides were added to 10-fold and 40-fold excesses, respectively, of SLA-1*0702 in a reaction
buffer containing a cocktail of protease inhibitors [0.68 mM EDTA, 4.8 uM pepstatin A, 4.4 uM
1-10 phenanthroline, 0.1 mM Nethylmaleimide, 8.9 M tosyl-L-lysine chloromethyl ketone
(TLCK), 9.3 uM tosyl-L-phenylalanine chloromethyl ketone (TPCK), 66.8 uM
phenylmethylsulfonyl fluoride (PMSF), milli-Q H20]. Following a 48 hour incubation at 18°C
streptavidin-BrilliantViolet (Biolegend) was slowly added and mixed thoroughly in a 1:4 ratio
with the MHC class | heavy chain final concentration. For tetramer staining, 1x10° cells were
washed in cold FACS buffer (PBS, 0.5% bovine serum albumin, 0.1% sodium azide) and
resuspended in a solution containing BV421-labelled tetramers previously diluted 1:8 with

FACS buffer. Tetramer staining was used to identify tetramer positive cells reactive against the
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respective influenza epitopes. Cells were incubated at room temperature with rocking for 20
min and washed three times in cold FACS buffer. Cells were resuspended in FACS buffer
containing PE-conjugated MADb against porcine CD8 (clone 76-2-11, BD Pharmingen) and FITC-
conjugated MAb against porcine CD3¢ (clone PPT3, Southern Biolegend) and then incubated at
room temperature for 20 min. Following washing for three times in FACS buffer, cells were
resuspended in cold FACS buffer and analysed on flow cytometer FACSCanto Il using DIVA 6

software (BD Pharmingen).
Hemagglutination inhibition (HAI) assay

The assay was performed using chicken RBC. Sera samples were treated overnight with four
volumes of Receptor Destroying Enzyme (RDE) (Sigma-Aldrich) solution (100 U/ml) at 37 C to
remove non-specific inhibitors of hemagglutination. Then, five volumes of 1.5% sodium citrate
was added and solutions were incubated for 30 min at 56°C. Treated sera were tested by 1:2
titrations in PBS. Finally, 4 hemagglutination units of the viruses and one volume of a 50%
suspension of RBC was added and incubated for 1 h at 49C. HI titers >40 were considered

positive. Samples were tested in duplicate.
ELISA anti porcine IgG against IAV.

Sera were diluted 1:50 and then serially diluted 1:3 in Casein PBST (PBS, 1% Casein from
Bovine Milk (Sigma) and 0.05% Tween20). 96 wells ELISA plates MICROLONG600 (Greiner Bio
One) were coated with 10* TCIDs, per well with viruses, incubated 1 hour and washed five
times in PBST (PBS and 0.05% Tween20). Plates were blocked 1 hour with Casein PBST and
washed again five times. 100ul per well of sera dilution were distributed in the blocked plates,
incubated 1 hour and washed five times. Porcine 1gG were labelled with 100ul per well of anti-
pig 1gG (Whole Molecule) Peroxidase Conjugate, Antibody developed in Rabbit (Sigma) diluted
1:50000. Plates were then incubated 1 hour, washed five times and 50ul per well of TMB
substrate (Sigma) were added. Reaction was stopped by adding 50ul per well of 0.1 M Sulfuric
acid. Plates were read at 450nm and 630nm using a PowerWave XS reader (Biotek). Data was

analysed using Excel and GraphPad (Prism) software.
Conservation analysis

Sequences of IAV from swine, human and avian host were retrieved from the Influenza Virus

198

Resource (http://www.ncbi.nlm.nih.gov/genomes/FLU/FLU.html) **°. Strains of H;N; subtype

with full length NA protein were selected and thus at least 1400 sequences for each group
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were taken into account. Sequences were aligned with Clustal W implemented in MEGAS;
region 171-180 (Tet60) was used to generate logo in Weblogo Version 2.8.2

(http://weblogo.berkeley.edu/).

Results

In silico prediction

Class | T cell epitopes of SwIV were investigated in silico in conserved and non-conserved
proteins, respectively M1 and HA, NA. The strains selected were of the same subtype (H;N;)
but from different lineages: SpH;N; derive from an Avian-Like SwlV lineage, while pdmH;N;
derived from a human IAV lineage isolated in pigs. Therefore, class | epitopes conserved but
also specific of each of those two strains were expected. Bioinformatics software NetMHCpan
was used to predict binding propriety of peptides to the allele SLA-1*0702 from M1, HA and
NA proteins. However, another in silico method was used to further discriminate peptides

binders of SLA-1*0702. Nonamer peptide matrix (PSCPL) was used to map SLA-1*0702 binding

preferences; those preferences are represented as logo in figure 44.
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Figure 44. Binding preference of the allele SLA-1*0702. In the sequence logo, each peptide position is
represented by a stack of letters indicating its significance for binding (information content) and the
height of each letter (amino acid) is proportional to its influence on the binding. The letter located above
the X axis have positive impact on the binding; in contrast the letter located below the X axis has the
opposite effect. Acidic residues are displayed in red, basic in blue, neutral in green, and hydrophobic in
black. Underrepresented amino acids are displayed upside down

Position 2 and 9 of the peptides have the highest impact on the binding performance. Beside,
position 2 can tolerate a very restricted variety of amino acids, in which Proline (P) has the

highest importance. In contrast, position 9 can tolerate a greater variety of amino acids, in
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which Tyrosine (Y), Methionin (M) and Phenylalanine (F) have the highest importance; all of
which exhibit hydrophobic side chain. Position 3, 6 and 7 contribute to binding although they
were of less importance. Therefore, position 2 and 9 were selected due to their importance as

a parameter to predict peptides binders.

Finally, peptides predicted by NetMHCpan showing consistency in the amino acid sequence

with the binding preference of P2 and P9 of SLA-1*0702 were selected as candidates.

In vitro test

Binding proprieties of putative peptides were tested with an immunosorbent assay to confirm
prediction results. 15 peptides predicted in silico and meeting the above requirements for
binding in positions 2 and 9 in SLA-1*0702 binding groove were identified and subsequently

tested in vitro. Their Kd are showed in table 9.

B L iy
NADTLCIGY HA 16-24 + 1543

SLSTASSWSY HA 86-95 + 35 57
TLYQNNHTY HA 207-215 + 6 66
YVSVGSSKY HA 215-223 + 987 93
SVKNGTYDY HA 295-303 + 20000

GMIDGWYGY HA 300-308 + 20000

EIGNGCFEFY HA 476-485 + + 132 63
CPVSGWAIY NA 92-100 + + 6 55
CPIGEVPSPY NA 171-180 + + 37 60
GPSNGQASY NA 245-253 + + 25 59
SVELNAPNY NA 266-274 + 20000

EMNAPNYHY NA 268-278 + 231 61
NMDRAVKLY M1 92-100 + + 293 62
ALASCMGLIY M1 123-132 + + 127 56
LASCMGLIY M1 124-132 + + 9 64
VSYAAAAAY Negative Control 831

Table 9. Peptides binding assay. Peptide were tested in vitro and the resulting binding affinities (Kd) are
reported. A name was given to those peptide selected for tetramer synthesis. Protein of origin, location
and virus strains having those peptide sequences are also shown.
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Observed affinities (Kd) in table 9 could be classified as high affinity (less than 100 nM),
intermediate affinity (between 100 and 1000 nM) and low affinity (more than 1000nM). Those
peptides showing low affinity were not taken into account for further studies. The rest of
peptides (eleven) were used to generate tetramers. Those were exclusive of SpH;N; or

pdmH;N; or shared (Table 9).

In vivo test
Pigs bearing the allele SLA-1*0702 were firstly infected with SpH;N; virus and subsequently
challenged with pdmH;N;. Firstly, priming of animals was tested by determining IAV specific

antibodies in sera by ELISA (Figure 45).
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Figure 45. IgG ELISA of sera of infected pigs. Pigs were infected with SpH;N; and challenged with
pdmH N, (arrows). Plates were coated with the following antigens: a) SpH,N4, b) pdmH N, and c) MDCKs
sup. Red dotted line is the limit of detection.

Infection with the first virus generated specific humoral responses in all pigs; levels of anti
SpH;N; 1gG were maintained up to 153 dpi (Figure 45a). Besides, 1gG responses were also
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cross-reacting with pdmH;N; at least during the pre-challenge period (30 and 139 dpi, figure
44b). Boosting of anti-pdmH;N; 1gG was observed after challenge, indicating that pdmH;N;
prime and/or boost immune responses. Viruses used in this work were propagated with the
previously described method and there could be cross reactivity by their vehicle, MDCKs
supernatant (MDCKs sup). Therefore, specific anti-MDCKsup 1gG levels were tested by ELISA.

Some responses were detected; however, they were close to background levels (Figure 45c).

Virus specific humoral responses were also tested by IAH. Results confirmed presence of
SpHiN; and pdmH;N; specific humoral responses, which also indicated presence of cross-
reacting responses before challenge (Figure 11 in supplementary files). In summary, infection
and challenge generated humoral responses against SpH;N; and pdmH,N; with cross-reacting

proprieties.

Peptides predicted in silico and tested in vitro were finally tested in vivo. Immunisation of pigs
was expected to generate immune response against class | epitopes of viruses used in infection
and challenge. Thus, if candidate peptides were class | epitope, peptide specific CTL should be
generated and expanded and then detection by specific tetramer constructs would occur. For
this purpose, PBMCs from infected animals were stained with an anti CD3, CD8 antibodies and

tetramers in table 9 (Figure 46).

Two populations of CD3*CD8" cells were detected in circulating lymphocytes. One population
exhibited the highest CD8 fluorescence (CD8 "&™) mostly representing CTL cells, and it was
analysed for tetramers staining. The other CD8" population were mostly T helper cells and it
was excluded from the tetramer analysis. Tetramer staining was performed on PBMCs at all

hieh* calls were not

sampling time points. However, tetramer positive specific populations in CD8
detectable until 14 dpc (Figure 12 in supplementary files). Tetramers were not staining
samples before infection with SpH;N; (0dpi) nor samples of the mismatched pig (L18) after
infection with pdmH;N,. Similarly, tetramers bearing the irrelevant peptides (Tet 831) were
not showing any staining (Figure 46). Results from 14 dpc are showed in table 10 showing
frequencies of tetramer positive CTL cells (CD3'CD8'Tet’cells) ranging from 0.4 to 2.6,
depending on each peptide and each animal. Our results identified nine peptides to be T cell

epitopes: 3 in M1 (Tet62, Tet56 and Tet64), 3 in NA (Tet55, Tet60 and Tet59) and 3 in HA
(Tet93, Tet57 and Tet66).
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Figure 46. Tetramer staining of PBMCs of infected pigs. Example of gating strategy and staining of cells
from pig L1 and pig L18 (mismatched pig) at Day 0 and 153 post infection (14 dpc). a) Singlets and
lymphocytes analysis. b) cD3'cD8™" cells were shown. Tetramer 60 (Tet 60) was shown to stain
specifically PBMCs from Pig L1 at 14dpc. The same tetramer and the 381 were not staining PBMCs at 0
dpi nor PBMCs from the mismatched pig at any time point.

Tet60 was reproducibly detected in all animals, being the one with the highest frequency in
most of them. Seven tetramers stained positive CTL in Pig L6; in that pig Tet59 (2.1) instead of
Tet60 (1.0) had the highest frequency. Therefore, these results indicated that Tet 60 was the
immunodominant epitope among all peptides tested and it was taken into account for further

analysis.
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Frequency of Tetramers

PlE —331 93 55 56 57 59 60 61 62 63 64 66
L1 01 01 01 07 19 02 22 00 00 01 07 00
L6 01 04 17 12 12 21 1.0 04 07 01 01 10
11 07 01 02 00 12 12 26 06 13 01 08 07
12 03 01 02 01 04 02 07 01 04 06 03 05
118 01 01 04 05 08 07 02 02 01 01 01 03

Table 10. Frequencies of CD3°CD8 Tet cells at 14 dpb. Numbers in bold show values 2 times higher than
background (Negative control or Tetramer 831). Those values that were also 2 times higher than the
respective peptide in mismatched pig (L18) are underlined.

Conservation analysis of the immunodominat epitope

Tet60 was located between positions 171 and 180 of NA (NA;71.150) and it was conserved in
both viruses used to infect pigs (Table 9). However, to check the conservation grade in IAV
population, strains isolated from swine, human and avian were analysed as reported in

material and method. Results were represented as logo in figure 47.

NA;;1.150 Sequence was mutated in all three analysed groups. In swine, position 6 varied
between Alanine (A) and Valine (V). In humans position 6 showed the same variability as in
swine; likewise, position 3 varied among Isoleucin (1), Leucine (L) and Valine (V). In avian, the
same positions were mutated, showing respectively Valine (V) at position 3 and Alanine (A) at
position 6. Those mutations did not fall into anchor positions 2 and 9; however they fall into

anchor positions 3 and 6 (Figure 44).
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Figure 47. Conservation of NA;71.150 Sequence CPIGEVPSPY. Sequences of IAV H;N; viruses isolated in a)
swine b) humans and C) avian were used to generate the logo. Each position represents amino acids
found in the analysed group of IAV and its height is proportional with its frequency. Positions mutated
compared to NA;7..150 are indicated by an asterisk.
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Discussion
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IAV is an important viral pathogen with wide spectra of susceptible host species. In pigs, it
already has a stable lineage, SwlIV; however, pigs are susceptible also to introduction of new
IAV, like the case of pdmH;N;. The main concern related to SwlV in the veterinary field is
referred to losses in productivity due to an induced disease state; in contrast, the main
concern related to SwlV in the human health lays in its zoonotic potential. The control of SwIV
is therefore important. Knowledge of 1AV ecology is important to design a proper control
strategy. Recent pandemic outbreaks showed that there is still a lot to learn; in the 2009
pandemic outbreak, for example, the role of pigs as “mixing vessel” of IAV was further
confirmed. This and other findings highlighted the importance of IAV surveillance in other non-
human species. Despite the serological data of SwlIV circulating in Spain, little was known
about their genetic characteristics and thus the epidemiological situation of that country in the

European panorama. Therefore, the first chapter of this work contributed to fill this gap.
Updating the epidemiology of SwlV in Spain for RDV (Chapter ).

Field infections of pigs with different SwiV subtypes were detected in Spain in this study during
the period 2006—2007. Five strains were isolated from finishing pigs, and their complete
genomes were sequenced and analysed. The isolates belonged to the subtypes “Avian-Like”
H;N;, “Human-Like” H3;N, and “Human-Like” H;N,. The studied isolates shared a common
origin with Spanish strains described previously in each subtype. Notably, the H;N; isolate
could be considered drifted from one of them. Additionally, the viruses isolated in this study
were also related to SwlV strains circulating in Germany, Hungary and Italy during 2004-2008.
Of particular importance were the tight genetic relationship of some strains co-circulating
during 2006-2007 (like the isolate SF12091 with the German strain) and the contemporary

surge of herds affected by this subtype in Belgium or Italy after the outbreaks in Spain >°.

Comparisons among European and Spanish strains of SwlVs showed that genetically similar
viruses were causing outbreaks contemporarily in different countries, suggesting that they
could have been spread across the country in a short period of time. The transboundary

movement of live animals may partly explain this finding because other pig pathogens that

spread in Spain in the same period showed a similar phylogeographic pattern ***%,

Transnational trade of live animals is a relevant factor in the epidemiology of pigs diseases

236238241 3nd probably it might also be relevant in the case of SwIV. However, the isolate

80598LP4 was an exception, as the “Human Like” H;N, strains were introduced in Europe from

242

England, with a second wave of introductions in France during ‘90s <. The NA phylogeny
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suggests that isolate 80598LP4 might have evolved from the latter. On the other hand, the
phylogeny of the HA did not show such clear clustering. Albeit the origin of those genes coding
for surface glycoproteins was far from clear and consistent between them, it is noteworthy
that they were divergently evolving from the co-circulating H;N, strains, and none of them
showed a close relationship. This might suggest that these viruses may have been persistently
perpetuated in Spain, evolving divergently than other circulating strains. It cannot be excluded,
however, that the isolate 80598LP4 could have been an external introduction from other
European countries, and the lack of closely related sequences is due to the limited sampling.
As a matter of fact, the persistence or periodical re-introduction of H;N, subtype at regional
level has been recently reported by a serological study in five European countries, included

Spain >°.

The “internal genes” of the isolate 80598LP4 could have been evolved differently from the
corresponding surface glycoproteins coding genes. They belonged to the “Avian-Like” lineage,
as commonly observed in the “Human-Like” H;N, viruses circulating in Europe. However, they
were highly related to both co-circulating H;N; and H;N,. This particular co-evolution of the
80598LP4 internal genes with the rest of the analysed H;N;, H;N, and H;N, viruses, together
with the controversial divergent evolution of the genes coding for the surface glycoprotein,
suggested that a reassorting event could have been acting to generate a “second generation”

of reassortants.

The detection of an HsN; SwIV in Spain during the first half of the 2000s *** suggested that
reassortments were not an uncommon event. A great variety of new reassortants have been
described in different European countries, suggesting that reassortment in SwlV is also a
common event in other European rearing pig areas in the continent **’%******/ The most
important finding supporting this hypothesis was that H;N; and H;N, subtype reassortment
had the highest rate (every 2-3 years) **; thus, the origin of the internal genes of the isolate

80598LP4 could have followed that trend.

A recent study conducted in Spain in a period following this study, between 2010 and 2011,
confirms the obtained results **°. Notably, the H;N, lineage was shown again to be divergently
evolving. Moreover, that study also supports the idea of recent reassorting of SwlV, showing
again that SwlV isolates retrieved from respiratory disease cases presented internal genes that

clustered differently from HA and NA.

134 |Page



Vaccines against SwlV commercialized in Europe contain inactivated viruses of the subtypes
H;N,, H3N, and H;N;. Antigenic drift is one of the challenges for the control of diseases in pigs

using this kind of vaccines °%'81190:196247.248

. However, in comparison with humans, the
evolution of SwlV in Europe was slow (see Introduction), supporting the approach that vaccine
for pigs update was performed with less frequency. Human vaccines are updated yearly while
vaccines for pigs commercially available in Europe have been updated just a few times. A
recent study showed that SwlV vaccines for pigs containing old strains offered protection to

some more recent strains 181

. Therefore, the real impact of antigenic drift on SwlV and vaccines
in pigs was not yet clear. However, other factors related with the ecology of the virus should
be taken into account. Another important finding in chapter | and in another recent

publication (Martin-Valls et al. 2014 **°

), was that some IAV strains could have been circulating
and evolving just in Spain. Those strains evolved divergently making that vaccines designed in
other European countries might not have enough efficacies. It is plausible to think that with
the novelty of the viruses and the fact that frontiers are open to other European countries, a

pandemic potential for pigs might reside in some Spanish SwlV.

Due to the divergent genetic evolution of HA of the H;N, isolated viruses, the antigenic
variations were evaluated comparing the most updated commercial vaccine. Isolate 80598LP4
showed a large variation of the HA protein falling into but also outside of the hypothetical
antigenic site. However, its glycosylation pattern was the same, suggesting that at least the
exposed antigenic sites were conserved. If correct, this idea suggested that there was an on-
going divergent evolution that changed the supposed antigenic sites in comparison to some
other co-circulating strains; however, those results could not specify the effect on serological

recognition.

The antigenic shift is also of great concern. The most important impact of this event on SwiV
vaccines is the reduced efficacy due to mismatched virus surface glycoproteins, which are their
target. However, that is not a great problem unless there is an introduction of new HA and NA
variant excluded from European commercial vaccines. Unfortunately, pigs are susceptible to
infection with IAV of different species and moreover they are considered a “mixing vessel” of
them; a clear example is the pdmH;N;. Therefore, genetic drift of SwIV can be a problem in the

latter situation in when non-circulating IAV in pigs were the source of antigenic novelty.

European Surveillance Network for Influenza in Pigs (ESNIP) was recently created

(http://www.esnip3.eu) **. Surveillance of SwIV circulating in Europe would be able to cope
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with this problem allowing, as it was done in human health, to include those divergent strains
in the next vaccines generation. However, the combination of surveillance and vaccine design

has not been infallible, as seen in the pdmH;N; case in 2009.
Reverse vaccinology: from gene to epitope.

Control of IAV in humans is based on therapeutic or prophylaxis measures; RDV is being
applied to develop next generation vaccines which take advantage of the CMI responses

against class | or class Il T cells epitopes 2*°

. In pigs, CMI responses have been just partially
described and its importance in control of SwlV infection still to be fully established. Therefore,
identification of SwIV T cells epitopes would aid research on CMI responses against SwiIV
identifying possible targets for RDVs development. This chapter discusses this topic in the light
of the results from chapter Il to IV using different methodologies including empirical research
and RV. RV is a good option to empirical study of T cells identification in human field due to
cost and time concerns; however, for pigs there are just few tools and data available. RV works
by identifying T cells epitopes starting from genomes of pathogens. The available Spanish SwiV
sequences were few and old; therefore, Chapter | provided complete CDSs of SwlVs of the
three main subtypes circulating in pigs. Conservation of epitopes is one important quality
factor of T cells epitopes, this impact the spectra of SwlV targeted by T cells response. The
internal proteins are highly conserved in IAV and thus a good target for development of
vaccine with wide strain spectra *’; in European SwlV, the internal proteins of all subtypes have
common ancestors in “Avian-Like” H;N; lineage (introduction and chapter |) and thus they are

highly homologous to it. Therefore, the Spanish strain A/Swine/Spain/SF11131/2007 belonging

to the “Avian-Like” H;N; was selected as target for these studies and it was referred as SpH;Nj.

Porcine T cells epitopes were generally predicted in silico through pan methods and then they
were tested: in vitro through binding assay, ex vivo through functional assay or in vivo through
tetramer technology (see Introduction). All the cited methods for identification of class |
epitopes but ex vivo were recently introduced for pigs; in contrast, for class Il epitopes, in vitro
and in vivo assays were not available and the in silico ones available were based on a pan

method which has never been tested in pigs.
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Providing new in vitro tools to RV. Development of a cell based SLA binding
assay (Chapter 1)

In chapter Il, an in vitro binding assay was developed to allow characterization of class | T cell
epitope. The assay used cells as platform for titration of peptides and thus it was referred as
“cells based” assay. Reactivity of reagents and all conditions used in this type of assay were set
up for humans or mice molecules and they were not previously used in assays for pig

molecules; thus they needed to be defined.

There were three main concerns: the availability of immortalised cell lines expressing the
desired SLA, the format of the assay and the availability of antibodies to detect pSLA
complexes. MHC binding assays using cells as platform for peptides titration need the
expression of just one MHC allele to avoid problems of specificity, like the binding of tested
peptides to more than one allele on cell surface. There was no commercially available
immortalized cell line expressing just one class | SLA allele homozygous **’. Therefore, the
target SLA required to be expressed in a cell line of other specie expressing no or little MHC-I.
C1R cells are immortalised human B-lymphoblastoid cells expressing little amount of HLA-Cw4

21 This characteristic was also

and no other detectable class | HLA allele at any other locus
confirmed in this work directly with anti HLA-I antibody (W6/32) or indirectly as retention of
human 2m on C1R cell surface (Figure 24). Therefore, those cells were suitable to express the
selected SLA-I alleles. The recombinant cell line expressed human 2. f2m is highly conserved
among species and in vitro folded chimeric 2m MHC-I molecules (pigs-human) have been

shown to be functional without altering binding specificities “’*; however, viability of its

presentation on the cell surface was unknown.

The second concern referred to the format of the assay. Two main formats of cell based assay
were possible, the MHC stabilization assay and the MHC reconstitution assay (See chapter Il
introduction); format decision was based on the difficulty to generate the corresponding SLA
recombinant cell line. Selection of transfected cells was a long process which was complicated
by the fact that it was unknown if expression of SLA would have been achieved in cell lines
from human. Furthermore, comparing cell based assays, another specific factor was found.
MHC stabilization assay requires a particular type of cell which stabilize and thus present MHC
on the cell surface just at temperatures below 372C (TAP cells) 2%*?%; this made that detection
of recombinant SLA molecule in TAP" cells during selection process of transfected cells would
have required particular temperature conditions. In contrast, the MHC reconstitution assay
used cells which did not require special culture conditions making that selection of
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recombinant SLA cells was a more straightforward process. These reasons made to give

priority to generation of a MHC reconstitution assay.

The specificity of antibodies used to detect p-SLA complexes constituted the third concern. The
main antibody generally used in this kind of assay was W6/32 which is MHC class | specific and
pan-reactive, thus, it recognizes a wide spectra of class | alleles. There are few ones described
and even less commercially available anti SLA-I antibodies. Furthermore, SLA reactivity is not
specified or it is haplotype defined for SLA alleles. Therefore, selection of a porcine pan
antibody was a feasible task during this work and reactivity of some anti SLA-I antibodies and

antibody W6/32 was tested.

SLA reconstitution assay was designed taking into account the three concerns cited above and
developed as follow. Selection of the allele to be expressed in C1R cells was based on the pigs
used experimentally. Babraham inbred pigs were used in chapter Il to identify class | epitopes
due to the fact that their SLA-I was homozygous and results were more reproducible.
Therefore, stable C1R cell line expressing SLA-1*es11 or SLA-2*es22 were developed. Allele
SLA-1*0401 was also studied because its binding preferences were already described *’* and
thus it would have been used as reference to compare data. Stable recombinant C1R cell line
expressing SLA heavy chain on cell surface was complete just for SLA-1*es11 and thus these
were used to optimize the SLA reconstitution assay. The dynamic of chimeric SLA on cell
surface was followed using some specific antibodies, the 74-11-10 and 4B7/8; those were
described to recognize the SLA class | *****. In this work, antibodies 74-11-10 and 4B7/8
recognized the SLA structure in C1R cells surface and they did not recognize HLA; these
characteristics made them suitable to be used in the assay. However, those antibodies were
not pan and thus specific antibodies may be required to detect other transfected alleles in the
future. The pan W6/32 did not recognise the chimeric SLA structure and thus it was not

suitable to be used in the assay.

SLA reconstitution assay was divided into three main steps in which the elution of naturally
presented peptides and 32m from the SLAhc (denaturalization step) was the first one. This is
generally achieved through acid treatment of cells on ice (during denaturalization and up to

206,207,254

the staining process) to avoid re-circulation of new MHC on the surface of cells . Using
this method the little amount of HLA expressed on C1R and C1R SLA-1*es11 cells surface was
denaturalised and 2m (tracked by the BBM.1 antibody) was eluted from cells surface. The

optimal pH and time of acid treatment is generally allele specific **/, thus those factors were
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optimized for the SLA-1*es11 allele. Conditions of pH from 3 to 7 and incubation time from 60
to 150 seconds were tested and none of them allowed achieving the expected results.
Therefore, denaturalization of SLA-1*es11 was not achieved by translating conditions used for
MHC in other species. Noteworthy, a peculiar characteristic of the antibody 74-11-10 was
noticed. After denaturalization of C1R SLA-1*es11 on ice and at pH 3, flow cytometry signal
after 74-11-10 staining increased instead of decreasing. This could be attributed to 74-11-10
recognition of SLA free heavy chains, which were supposed to increase after denaturalization;
however, it was not the case as antibody 4B7/8 and BBM.1 showed that SLA was not
denaturalized and thus f2m was not eluted from SLA heavy chains. 74-11-10 antibody did not
showed cross reactivity with any form of the HLA. In contrast, the acid treatment on ice may
have permeabilised cell membranes and thus exposed intracellular SLA to the 74-11-10.
Therefore, a plausible explanation would be that 74-11-10 antibody may have recognised

intracellular forms of chimeric SLA-1*es11 structure.

It is known that decreasing temperature below the physiological one (372C) increases the
stability of the MHC structure °®. Therefore, the use of physiological temperature should have
decreased the stability of the chimeric SLA structure and thus should have allowed its
denaturalization. The introduction of this factor allowed achieving denaturalization with the
previously used conditions, with acid treatment at pH3 during 90 seconds; however, this
procedure implied using an inhibitor of protein transport to avoid MHC recirculation on cell
surface. HLA molecule was completely denaturalized as no signal was detected on the C1R
SLA-1*es11; in contrast, chimeric SLA-1*es11 was partially denaturalized and thus a little
amount of it was still present on the cell surface (Figure 29). This result was confirmed by the
little amount of B2m still present on cell surface after denaturalization. Therefore, a fine tuned
optimization will be required to decrease the amount of chimeric SLA-1*esll after
denaturalization to background levels. Due to time restrictions the assay was not further

developed.

The second step of the assay is the reconstitution of the SLA with f2m and peptides. 2m is an
important reagent as it influences the stability of MHC structure; the interaction of MHC with
heterologous 32m can decrease or increase stability of the final MHC complex in an allele

25 However, in

specific way as described in human-mice case by Anderson et al. 1993
experimental models with higher homology (human-rhesus macaque) no difference was
noticed **°. The study of Pedersen et al. 2011 ** demonstrated that porcine 2m could be

substituted by the human one in cell-free binding assays using in vitro folded chimeric SLA.
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They found that interactions with the stalk region of SLA heavy chain of human compared to
pig f2m were just slightly different; however, interactions of $2m with the rest of the heavy
chain were not taken into account. Interactions of f2m with ala2 domain of heavy chain have
been suggested to play a central role, in a human-mouse interchange model, to stabilize and to
prolong retention of the peptide-receptive conformation of the peptide-binding cleft »7 The
effect of human and porcine B2m on SLA structure remains an issue requiring further
investigations. Finally, the last step of the assay was the analysis by flow cytometry. In this
case, optimization of reagents (amount of cells and peptides) depending on the sensitivity of
the cytometer would have been needed to reduce the cost of the assay. This step was not

performed due to time constrains.

The assay developed in this work will allow in the future testing predicted peptides, to
characterize epitopes specificity for SLA alleles (at least for SLA-1*es11) and if the PSCPL was

used, the binding preferences of Barbraham pigs class | SLAs.

RV vs. conventional methods. (Chapter Ill and Chpter IV)

RV was used in this work to identify class | T cells epitope of SwlV in pigs. Those were predicted
in silico through the pan method NetMHCpan on three internal proteins (NP, M1, PB1) and one
surface glycoprotein (HA) of SpH;N;. This method showed in other studies high accuracy of
prediction for SLA, although it was combined with in vitro assay of SLA binding **>*"®?**_ This
combination of methodologies (in silico-in vitro) is a normal procedure in RV by means of

increasing accuracy of prediction. However, in vitro assays were not available for this study.

T cells epitopes were predicted for class | SLAs alleles SLA-1*es11 and SLA-2*es22 as those
were syngenics in pigs selected to test prediction results. Therefore, 49 peptides were
predicted and then tested for the first time directly ex vivo in pigs immunized with the
inactivated SpH;N; virus. In the same line, another strategy was complementary adopted. T
cells epitopes have been previously empirically discovered in pigs by testing overlapping

28239 Therefore, this approach was used to identify

peptides representing pathogen proteins
SwlIV T cells epitopes in pigs by using pools of overlapping peptides representing NP and M1
sequences belonging to a human seasonal HsN, virus. Peptides and their combinations were
tested in animals immunized with the inactivated SpH;N; virus. Those two studies are

described in Chapter lll.
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Inbred animals are generally used to test T cells epitopes as lower allelic variability at the MHC
locuses increases the specificity of results. This kind of animals is rare in pigs and we were
extremely fortunate to be able to perform these studies with pigs from Babrahams lineage,
with defined SLA-I molecules. Babraham pigs are an inbred lineage syngenic for class | SLAs **°.
Their class | SLAs (SLA-1*es11, SLA2-*es22) showed to be not very common in pig populations
as described by the study of Pedersen et al. 2014 *’°; however, it has to be said that this study

was restricted to a specific European countries and thus do not reflect the European situation

as a whole.

The best way to induce a MHC class | dependent T cell response is expected to be through
infection with the target pathogen as its antigens enter to class | epitopes presenting pathway.
Unfortunately, due to the unavailability in the license for animal infection, infection studies
were not feasible in part of the work. Induction of T cell response was performed through
immunization and boost with an UV inactivated form of a SwlV, whose genome was used to
predict the class | epitopes, SpH;N;. Some animals were also immunized with a commercial
vaccine (Gripovac3) constituted by whole killed SwlV; results for testing peptides were equally
valid as Gripovac3 contains SwIV with high homology to SpH;N; as shown in chapter 1 Figure 1
supplementary files and Figures 22 and 23. Gripovac3 is an alternative commercial name of
Respiporc flu3 shown in Table 2 supplementary file. Although immunising with inactivated
pathogen is generally associated with class Il presentation of antigen; another previous study
showed that immunising pigs with inactivated SwIV primed also CTL responses ‘*. Based on
these results, it was expected that the antigen was presented by class Il MHC but also by class |
through cross-presenting pathway. In the last experiment performed in this part of the work,
animals were auxiliary infected with a live attenuated virus (S-Flu) to boost CMI responses. This
is a recombinant IAV with defective replication due to deletion of HA signal sequence ***; it is
constituted by an H5HA with the rest of genome from the human IAV A/Puerto Rico/8/1934
(H1N4). The homology of internal proteins of this virus with SpH,N; was high (PB2, PA, PB1, M1
and NP: 92-96%), thus S-Flu had high probability to share epitopes with SpH;N;. Other S-Flu
vaccines have previously shown to induce heterosubtypic immunity and protect mice from IAV

infection **

, thus H5 S-Flu was used in this study to boost CMI response. In summary, the fact
of using inactivated virus for priming responses and a replication deficient S-Flu virus to boost
responses in this part of the work would contribute to enhance class Il derived immune
responses, explaining the reason why epitopes identified in this part of the work were class Il

dependent.
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Immunisation of animals with SpH;N; generated humoral (IgG) and CMI responses against the
homologous virus in peripheral blood; CMI responses were detected as recalled IFNy and
proliferative responses. It is interesting to note that the type of antigen used for immunization
may have influenced the involvement of spleen in immune responses. Spleen of animals
immunised with Gripovac3 showed recall response to SpH;N;, whereas animals immunised
with the homologous virus did not. Immune responses in immunised animals showed also
cross-reacting characteristics. IFNy response to S-Flu was detected in peripheral blood of

animals immunised with SpH;N,, although it was weak and of short duration.

The 49 peptides representing predicted class | T cells epitopes were tested by IFNy and
proliferation functional assays. No one of the peptides recalled a positive response neither in
peripheral blood nor in spleen. As already cited, NetMHCpan demonstrated to be accurate in
combination with other methods and the results from these experiments confirmed that it was
not accurate when used alone. Also, the data on which the prediction algorithm is trained do
not represent the entire variability of MHCs as they contain mainly human and mouse data.
Binding preferences of MHC alleles that are not present in the database are therefore
extrapolated, showing little accuracy. Porcine alleles SLA-1*es11 and SLA-2*es22 might have
been outside the capacity of prediction of NetMHCpan as no similar data were included in the
database. However, it cannot be excluded that the way of induction of T cell response might
have been the cause of negative results. As explained before, immunisation was not the best
way to induce class | T cell responses, thus class Il response might have been
immunodominant. Using positive control epitope for class | presentation would have helped to
answer those questions, unfortunately no one has been described so far for the SLA-I alleles

under study.

Complementary to prediction methods, T cells epitopes were investigated by testing
overlapping epitopes representing NP and M1 protein through IFNy and proliferative
functional assays. NP protein and in particular its second half recalled a positive response in
both functional assays. The observed responses were cross-reactive as even though the virus
used for immunisation (SpH;N;) and the virus whose NP sequence belongs (human IAV) were
from far related lineages. Two overlapping peptide (p43 and p44) were identified as dominant
for IFNy responses in the second half of NP (NP,q.445). Dissection of those peptides allowed
identification of two minimum epitope respectively of 12 and 14 amino acids, overlapping 10

amino acids; those were called NPags.a16: QISVQPTFSVQR and NPug7.420: SVQPTFSVQRNLPF.
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Another possible epitope might have been overlapping NP4y;.420; however, further analyses are
required to define whether this peptide is recognised. Length of the identified epitopes
suggested that they might be prone to be SLA-Il related. Experiments using anti SLA-1l antibody
showed blocking of IFNy recall responses with much higher efficacy than in the case of using
anti SLA-I antibody for p43 and p44. Complementary, depletion of SLA-II cells also inhibited
p43 and p44 IFNy recall responses further supporting the idea of class Il related epitopes.
MHC-II is expressed on cells with antigen presenting characteristics, thus their elimination
would avoid presentation and thus stimulation of related effector cells. In contrast, class |
epitope could be still presented to related effector cells as MHC-I is expressed by all nucleated

261,262

cells. However, MHC-Il is also expressed in a high proportion of CD8" cells and T helper
effector/memory cells *’ in pigs. Therefore, some T cells might have been depleted together
with APC. In that way the absence of response in the MHC-II" population might not have
depended on the absence of peptides presentation to MHC class Il but it might be related to
absence of responding T cells. Therefore, these results require further confirmation by

characterising the cells subsets within the MHC-II fraction responsible for epitope recognition.

Determination of binding preference of Babraham pigs SLA-Il by pan method was not feasible,
because the allele sequence was unknown. Moreover, there was not sufficient amount of
identified epitopes to do it by alignment. However, binding preferences were roughly
identified in this study. Regions containing anchor positions were identified at one terminal
end at each of p43 and p44. It is generally assumed that MHC-II binding pockets hosting the
aminoacids at the extreme end of the peptides have preference for hydrophobic aminoacids
>’ Following this line of thought, P1 and P9 were identified as anchor positions and then
auxiliary positions (P4 and P6) were deduced. However, it has been reported that anchor
positions might not have been the only position influencing antigen presentation as regions
flanking P1 and P9 may play a direct role during T cell antigen recognition **. The C-terminal
flanking region of the P9 in p44 (EK) seems to increase antigenicity in the minimal epitope,

2 However, it can also suggest that the

supporting the role proposed by other authors
observed antigenicity increase could have been due to the presence of another T cell epitope
and thus EK might have contained an anchor position. Further analyses are required to

establish the role of EK in binding.

Identification of T cell in silico by using just NetMHCpan failed, whereas those identified

empirically were just class Il; therefore, another strategy for RV was adopted to identify class |
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T cells epitopes, as described in Chapter IV. Recently, a pipeline for identification of class | T

cells epitopes in pigs has been developed and applied to SwiV

. Here, the same pipeline was
applied to identify class | T cells epitopes of another allele, SLA-1*0702. This allele was found
with high frequency in Danish pigs population *”°. In vitro characterization showed that SLA-
1*0702 has preference for Proline at position 2 while at position 9 three hydrophobic amino
acids (Tyrosine, Methionine and Phenylalanine) were preferred. This information was used to
discern candidates among some bioinformatically predicted peptides. Peptides were predicted
on surface glycoproteins HA and NA and internal protein M1 of two IAV viruses strains. One of
these was SpH;N; while the other was a pandemic 2009 1AV isolated in pigs (pdmH;N,). In vitro
testing showed that not all peptide candidates were high binders, therefore intermediate and
low binders were found too, suggesting that the use of binding preferences as cut off cannot
discriminate the grade of binding affinity, thus other factors rather than just amino acid
preference at position 2 and 9 could influence it. Nonetheless, the combination of the two
methods used for predictions permitted to narrow possible peptides candidates. Therefore, 11
out of 15 peptides with high to intermediate affinity were selected and used to generate
tetramers. Peptide binding was used as pivotal correlate of immunogenicity; however, there
are several other factors influencing the final results (for example: original protein amount,
naive population frequency) and therefore not all binders may have a detectable CTL
population. Presence of peptide specific CTL subpopulations was determined by tetramers
staining of PBMCs from animals bearing the allele SLA-1*0702 and infected with IAV.
Generation of a T cells response to IAV infection in cited pigs was performed as follow. It was
known that CMI response is primed after infection (see introduction) however, the chances to
detect peptide specific subpopulations in pigs were unknown. Therefore, to increase those
chances, peptide specific T cells should be primed and then boosted. A previous work showed
that infection with an “Avian-Like” H;N; Spanish strain was able to induce protection in
absence of cross-reacting antibodies against a heterologous virus belonging to the pandemic
2009 H;N; lineage ***. The same infection strategy was used to infect with SpH;N; and re-
infection with the pdmH;N;. In that way, the response against the conserved T cells epitope
was expected to be primed and boosted. SpHIN1 induced long lasting humoral response in
pigs and weak cross-reactions with pdmH;N; were also detected. This contrasts with the above

264

study of Busquets et al. 2010 <" in which no cross-reacting antibodies were found. pdmH;N;
was an |AV strain belonging to the 2009 pandemic lineage but isolated from pigs, which
probably passed from humans to pigs and circulated among them. Surface glycoproteins may
have adapted to pigs and they could acquire specific mutations; therefore, cross-reacting
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antibodies epitopes could be generated due to mutations on surface glycoproteins during
adaptation of pdmH;N; to pig. Another possible explanation is that during the study of
Busquets et al. 2010 the timing used for the experiment was shorter than the one used in this
study. Sera were tested for cross-reactivity to a pandemic 2009 IAV only up to 28 days post

SwlV infection whereas in this study sera showed cross-reactivity at 139 dpi.

Infection and boosting in pigs by IAV was achieved as indicated by the serological results.
Therefore, T cells responses were also expected to be stimulated and subsequently boosted.
Presence of peptide specific T cells subsets was evaluated in peripheral blood. Tetramer
specific subpopulations were not detected after pdmH;N; infection. Low numbers or low
sensitivity of the assay could explain the lack of detection at this time point. However, it
cannot be excluded that peptide specific responses picked after the first infection when
animals were not sampled. CTL subpopulations specific for 9 out of 11 tetramers were
identified; this highlight the high efficiency of the pipeline for class | T cells epitope discovery.
NA171.150 (CPIGEVPSPY) was consistently detected in all pigs and had the highest frequencies of
CTL; thus, it can be described as immunodominant. It was noteworthy that most of other T
cells epitopes identified in this study were found just in animal L6 in which NA4;1.150 had not
the highest frequency and thus was not the dominant. The lack of consistence in positive
results among pigs for other peptides might reflect differences in immunodominance hierarchy
per pig. Several factors have been suggested to influence immunodominance in other animal
models with matched MHC *®°. Pigs used in this experiment (Chapter 1V) were not inbred;
therefore, different levels of SLA might have been expressed in pigs depending on
homozygosis in  SLA-1*0702. Moreover, different allele interaction influence

immunodominance hierarchy **°.

Three consecutive methods were used in this study to identify T cells epitopes of SwlV in pigs.
In silico methods are known to decrease immunological analysis needed to identify T cells
epitopes, with time and cost save. A strategy involving in silico prediction (NetMHCpan) of
class | T cells epitopes and ex vivo test by functional assays was used for the first time in this
work (Chapter lll). This strategy failed to identify any class | T cells epitopes. The same in silico
prediction was combined with an in vitro assay and finally with in vivo testing by tetramers
(Chapter IV). This strategy was previously used by other authors resulting in high efficiency of

173,175

identification of class | T cells epitopes and thus it was also used in this work. A high

efficiency of prediction was also detected here as nearly 82% of tested peptides were T cells
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epitopes. Therefore, this work supported the previously observed data and showed flexibility
of this strategy for more SLA alleles. Tetramer technology was integrated as in vivo test of
peptides; offering several advantages when compared with other previous testing methods.
One of them is that it allowed determination of phenotype as well as studying the amount and
dynamic of responding cell populations. Time was another important factor; this method

permitted to test just a restricted number of peptides with quick methods.

T cells epitopes were also identified empirically. Use of overlapping peptides was time and cost
expensive. Decision of length and overlapping region of peptides, allowed establishing the
preferential class of MHC to be investigated. Peptides used in this work were large and
overlapping ten amino acids; those characteristics made them suitable to identify class | and |l
epitopes at the same time *®°. Therefore, one advantage of this strategy was the possibility to
investigate both types of T cells epitopes at the same time. This was important considering

that no class Il epitope prediction method had been tested or used previously for pigs.

Reverse vaccinology demonstrated to be an alternative to empirical identification of T cells
epitopes; however, it was still applicable to just class | epitope as no tool was available to
identify class Il epitopes. Prediction tools can be improved making available more
experimental data about SLA binding preference; however, they were not infallible. Therefore,

T cells epitopes still needed to be empirically identified to fill actual gaps in RV for pigs.

T cells subsets involved in SwIV immune response. (Chapter Ill and IV)

T cells subsets involved in re-stimulation response to SwlV of tissues from immunised animals
were evaluated by functional assays coupled to flow cytometry. Results were not statistically
significant due to the low number of animals and experiments; however, some discussion

about results could be withdrawn.

It has been speculated by other authors that CD4" T cells are naive T helper and they lack

37 In contrast, those characteristics

proliferative or IFNy activity after antigen re-stimulation
were found in CD4*CD8" T which were considered T helper effector/memory **’. Immunisation
with SwIV primed both Th and CTL subsets of T cells. Those were able to proliferate and/or
secrete IFNy in response to whole SwlV particle in peripheral blood and even in spleen (Figures
38, 40 and 41). In particular, Th naive were able to just proliferate in response to SwlV re-

stimulation. This was in line with previously published work evaluating re-stimulation response
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of some vaccinated animals; however, in those studies proliferative response in T cells
subpopulations was indirectly detected as up-regulation of CD25 (IL-2 receptor) ***'* and v& T

191 Under infection conditions, Th and CTL have

cells were not discriminated from other T cells
been shown to be involved in immune responses against SwlV, exhibiting multifunctional

proprieties, including secretion of IFNy '*.

Importantly, Y0 was another important subset of T cells recently functionally described 2
this work, yo T cells also contributed to IFNy secretion and proliferative responses to whole
SwlV particle; however, it has to be said that a considerable response was also unspecifically
recalled by mock SwlV vehicle (MDCK supernatants). Previous authors did not find yo T cells
responding with IFNy to SwlIV re-stimulation in immunised pig 188, however, these studies were

performed in infected pigs '*

. In contrast to IFNy, proliferative responses by porcine yd in
response to SwIV have been less described. Up-regulation of CD25 in y5 cells was observed in
recall responses induced by SwIV in infected pigs ***. In species like human and cattle, y5 T cells

did not show surface marker for CD4" and/or CD8" in extratymic population 267.268. i1y contrast,

in pigs, CD8" or CD8  subsets have been described in y8 T cells 1 n this work, ySJrCDS+ T cells
of peripheral blood and spleen from immunised pigs were involved in the above described
recall responses. Additionally, a non-conventional v3 subset was found in spleen from
immunised Babraham pigs, CD4°CD8" (yd DP T cells) which proliferated after stimulation with
whole SwlV. Those cells have been described to be an intermediate stage in y0 T cells
formation and thus to be confined in primary lymphoid organs in pigs, in particular thymus
138139 Therefore, an extratymic population of 8 were known to be either CD8" or CD8". Results
in this work showed absence of 3 DP T cells in peripheral blood but their presence in spleen, a
secondary lymphoid organ; therefore, their location and ability to proliferate specifically to
stimuli suggested they might be more than just an intermediate stage and thus be involved in
immune response to pathogens. However, the ability to respond stimuli requires further
studies on purified populations, as the observed responses could have been due to an antigen

independent activation (bystander) due to the fact that it was known that cytokine exposure

can activate IFNy and proliferative responses in y3 T cells in pigs ***.

On the other hand, immune responses in immunised animals were able to cross-react with
heterologous IAV. IFNy responses to S-Flu were detected by ELISPOT in peripheral blood of
animals immunised with SpH;N;, although it was weak and of short duration. Cell subsets
responding to virus were dissected by flow cytometry. Th effector/memory and CTL were
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shown to be involved in IFNy response in peripheral blood. However, levels of responding CTL
were not consistent between experiments. A previous work in immunised pig also showed that
re-stimulation with heterologous IAV induced IFNy response in the cited T cells subsets **%. This

point will require further examination in the future.

T cells subsets involved in immune responses generated by immunisation with whole SwiV had
been previously described in a few studies. However, functional involvement of T cell subsets
in response to single SwIV T cells epitope has never been characterised. T cells subsets
involved in recall response induced by NPs¢,.446 (corresponding to Pool C) and T cells epitopes
NP4ps.a16 (contained in p43) and NP4y (contained in p44) in tissues from immunised
Babraham pigs were analysed by flow cytometry. CTL, T helper effector/memory and ny*CDS+
T subsets in peripheral blood seemed to respond by IFNy to NP3s;.446; however, for p43 and p44
no positive population was identified. Proliferative responses were also evaluated by flow
cytometry showing that CTL, Th effector/memory, y8'CD8" T and y8'CD4"CD8" subsets in
spleen proliferated in response to NPzg;.445, P43 and p44. In contrast, in peripheral blood just
vd T cells proliferated in response to those stimuli. This discrepancy could have been
associated to different memory phenotypes in T cells in different locations. The effector
phenotype was known to secrete more cytokines and Kkilling proprieties rather than
proliferative abilities while the memory phenotype has the opposite characteristics **'. The
results obtained here might reflect those differences and therefore peptide specific cells
detected in periphery were more like effector cells, secreting cytokines like IFNy, whereas cells
in lymphoid organ were more like memory phenotype. These results were also in line with the

generally described tropism preference of those cells **.

Immune response of immunised pigs to whole SwlV involved multiple T cells subsets
dependent on class | or class Il SLAs; thus, SwIV might have contained both kinds of epitopes.
Previous results in this work showed that NPss,.446 and in turn T cells epitopes NPugs.416 and
NP 407420 Were the mayor contributors to IFNy immune response against NP protein from SwiV
in immunised pigs. Functional assays coupled to flow cytometry shown that multiple T cells
subsets were involved in recall responses against NPsg,.446. this could be attribute again to the
presence of both class | and class Il T cells epitopes. When the two class Il dependent T cells
epitopes (NP4gs.a16 and NP4gy.420) Were analysed, the main responding subsets were expected to
be Th. In contrast, multiple T cells subsets were involved in re-stimulation responses with

those two T cell epitopes; including CTL which recognises class | T cells epitopes. Therefore,
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reducing the portion of SwlV analysed from whole virus to class Il dependent T cells epitopes,
did not make class | epitope dependent cells losing their responses. Effector function of T cells

can be activated through an antigen independent way (bystander) *>?%°

. It seems plausible
that Th were also re-stimulated by NP3sy.446, NP4gs.a16 OF NP4g7.420 and in turn activated effector
function of other T cells subsets. Y0 were T cells disposing of a peculiar TCR. Its dependence to
MHC and reactivity was still largely unknown, particularly in pigs. Therefore, those cells could

have been also Contributing to re-stimulation by NP362-4461 NP405_416 or NP407_420.

In conclusion, re-stimulation responses to whole SwlV in immunised animals involved multiple
T cells subsets. Likewise, re-stimulation with SLA-Il dependent T cell epitopes involved multiple
T cell subsets, including those depending on class | like CTL. Studies on single T cell epitope
immune responses might contribute to elucidate immune response mechanisms operating for

these epitopes in pigs.

Generation of CTL immune responses with multiple functions during SwlV infection have been
recently described *®. Results in Chapter IV showed that tetramers bearing SwiIV class | T cell
epitopes were able to stain subpopulations of CD3*CD8"" T cells (defined as CTL) in peripheral
blood of boost-infected pigs. Those subpopulations increased in percentage just after
secondary infection (boost infection) with SwIV suggesting their involvement in immune
response against that pathogen in pigs (at least after re-infection). Studies of other authors
showed that multi functional CTL response could be generated after IAV infection in pigs and
results in this work showed that CTL response can be peptide specific. However, functional
responses of porcine CTL to SwlV epitopes identified in chapter IV were not characterised and
thus their roles in immune response required further investigations. More importantly,
implication in protection against SwIV of peptides specific or not, multifunctional or not,

porcine CTL has not been fully investigated.

SwiIV T cells epitopes. (Chapter Il and Chapter 1V)

Run for universal vaccines for 1AV is recently looking for CTL epitopes instead of focusing the
attention to humoral response only. Recently, Th subsets and thus its related epitopes were
suggested to be relevant **°. These subsets do not only provide help to B and CTL cells but can
also have a direct role in IAV clearance. Therefore, given those important functions and the
implication in protection of Th cells in IAV infection, MHC-II epitopes has been suggested to be

included together with MHC-I epitopes to generate an optimal vaccine **°.
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In pigs, a few SLA-Il epitopes were previously identified and none of them were from SwiV. In
chapter Il two SLA-Il epitope (NPags.a16 and NP4g7.400) of SwIV were identified. Spectra of
protection and resistance to IAV escape were important factors to rationally develop a vaccine.
Conservation of identified epitopes in IAV lineages was thus an important characteristic to be
taken into account. NP4gs.416 and NP,g;.420 Were falling into a functionally important region of
NP protein which was in charge of oligomerization 2’°. This region had also been described to
contain highly conserved and other low variable residues 2’*, which could be important to carry
out its function. A similar conservation grade was obtained in this work although a less
accurate method was used to calculate it. The sequence of the identified epitopes were
analysed in different lineages; results showed they were particularly high conserved in SwiV.
Most of the variability was observed in human IAV strains and in lesser extent in avian strains.
The high conservation exhibited in those epitopes explained the cross-reactivity between the
SwlIV SpH;N; and NP in human virus A/Panama/2007/1999. This cross reactivity could be
extrapolated to other IAV of different lineages. However, there was variability in a few
residues being one of them a predicted anchor position (I of NPgs.416). The influence of
mutations at the predicted anchor position should be tested, as it could be the source of viral
escape, which can compromise vaccine efficacy. The identified epitopes were not important
just in pigs. In humans, it has been shown that CD4" T cells responses focused mainly on two
proteins, M1 and NP. Moreover, it was found that epitope NPsu.41s Was among the

272

immunodominant ones “’°. Importantly, the same epitopes found in this work had a

counterpart in humans. Other studies in humans confirmed the antigenic properties of epitope
NP40s.416 and showing their specificity for HLA-II alleles (Reviewed in Chen et al. 2014 272).

In Chapter IV one SLA-I epitope was identified as immunodominant. Sequence of NA;7;.150 Was
falling into NA protein; this is a IAV surface glycoprotein known to be highly variable and no
highly conserved sequence was present among all 1AV strains *’. Due to its high variability,
analysis of conservation of NA;71.150 Was performed in this study just on viruses from the H;N;
subtype. Sequence was mutated in few positions in swine, human and avian viruses. Notably,
mutations did not fall into anchor positions (P2 and P9), which were conserved; however,
those were located exactly in two auxiliary anchor positions (P3 and P6). Interestingly, it has
been observed by other authors that IAV favoured escape at the residues that anchor epitope
peptides to MHC >”. This fact suggested that selecting pressure might have already acted on
this epitope to allow viral escape. However, implications of the mutations into TCR recognition

should be verified. NA171.150 had no counterpart in any other species. More SLA-I epitopes have
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been recently identified *”

and they were located into NP, PB2 and HA protein of SwiV.
Surface glycoproteins are highly variable and thus offer restricted spectrum of protection that
can be limited to a specific subtype, lineage or even period of time depending on the
conservation grade of the sequence and it flexibility to be recognised by TCR. In contrast

internal proteins are better choice due to their high grade of conservation.

Knowledge of T cells epitopes is not only fundamental to rationally design vaccines but it is
also important to enrich and validate already available database making them more accurate
for in silico prediction. In humans, epitopes able to bind to multiple allele are being

investigated to maximize vaccine efficacy **°

. Therefore, it is also important to characterise
binding preference of more SLAs and thus to be able identifying shared characteristics; this
would allow to design promiscuous T cells epitopes able to bind more than one SLA and thus
to protect a wide range of pigs populations. Additionally, understanding IAV evolution is
fundamental to design next generation control tools and to predict possible threats to public
health. Immune pressure is the mayor contributor to evolution of human IAV; therefore,

knowledge of IAV antigenic characteristics would allow understanding evolution and may be to

predict next IAV pandemic .
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Conclusions
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SwlV epidemiological situation circulating in Spain during the period 2006- 2007 was
updated. A close relation of those with other European countries was observed
through phylogenetic analysis. However, divergently evolving strains were also

observed.

An in vitro and cell based SLA-lI reconstitution assay was generated and partially

optimised for allele SLA-1*es11.

Predicting class | T cells epitopes in silico and testing them ex vivo was not sufficiently

accurate to allow identification of SwlV epitopes in Babraham pigs.

SLA-II T cells epitopes NP4gs.a16 and NP.g7.420 Of SWIV were identified for the first time by

using overlapping peptides in Babraham immunised pigs.

Multiple T cells subsets were involved in IFNy and proliferative re-stimulation

responses to SwlV as well as to single NPgs.415 and NP4g7.420 epitopes. Those were T

helper, CTL and 3 subsets y& "CD8" and y5 *CD4*CD8".

T cells epitopes of SwlV related to SLA-1*0702 were identified by combining in silico
prediction with in vitro testing and in vivo analysis by tetramers. An SLA-|
immunodominant epitope for SLA-1*0702 was described for the first time in NA

protein of SwlV; this was NA;71.150.
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Chapter |

Segment  Position Sequence (5’-3’) Direction
PB2 861 TGTAAAACGACGGCCAGTCATCACTATTGGAGATGTGT Forward
1828 CAGGAAACAGCTATGACCGAATAGTGTTCTCACAAACC Reverse
1919 TGTAAAACGACGGCCAGTATGCAATTCTCTTCTCTAAC Forward
PB1 1855 TGTAAAACGACGGCCAGTCTTAAAATGGGAGCTAATG Forward
PA 665 TGTAAAACGACGGCCAGTCTTGCCAACCAAAGTCTC Forward
1509 CAGGAAACAGCTATGACCCTTCCTTCTTTCGTTCTG Reverse
H1 HA 338 TGTAAAACGACGGCCAGTAGAGACTTCAAATTCAAAAA Forward
490 CAGGAAACAGCTATGACCCCTTTGGTAGTATTTTGATG Reverse

830 TGTAAAACGACGGCCAGTCACGGGGAATTTAATAGCAC Forward

1259 TGTAAAACGACGGCCAGTCATTCAATTTACTTCAGTGG Forward

H3 HA 305 CAGGAAACAGCTATGACCTGAGGGTCCCCCAAT Reverse

552 TGTAAAACGACGGCCAGTGGGTAACACATATCCGATGC Forward

940 TGTAAAACGACGGCCAGTAGCATACCCAATGACAAACC Forward

1116 CAGGAAACAGCTATGACCTCCTTCCCAACCATTCTCTA Reverse

1632 TGTAAAACGACGGCCAGTGATTTCCTTTGCCATATC Forward

NP 1270 TGTAAAACGACGGCCAGTACAACCTACTTTCTCAGTACA Forward
N2 NA 391 CAGGAAACAGCTATGACCCATGACACATAAGGTTCTCT Reverse
757 CAGGAAACAGCTATGACCGCACTTCCATCAGTCA Forward

1032 TGTAAAACGACGGCCAGTCGAAATCCTAACAATGAG Forward

M 647 TGTAAAACGACGGCCAGTGTCAGACTAGGCAGATGG Forward
NS 481 CAGGAAACAGCTATGACCCGTGAAAGCTCTAAGGAGT Reverse

578 TGTAAAACGACGGCCAGTGGACTTGAATGGAATGATAA Forward

Table 1. Primers designed for amplification of SwiVs under the following conditions: 60 minutes at 42°C
for reverse transcription, 2 minutes at 94°C for initial denaturation, 40 cycles of 94°C for 20 seconds,
annealing at 50°C for 30 seconds, and extension at 72°C for 1 minute followed by a last step of extension
at 72° C for 7 minutes.

Vaccine Strains HA Accession

Respiporc flu3 Sw/Haselunne/IDT2617/03 (H,N;) ACR39185.1
Sw/Bakum/IDT1769/03 (HsN,) ACR39187.1
Sw/Bakum/1832/00 (H;N,) ABS53372.1

Table 2: Strains in Respiporc flu3 vaccine.
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NP

Afswine/Gent/96/2007 H3N2
Alswine/Spain/82108/2007 H3N2
AiSwine/Spain/SF11131/2007 H1N1
A/swine/Hungary/13509/2007 H3N2
A/swine/Hungary/19774/2006 H1N1
A/swine/ltaly/626-2/2006 H1N2
Alswine/Spain/53207/2004 H1N1
A/Swine/Spain/SF12091/2007 H1N2
Alswine/Germany/SIV05/2007 H1N1
Alswine/Spain/SF32071/2007 H3N2
Alswine/Greven/IDT2889/2004 H1N1

100

52

65|
g

A/swine/Spain/51915/2003 H1N1
A/Swine/Spain/80598LP4/2007 H1N2
Alswine/Haseluenne/IDT2617/2003 H1N1
Alswine/Spain/40564/2002 H1N2
Alswine/Granstedt/IDT3475/2004 H1N2
Alswine/Spain/33601/2001 H3N2
95 Alswine/Bakum/1832/2000 H1N2
Alswine/Spain/50047/2003 H1N1
Alswine/Spain/54008/2004 H3N2
A/Swine/Spain/80598LP1/2007 H3N2
A/swine/Doetlingen/IDT4735/2005 H1N2
A/swine/Spain/42386/2002 H3N2
Alswine/Germany/S043/2002 H3N2
A/swine/Spain/39139/2002 H3N2
Alswine/Oedenrode/7¢/1996 H3N2
A/swine/Bakum/IDT1769/2003 H3N2
Alswine/Germany/SEk1178/2000 H1N2
A/swine/Denmark/WVL8/1993 H1N1
A/swine/Spain/WVL6/1991 H1N1
Alswine/Germany/Vi5698/1995 H1N1
Alswine/Cotes dArmor/604/99 H1N2
A/swine/England/88761/1997 H1N2
A/swine/England/195852/1992 H1N1
96 L A/swine/England/WVL7/1992 H1N1

88 g5

a8

61 63

100 Alswine/France/WVL13/1995 H1N1

Af/swine/Brabant/1984 H3N2

Alswinefltaly/526/1985 H3N2
A/swine/Belgium/WVL1/1979 H1N1
Alswine/France/WVL3/1984 H1N1
A/mallard/Marquenterre/Z237/1983 H1N1

AfAnas creccal/Spain/1460/2008 H7N9
Afturkey/England/1969 H3N2

—SSC Alswine/ltaly/1850/1977 H3N2
99 A/Port Chalmers/73 H3N2

78

67

98

100 A/New York/294/2003 HIN2  [Human IV's
100 EA/MOSCOW/'] 0/99 H3N2
A/New Caledonia/20/1999 H1N1

Alswine/lowa/15/1930 H1N1
A/swine/Wisconsin/1/1961 H1N1

“Avian-Like" Swivs

Ayian Vs

A/Madrid/INS131/2009 H1N1 "Classical’ SwlY's

100 L‘/ AlCatalonia/63/2009 HIN1 Pandemic 2009 Vs
981 A/California/04/2009 H1N1
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Alswine/Spain/53207/2004 H1N1
A/Swine/Spain/SF11131/2007 H1N1

1]

A/swine/ltaly/626-2/2006_H1N2
Alswine/Hungary/19774/2006_H1N1
AlSwine/Spain/80598LP1/2007 H3N2
A/Swine/Spain/SF12091/2007 H1N2

74

_Alswine/Spain/51915/2003 H1N1
Alswine/Germany/SIV05/2007 HIN1
Alswine/Greven/IDT2889/2004_H1N1
AlSwine/Spain/80538LP4/2007 H1N2
Alswine/Doetlingen/IDT4735/2005_H1N2
Alswine/Spain/40564/2002 H1N2
A/swine/Granstedt/IDT3475/2004 H1N2
A/swine/Bakum/1832/2000_H1N2

a4

37 L— A/swine/Spain/39139/2002 H3N2
Alswine/Haseluenne/IDT2617/2003_H1N1

Alswine/Bakum/IDT1769/2003_H3N2

62

Alswine/Spain/42386/2002 H3N2
Afswine/Spain/54008/2004 H3N2
Alswine/Spain/SF32071/2007 H3N2

p2

A/swine/Spain/82108/2007 H3N2

A/swine/Gent/96/2007 H3N2

L A/swine/Germany/SEk1178/2000_H1N2

97 Alswine/Germany/S043/2002_H3N2
ENswine/Sgain/50047/2003 H1N1
A/Madnid/INS131/2009_H1N1

100 | A/California/04/2009_H1N1 Pandemic 2003 Vs
831 A/Catalonia/63/2009_H1N1

A/swine/England/88761/1997 H1IN2

Afswine/Cotes dArmor/604/99 H1N2

A/swine/Germany/Vi5698/1995_H1N1

A/swine/England/WVL7/1992_H1N1

100

a7 a2

72

70| A/swine/Denmark/WVL9/1993_H1N1
85L A/swine/Spain/WVL6/1991 H1N1
A/swine/Oedenrode/7c/1996_H3N2
A/swine/France/WVL13/1995_H1N1
Alswine/Belgium/WVL1/1979_H1N1
A/swine/France/WVL3/1984 H1N1

A/swine/Brabant/1984_H3N2

jax} Alswine/ltaly/526/1985_H3N2 |
A/mallard/Marquenterre/Z237/1983_H1N1
a9 A/Anas_crecca/Spain/1460/2008_H7NS | Avian Vs
51 Afturkey/England/1969_H3N2

a9 A/swine/lowa/15/1930 H1N1
*1 "Classical' SwlVs
A/swine/Wisconsin/1/1961 HIN1

A/New_Caledonia/20/1999_H1N1

100

—i
0.005

a9 A/Port_Chalmers/1/1973_H3N2

100 E5 A/Udorn/307/1972_H3N2
A/Hong_Kong/1/1968_H3N2 Human Vs
100 A/New_York/294/2003_H1N2
100 A/Moscow/10/1999_H3N2
78 A/Wisconsin/67/2005_H3N2

“Avian-Like" Swils
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c)

PB2

33

100

—— A/Swine/Spain/SF11131/2007 H1N1
A/Swine/Spain/SF12091/2007 H1N2
L A/swine/ltaly/626-2/2006 H1N2
A/swine/Spain/SF32071/2007 H3N2
A/swine/Spain/82108/2007 H3N2

84 L A/swine/Gent/96/2007 H3N2
A/swine/Spain/53207/2004 H1N1
A/swine/Greven/IDT2889/2004 H1N1
A/Swine/Spain/80598LP1/2007 H3N2

100

1 A/swine/Spain/51915/2003 H1N1
A/Swine/Spain/80598LP4/2007 H1N2

A/swine/Doetlingen/IDT4735/2005 H1N2

100 | —_Alswine/Spain/40564/2002 H1N2
I 92l Aswine/Granstedt/IDT3475/2004 H1N2
Alswine/Haseluenne/IDT2617/2003 HIN1 | "twianLike" Swlvs
EAIswine/SpainISOOM/ZOOB H1N1
8| | A/swine/Spain/39139/2002 H3N2

- Alswine/Spain/42386/2002 H3N2

100 I: A/swine/Spain/54008/2004 H3N2

A/swine/Bakum/IDT1769/2003 H3N2
E':/swinmm%eowmm H3N2
A/swine/Bakum/1832/2000 H1N2
A/swine/Denmark/\WVL9/1993 H1N1
A/swine/Spain/WVL6/1991 H1N1
A/swine/England/WVL7/1992 H1N1
A/swine/England/88761/1997 H1N2

A/swine/France/WVL13/1995 H1N1

100

99 _|:A/swine/Brabant/1984 H3N2
83 A/swine/France/WVL3/1984 H1N1 i
Alturkey/England/1969 H3N2

A/Anas crecca/Spain/1460/2008 H7N9

100

Avian s
A/mallard/Marquenterre/Z237/1983 H1N1

agr A/California/04/2009 HIN1
100 ’{ A/Catalonia/63/2009 H1N1 Pandemic 2003 Vs

|—A/Madr1'd/INS131/2009 H1N1
A/swine/lowa/15/1930 H1N1

100 P
—'7 Classical' Swlvs
A/swine/Wisconsin/1/1961 H1N1

A/New Caledonia/20/1999 H1N1

36

39

A/swine/ltaly/1850/1977 H3N2

100
—|jmn Chalmers/1/1973 H3N2 Human Vs

—
0.01

/Moscow/10/1999 H3N2

100 A
100 |: A/New York/294/2003 H1N2
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PB1

Alswine/Spain/82108/2007 H3N2
Alswine/Gent/96/2007 H3N2
A/Swine/Spain/SF32071/2007 H3N2

72

A/Swine/Spain/SF11131/2007 H1N1
78 Afswine/Doetlingen/IDT4735/2005 H1N2
A/Swine/Spain/SF12091/2007 H1N2
Alswine/ltaly/626-2/2006 H1N2
A/swine/Spain/53207/2004 H1N1
Alswine/Spain/51915/2003 H1N1
Afswine/Greven/IDT2889/2004 H1N1

L A/Swine/Spain/80598LP1/2007 H3N2

Alswine/Hungary/13509/2007 H3N2

100

100 L— A/swine/Hungary/19774/2006 H1N1

CAISWine/Spain/80598LP4l2007 H1N2
74 Alswine/Gent/112/2007 H1N1
Alswine/Spain/40564/2002 H1N2

Alswine/Granstedt/IDT3475/2004 H1N2
Aswine/Bakum/IDT1769/2003 H3N2
Afswine/Bakum/1832/2000 H1N2
A/swine/Spain/50047/2003 H1N1
A/swine/Spain/33601/2001 H3N2
Afswine/Oedenrode/7¢c/1996 H3N2
A/swine/Haseluenne/IDT2617/2003 H1N1
Alswine/Spain/42386/2002 H3N2

Alswine/Spain/39139/2002 H3N2

A/swine/Spain/54008/2004 H3N2
100 95 A/swine/Denmark/WVLS/1993 HIN1

Alswine/Spain/WVL 6/1891 H1N1
Afswine/England/WVL7/1992 H1N1
Alswine/England/88761/1997 H1N2

Alswine/France/WVL13/1995 HIN1
97

A/swine/Belgium/WVL1/1979 HIN1

58 Alswine/Brabant/1984 H3N2

Alswine/France/WVL8/1992 H1N1

EE Alswine/lItaly/526/1985 H3N2

AfAnas crecca/Spain/1460/2008 H7N9
?5“_': A/mallard/Marquenterre/Z237/1983 H1N1 Avian Vs
98

Alturkey/England/1969 H3N2

ﬂl——A/Pon Chalmers/1/1973 H3N2

Alswine/Italy/1850/1977 H3N2

100 — A/Moscow/10/1999 HIN2
1o 4|: A/New York/204/2003 HIN2
100 A/Catalonia/63/2009 H1N1
1001 A/Califonial04/2009 HIN1 Pandemic 2008 Vs

631 A/Madrid/INS131/2009 H1N1

1an

A/New Caledonia/20/1999 HIN1

—
0m

A/swine/Wisconsin/1/1961 H1N1

:| "Clagsical” Swivs

“Avian-Like" Swivs

Human 'z
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PA

63

39

90

—wD‘: Alswine/Spain/39139/2002 H3N2
7ags Alswine/Spain/54008/2004 H3N2

A/swine/Spain/82108/2007 H3N2
A/swine/Spain/SF32071/2007 H3N2

A/swine/Gent/96/2007 H3N2
A/swine/Hungary/19774/2006 H1N1
A/swine/Doetlingen/IDT4735/2005 H1N2
AISwine/Spain/SF12091/2007 H1N2
A/Swine/Spain/SF11131/2007 H1N1
Alswine/ltaly/626-2/2006 H1N2
Al/swine/Spain/53207/2004 H1N1
Alswine/Spain/51915/2003 H1N1
100 A/swine/Greven/IDT2889/2004 H1N1
L A/Swine/Spain/80598LP1/2007 H3N2
L——— A/Swine/Spain/80598LP4/2007 H1N2
Alswine/Bakum/1832/2000 H1N2
Alswine/Spain/40564/2002 H1N2
100 Alswine/Granstedt/IDT3475/2004 H1N2
A/swine/Bakum/IDT1769/2003 H3N2
A/swine/Cotes dArmor/604/99 H1N2
A/swine/England/88761/1997 H1N2
A/swine/England/WVL7/1992 H1N1

A/swine/Spain/WVL6/1991 H1N1
A/swine/Denmark/WVL9/1993 H1N1

63

30

“dvian-Like" Swilvs

94

A/swine/Spain/33601/2001 H3N2

100

95 A/swine/Oedenrode/7¢c/1996 H3N2
1400[— A/swine/Spain/50047/2003 H1N1

100 [——— A/swine/Haseluenne/IDT2617/2003 HIN1
A/swine/Spain/42386/2002 H3N2
A/swine/France/WVL13/1995 HIN1
A/swine/Brabant/1984 H3N2
A/swine/ltaly/526/1985 H3N2
A/swine/Belgium/WVL1/1979 H1N1
A/swine/France/\WVL3/1984 HIN1
Alturkey/England/1969 H3N2

7

94

100

A/Anas crecca/Spain/1460/2008 H7N9

A/Califomia/04/2009 H1N1
Avian Vs

00 [A/Catalonia/63/2009 HIN1 Pandemic 2008 Vs
71l A/Madrid/INS131/2009 HIN1

100

0.m

100 Alswine/lowa/15/1930 H1N1
4’7 "Classical” Swivs
Asswine/Wisconsin/1/1961 H1N1

100

A/New Caledonia/20/1999 H1N1

—Bs‘j A/swine/ltaly/1850/1977 H3N2
A/Port Chalmers/1/1973 H3N2 Hurman [Vz

100

A/Moscow/10/1999 H3N2
100 |_— A/New York/294/2003 H1N2
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100

NS

Alturkey/England/1969 H3N2

70 . A/swine/Spain/82108/2007 H3N2

1 L A/swine/Gent/96/2007 H3N2

93
0
50
A/swine/Spain/53207/2004 HIN1

Alswine/Spain/54008/2004 H3N2
a3 A/swine/ltaly/626-2/2006 H1N2

96— A/swine/Spain/42386/2002 H3N2
A/swine/Germany/SEk1178/2000 H1N2
A/swine/Oedenrode/7c/1996 H3N2

50 A/swine/Spain/50047/2003 H1N1

95 _|:A/swine/Germany/SO43/2002 H3N2
100 A/swine/Spain/39139/2002 H3N2

55 A/swine/Hungary/19774/2006 H1N1

Alswine/Spain/51915/2003 H1N1
AISwine/Spain/80598LP4/2007 H1N2
Afswine/Germany/SIV05/2007 H1N1
Alswine/Spain/33601/2001 H3N2
Alswine/Bakum/1832/2000 HIN2
A/swine/Haseluenne/IDT2617/2003 H1N1
A/swine/Granstedt/IDT3475/2004 HIN2
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Figure 1. Evolutionary relationships of internal genes of IAV. The tree is drawn to scale, with branch
lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree.
Bootstrap values greater than 50% are shown (1000 replicates): a) NP phylogenetic tree. The analysis
involved 53 nucleotide sequences. There were a total of 1462 positions in the final dataset; b) M
phylogenetic tree. The analysis involved 52 nucleotide sequences. There were a total of 965 positions in
the final dataset; c) PB2 phylogenetic tree. The analysis involved 42 nucleotide sequences. There were a
total of 2275 positions in the final dataset. d) PB1 phylogenetic tree. The analysis involved 47 nucleotide
sequences. There were a total of 2268 positions in the final dataset; e) PA phylogenetic tree. The analysis
involved 46 nucleotide sequences. There were a total of 2148 positions in the final dataset; f) NS
phylogenetic tree. The analysis involved 49 nucleotide sequences. There were a total of 830 positions in
the final dataset.
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Figure 2. Alignment of the H1HA protein of the H;N, isolates SF12091 and 80598Ip4 and the H;N, strain composing the vaccine Respiporc flu3. The signal peptide is located
at the firsts 16 aminoacid. The post traductional cleavage of the HAO protein at the site 344 gives rise to the two subunit composing the HA protein: the HA1 (from position
18 to 343) and the HA2 (from position 345 to 566). The globular head of HA protein is located from position 59 to 292 in the HA1 subunit, on the contrary the stalk is located
at the flanking regions. The transmembrane region is located from position 529 to 554 at the HA2 subunit. The antigenic sites Cb, Sb, Ca and Sa were identified on the
alignment and highlighted in yellow. Relevant signatures in Receptor Binding site were highlighted with asterisks. Glycosylation site were identified at positions 27, 28, 40,
172,177, 286, 304, 498, 557 (empty squares).
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Chapter I1
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Figure 3. Cloning of SLA-2*es22. a) SLA-2*es22 (low band) was excised by digestion with Notl enzyme,
leaving an empty pGMET easy vector (high band). b) The excised insert was then ligated into pCDNA3.1*
vector; E is the empty vector while SLA represents the ligated vector. MW molecular weight ladder.

a) b)

1000 pb

Class | SLA

Figure 4. Generation of CIR SLA-1*0401 cells. a) RT-PCR with SLA primers of the RNA of PK15 cells; SLA-
1*0401 gene was amplified. CIR cells transfected with pCDNA3.1"-SLA-1*0401 plasmid were stained
with 2G1/VAN antibody and analysed by Flow cytometry. b) Selection by limiting dilution of the C1R cells
transfected with pCDNA3.17-SLA-1*0401 plasmid; SLA™ population of C1R (right side) was represent the
5.6% of cells; SLA- cells (left side) were also highly present. MW molecular weight ladder.
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Chapter 111

Name Sequence Name Sequence Name Sequence
1-PB1 YMFESKSMKL 4-HA SSFERFEIF 6-M1 LASCMGLI
3-PB1 MMMGMFNM 5-HA STVASSLVLL 7-M1 RQMVHAMRTI
4-PB1 MMMGMFNML 6-HA TANSWSYI 1-NP FLARSALI
5-PB1 YMFESKSM 7-HA TANSWSYII 2-NP FLARSALIL
6-PB1 FSMELPSFGV 8-HA VASSLVLLV 3-NP FSVQRNLPF
7-PB1 FSMELPSF 9-HA VTHSVNLL 4-NP IAYERMCNIL
8-PB1 FLAMITYI 10-HA WTYNAELL 5-NP ITIERMVL
9-PB1 FLKDVIESM 11-HA YQNNHTYV 6-NP LMIWHSNL
10-PB1 MGMFNMLSTV 12-HA YQRFTPEI 7-NP NSQVFSLI
11-PB1 FVANFSMEL 13-HA YSTVASSLVL 8-NP ETMDSITLEL
12-PB1  YLIRALTL 14-HA IAPWHAFAL 9-NP ETMDSITL
13-PB1 MQIRGFVYFV 15-HA LTANSWSYI 10-NP MSNEGSYFF
14-PB1  TAQMALQLFI 1-M1 MATTTNPLI 11-NP IAYERMCNI
15-PB1 LLIDGTASL 2-M1 MVHAMRTI 12-NP ATAGLTHLMI
1-HA IMMSDVHV 3-M1 QMATTTNPLI 13-NP LQNSQVFSLI
2-HA RMNYYWTLL 4-M1 MATTTNPL Ctrl peptide  SPEMMVTISKT
3-HA SSFERFEI 5-M1 QMATTTNPL

Table 3. Predicted peptides.

Name Sequence Name Sequence

43a NQQRASAGQISVQPTFSVQR | 44b SVQPTFSVQRNL

43b RASAGQISVQPTFSVQR 44c SVQPTFSVQRNLPF

43c AGQISVQPTFSVQR 44d SVQPTFSVQRNLPFEKS

43d QISVQPTFSVQR 44e SVQPTFSVQRNLPFEKSTVM
43e SVQPTFSVQR Sp44a SVQPTFSVQRNLPFERATIM
43f VQPTFSVQR Irrelevant NIKNESKYSNTFINNAYNMS
443 SVQPTFSVQ

Table 4. Peptides of different lengths designed on peptides 43 and 44. Underlined regions are
overlapping between peptide 43 and 44. Bolded letter in Sp44 are mutated positions between peptide 44
and the corresponding sequence in SpHN.
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Name Sequence Name Sequence Name Sequence

Pool 1 28 LARSALILRGSVAHKSCLPA 54 GGGMSLLTEVETYVLSIV
1 MASQGTKRSYEQMETDGDR 29 SVAHKSCLPACVYGPAVSSG 55 EVETYVLSIVPSGPLKAEIA
2 YEQMETDGDRQNATEIRASV 30 CVYGPAVSSGYDFEKEGYSL 56 PSGPLKAEIAQRLEDVFAGK
3 RQNATEIRASVGKMIDGIGR 31 YDFEKEGYSLVGIDPFKLL 57 AQRLEDVFAGKNTDLEALM
4 VGKMIDGIGRFYIQMCTELK 32 LVGIDPFKLLQNSQVYSLIR 58 GKNTDLEALMEWLKTRPIL
5 FYIQMCTELKLSDYEGRLI Pool B 59 MEWLKTRPILSPLTKGILGF
6 KLSDYEGRLIQNSLTIEKMV 33 LQNSQVYSLIRPNENPAHK 60 SPLTKGILGFVFTLTVPSER
7 IQNSLTIEKMVLSAFDERR 34 IRPNENPAHKSQLVWMACH 61 VFTLTVPSERGLQRRRFV
8 MVLSAFDERRNRYLEEHPSA 35 KSQLVWMACHSAAFEDLRLL 62 ERGLQRRRFVONALNGNG
9 NRYLEEHPSAGKDPKKTGG 36 SAAFEDLRLLSFIRGTKV 63 FVQNALNGNGDPNNMDKAVK
10 AGKDPKKTGGPIYRRVDGKW 37 LLSFIRGTKVSPRGKLSTRG 64 DPNNMDKAVKLYRKLKREI
11 PIYRRVDGKWMRELVLYDK 38 SPRGKLSTRGVQIASNENM 65 KLYRKLKREITFHGAKEIAL
12 WMRELVLYDKEEIRRIWRQA Pool C 66 TFHGAKEIALSYSAGALA
13 EEIRRIWRQANNGEDATAGL 39 GVQIASNENMDNMGSSTLEL 67 ALSYSAGALASCMGLIYNRM
14 NNGEDATAGLTHMMIWHSNL 40 DNMGSSTLELRSGYWAIRTR 68 SCMGLIYNRMGAVTTEVAFG
15 THMMIWHSNLNDTTYQRTRA 41 RSGYWAIRTRSGGNTNQQRA 69 GAVTTEVAFGLVCATCEQIA
16 NDTTYQRTRALVRTGMDPRM 42 SGGNTNQQRASAGQISV 70 LVCATCEQIADSQHRSHRQM
17 LVRTGMDPRMCSLMQGSTL 43 NQQRASAGQISVQPTFSVQR 71 DSQHRSHRQMVATTNPLIKH
18 MCSLMQGSTLPRRSGAAGAA 44 SVQPTFSVQRNLPFEKSTVM 72 VATTNPLIKHENRMVLA
19 PRRSGAAGAAVKGIGTMVM 45 NLPFEKSTVMAAFTGNTEGR 73 IKHENRMVLASTTAKAMEQM
20 AVKGIGTMVMELIRMVKRGI 46 AAFTGNTEGRTSDMRAEIIR 74 STTAKAMEQMAGSSEQAAEA
21 ELIRMVKRGINDRNFWRG Pool D 75 AGSSEQAAEAMEIASQARQM
22 GINDRNFWRGENGRKTRSAY 47 TSDMRAEIIRMMEGAKPEEV 76 MEIASQARQMVQAMRTVGTH
23 ENGRKTRSAYERMCNILKGK 48 MMEGAKPEEVSFRGRGVFEL 77 VQAMRTVGTHPSSSTGLR
24 ERMCNILKGKFQTAAQRAMV 49 SFRGRGVFELSDEKATNPIV 78 THPSSSTGLRDDLLENLQTY
25 FQTAAQRAMVDQVRESRNPG 50 SDEKATNPIVPSFEMSNEG 79 DDLLENLQTYQKRMGVQMQR
26 DQVRESRNPGNAEIEDLIFL 51 VPSFEMSNEGSYFFGDNA 80 QKRMGVQMAQRFK

Pool 2 - Pool A 52 EGSYFFGDNAEEYDNGGGPG

27 NAEIEDLIFLARSALILRG 53 EEYDNGGGPGGGMSLLTEV

Table 5: Pools of peptides
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Figure 7. Empirical identification of T cells epitopes in Pool 2. Pool 1-3 and control (MSP), pools A-D and
peptides of pool C (39-46) were tested by IFNy ELISPOT with PBMCs of study 2 at a) 14 dpb, b) 21 dpb
and c) 28 dpb. Pools A-D and individual peptides were not tested on CTRL pig. DMSO was added to PWM
at the same concentration as in peptide solutions. MDCK sup is the mock-infected control. Results were
expressed as IFNy-producing cells number per 10° stimulated PBMC (/5C/106 PBMCs). Data for each
animal was represented in graphs as mean with sd of triplicate results. Non-parametric statistical
analysis identified stimuli with statistically significant differences when compared to media+DMSO and
pool MSP. Those having a p<0.05 are marked with asterisks (*).
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Figure 8. IFNy ELISPOT at 28 dpi from study 3. Peptide 43-44 and irrelevant peptide were tested on BALc.
Results were expressed as IFNy-producing cell number per 10° stimulated BALc (ISC/106 BALc). Data for
each animal was represented in graphs as mean with sd of triplicate results. Non-parametric statistical
analysis identified stimuli with statistically significant differences when compared to media+DMSO and
pool MSP. Those having a p<0.05 are marked with asterisks (*).
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Figure 9. Purity and viability of MHC-II"" separated fractions of PBMCs. Those are two examples of a)
MHC-II" and b) MHC-II" populations. In each of those MHC-II" are gated on the image on the left; live cells
are gated on the image on the right. Plots showed are samples from Pig 625.
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Figure 10. Gating strategy of flow cytometry from Celltrace violet proliferation assay on PBMCs from pig
1 at 28 dpb (Study 2). a) Live Lymphocytes in T cells (CD3) were identified; b) y5 negative and c) positive
populations of T cells were then discriminated and further divided into different subpopulation using CD4
and CD8 markers. Single positive CD4 or CD8 and double positive (CD4*CD8’) cells in yo Tor y5 T cells
were identified and further analysed to quantify cells showing low Celltrace violet staining. Plots on the
right in b and ¢ show some examples of low Celltrace violet stained cells gating for irrelevant and 44
peptides and SpH;N; virus (frequencies are showed in figure 41).
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Chapter IV
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Figure 11. IHA of sera from infected pigs. Pigs were infected with SpH;N; and challenged with pdmH;N;
(arrows). Viruses tested were: a) SpH;N; and b) pdmH;N,. Results are the average of duplicate. Red

dotted line is the limit of detection.
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Figure 12. Dynamics of tetramer specific CTL responses in PBMCs of SwlV infected pigs. All time points
were taken into account. Tetramer 381 contained the irrelevant peptide. a) pig L1, b) pig L6, c) pig L11, d)

pig L12 and e) pig L18 (or mismatched control).
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