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Abstract

Influenza A virus (IAV) is a considerable threat to human and animal health. Current immunisation
strategies rely primarily on inducing strain-specific neutralising antibodies with a limited breadth of
protection. Increasing evidence indicates the importance of local immune responses and tissue resident
memory T cells (TRM) for broad protection against respiratory infections, however, a vaccine that can
be safely delivered to the lung is yet to be approved. In addition, there is little information on influenza
A virus (IAV) specific TRM in the pig, a large animal model for IAV research, and a natural reservoir

for the virus.

The first part of this thesis describes the characterisation of porcine CD8 TRM in the lungs and upper
respiratory tract following HLIN1pmdQ9 infection. The phenotype of CD8 T cells specific for three
influenza nucleoprotein (NP) epitopes, detected using MHC class | tetramers, was determined. This
analysis revealed that the hierarchy of response differed with time in different tissues. The frequency of
NP-specific cells declined over 63 days in all tissues, but it was best maintained in the lung. Most
tetramer® CD8 T cells isolated from broncho-alveolar lavage (BAL) displayed a TRM phenotype,
expressing CD69 and an effector memory phenotype. NP-specific T cells isolated from BAL presented

genes characteristic of human TRM, but gene expression differed at 7, 21 and 63 days post-infection.

It is essential to assess vaccine deposition to provide optimal delivery of vaccines to the respiratory tract.
The distribution of droplets generated by a commonly used intranasal device (MAD) and two
commercially available vibrating mesh nebulizers (VMNs) was therefore compared. Droplets generated
with the drug albuterol or a radiolabel (*™Tc-DTPA), or a model vaccine (S-FLU) presented similar
aerosol characteristics. A scintigraphic study using *™Tc-DTPA showed that VMNs uniformly

distributed the radiolabel in the porcine lung and upper respiratory tract. The intranasal administration
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of a large volume (1ml/nostril) by MAD also delivered a high proportion of the dose to the lungs,

although in a concentrated and restricted area.

Recombinant single-cycle 1AV viruses, such as S-FLU, may offer a promising solution to currently
available vaccines as they can be delivered safely to the lung and elicit heterotypic immunity. However,
previous studies in pigs showed a limited reduction in viral replication following challenge. In the last
chapter, two strategies to improve S-FLU immunogenicity and protection are presented: 1)
implementing a second-generation version of S-FLU expressing HA (CLEARFLU) and 2)
administering S-FLU simultaneously by aerosol and intramuscular injection (SIM). CLEARFLU did
not generate neutralising antibodies, however, S-FLU administered by SIM produced a high titer of
neutralising antibody, robust local cellular responses and conferred protection against homologous
challenge. On the other hand, intramuscular injection alone elicited humoral responses in the periphery,
but failed to do so locally, and did not stimulate cellular responses. Aerosol S-FLU did not protect
despite high T cell responses in the respiratory tract, probably due to the lack of neutralising antibody

in the periphery.

These data showed for the first time that porcine TRM present similar properties to those of humans,
further establishing the pig as a useful model for investigation of local memory responses following
respiratory infection. In addition, aerosol delivery can uniformly target the lungs but only the SIM
immunisation regime successfully protected pigs from challenge, warranting further studies of this

immunisation strategy against AV and other respiratory pathogens.
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Chapter 1
Introduction

1.1 Influenza virus

Influenza viruses are zoonotic pathogens, infecting birds, humans and pigs (Figure 1.1) and many other
species and a significant cause of morbidity and mortality in these species. In domesticated birds,
influenza virus infects both the respiratory tract (RT) and intestine. Highly pathogenic avian influenza
H5N1 have alone caused major economic losses (US$ 20 billion losses globally, since 2003), including
the culling of 400 million birds (Food and Agriculture Organization of the United Nations (FAO) 2012).
In humans and pigs, influenza virus infection is limited to the RT, and is spread by aerosolised droplets
originating from saliva or nasal secretions (Torremorell et al. 2012). Each year between 290,000 and
650,000 people die from influenza-associated respiratory causes (luliano et al. 2018), while 10-20% of
the world population contracts influenza (Peasah et al. 2013). Despite a low mortality rate, the
seroprevalence in pigs is around 50%, with over 1.4 billion animals infected with influenza viruses in
2018 (Salvesen and Whitelaw 2021). Clinical manifestation of influenza virus infection in mammals
includes fever, coughing, sore throat, and appetite loss. However, the clinical outcome of the disease is
dependent on the host’s immune responses, with hospitalisations and illness highest in children (<2

years old) and the elderly (> 65 years old) (Thompson, Comanor, and Shay 2006).
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Figure 1.1 Schematic representation of the zoonotic cycle of IAV within its main hosts. H indicates
haemagglutinin while N denotes neuraminidase circulating in each host. Figure created with
©BioRender.

Influenza viruses are part of the Orthomyxoviridae family. Influenza viruses are classified as Influenza
A Virus (IAV), Influenza B Virus (IBV), Influenza C Virus (ICV) or Influenza D Virus (IDV). While
IAV and IBV are responsible for seasonal epidemics in humans, domestic pigs are infected mainly by
IAV, with few cases of IBV, ICV and IDV infection (Ran et al. 2015; Hause et al. 2013; Salvesen and

Whitelaw 2021).

IAV virus, the focus of this thesis, presents an envelope that protects the single-stranded negative-sense

RNA genome, organised in 8 segments encoding for 11 main proteins:



- Haemagglutinin (HA), present on the virus envelope, binds to sialic acids expressed on host
cellular receptors. It is divided into two subunits (HAL and HA2) after enzymatic cleavage by
trypsin-rich environments in mammals. The consequent exposure of a fusion peptide present at
the end of the (N)-terminal of HA2 allows the viral particle to fuse with the endosomal
membrane of infected cells and release the viral genome and proteins in the cytoplasm.

- Neuraminidase (NA), also anchored to the envelope, is indispensable for releasing viral particles
from the infected cells. NA removes sialic acids, present as part of the glycosylation process
within the infected cells, from the cellular receptors and newly synthetised HA and NA, to avoid
the formation of viral aggregates (Basak, Tomana, and Compans 1985).

- Matrix proteins 1 and 2 (M1 and M2) promote virion formation by interacting with the
cytoplasmic component of HA and NA and the viral ribonucleoprotein.

- RNA-dependent RNA polymerase is a heterotrimeric complex of polymerase acidic (PA),
polymerase basic 1 (PB1), and polymerase basic 2 (PB2). The polymerase transcribes viral RNA
and replicates the IAV genome in the nucleus of infected cells.

- Nucleoprotein (NP) is the most abundant viral protein in infected cells and is fundamental for
viral RNA packing, transcription and replication.

- Non-structural protein 1 (NS1) and PB-F2 display an immunomodulatory effect.

- Non-structural protein 2 (NS2), also known as nuclear export protein, is indispensable for

trafficking viral RNA in the host cells.

IAVs are classified into subtypes based on the surface proteins HA and NA. To date, 18 HAs and 11
NAs have been identified but only H1, H2, H3 and N1, N2 serotypes normally circulate in mammals

(Tong et al. 2013). In particular, HIN1, HIN2 and H3N2 are endemic in pigs (Baudon et al. 2017) and
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H1N1 and H3N2 are responsible for seasonal epidemics in humans. More recently, outbreaks of H5, H7
and H9 from avian origin have been reported in humans (World Health Organisation 2021). HA is
crucial in determining the host of influenza viruses. HA binds sialic acids attached to galactose via a
a2-6 or a.2-3 linkage, the latter mainly recognised by avian IAV (Rogers and Paulson 1983). In humans
and pigs, the epithelial cells of the upper respiratory tract (URT) present sialic acid linked via a o.2-6
bond while both linkages are present in the lower respiratory tract (LRT) (Nelli et al. 2010; Van Poucke

et al. 2010).

Antigenically diverse strains can coinfect natural hosts and exchange viral gene segments within an
infected cell. This phenomenon, known as antigenic shift, can lead to the generation of a new reassortant
strain with pandemic potential, as occurred in 2009 with the emergence of the HIN1 pandemic virus
(HIN1pdm09) (Vijaykrishna et al. 2010). In addition, the viral RNA-polymerase lacks proof-reading
functions and is prone to error, leading to point mutations in the viral genes, an event referred to as
antigenic drift. HA and NA are more susceptible to mutations due to the selective pressure of the

immune system.
Innate immunity against IAV

Viral entry to epithelial cells is mediated by HA binding to the sialic acid, which causes endocytosis.
When the virus reaches the endosome, the low pH of the environment triggers HA fusion to the
endosomal membrane and activates the M2 ion channel. M2 acidifies the viral particle allowing the
release of the packaged viral RNA into the cytosol. The host senses IAV by pattern recognition receptors
(PRRs) (reviewed in (lwasaki and Pillai 2014)). The uncapped single-stranded viral RNA is recognised

by retinoic acid-inducible gene-1 (RIG-1) in all infected cells. In addition, B cells and dendritic cells



(DCs) recognise the single-stranded viral RNA via Toll-like receptor (TLR) 7, promoting interferon
(IFN) responses to stop viral replication. TLR3 binds to double-stranded RNA in the endosome of
macrophages, detecting phagocyted infected cells, stimulating an antiviral state. Myeloid cells can also
form NLRP3 (NOD-, LRR- and pyrin domain-containing protein 3) inflammasome in response to stress
and membrane damage and subsequently secrete cytokines to recruit leukocytes to the lung (Thomas et

al. 2009).

After IAV recognition, PRRs initiate several signaling events and activate transcription factors such as
NF-kB (nuclear factor «x-light-chain-enhancer of activated B cells) and interferon regulatory
transcription factor (IRF) 3 and 7. These transcriptional factors promote the expression of IFNs and
proinflammatory cytokines (tumor necrosis factor oo (TNF), interleukin (IL) 6, IL-1p) related genes.
Type | (e.g. IFNa and ) and 111 (IFNA) IFN are autocrine and paracrine signals promoting an antiviral
state and limiting viral replication. Type | IFN also enhance antigen presentation and phagocytosis
(reviewed in (Lee and Ashkar 2018)). The major cellular components of innate immunity in the lung

are natural killer (NK) cells, neutrophils, macrophages and DCs.

NK cells can be detected in the lung as early as 48 hours (h) post-infection with 1AV (Stein-Streilein et
al. 1983; Forberg et al. 2014). NKp44 and NKp46 receptors recognise HA expressed on the surface of

infected cells and mediate their lysis (Mendelson et al. 2010).

Together with NK cells, neutrophils play a role in IAV clearance via the secretion of proinflammatory
cytokines. Neutrophils exhibit Fc-mediated effector functions such as antibody-dependent cellular

phagocytosis (ADCP), essential for viral clearance (Mullarkey et al. 2016). Recent studies in mice



highlighted the importance of neutrophils in the recruitment of CD8 T cells in the airways after 1AV

infection (Lim et al. 2015).

Alveolar macrophages are the primary phagocytic cells in the lung, limiting IAV spread by phagocytosis
of infected cells (Tumpey et al. 2005). They also secrete proinflammatory cytokines such as TNF, IL-
1, IL-6. Despite their essential role in limiting viral replication, macrophages were also associated with
severe pneumonia after IAV infection (Hogner et al. 2016; Kobasa et al. 2007). Alveolar macrophages
are also susceptible to 1AV infection, although the shedding of infectious viruses from these cells is

limited (Rodgers and Mims 1982).

DCs represent a bridge between innate immune responses and the adaptive immune system. Located
underneath the URT epithelial cells and the lung parenchyma, DCs can also be found in the alveolar
space (Holt et al. 2008). These cells are activated if directly infected by IAV or when acquiring viral
antigen from infected apoptotic cells. DCs then migrate to the draining lymph nodes (LN), where they
present antigenic peptides via the major histocompatibility complex (MHC) molecules. Viral epitopes
(of 8-14 amino acid (aa) length) present in the cytosol are exposed on MHC class | on the surface of
DCs, while epitopes processed in the endosome (12-16 aa) are presented on MHC class Il molecules
(Townsend, Gotch, and Davey 1985; Townsend, Bastin, et al. 1986). Epitope-MHC-I complexes are
recognised by the T cell receptor (TCR) of CD8 T cells, while CD4’s TCR binds to MHC-11 complexes.
Activated DCs provide costimulatory signals to T cells to enhance TCR signaling and promote T cell
activation. CD28/B7 interaction represents the primary costimulatory signal during early responses and
promotes the formation of effector CD8 T cells. A second costimulatory signal (4-1BB, also known as
CD137) affects T cells numbers in the memory stage of the response (Bertram, Lau, and Watts 2002).

DCs also secrete cytokines, a third signal for T cell activation, important in determining T cell
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polarisation. In summary, DCs plays an essential role in the generation of optimal adaptive immune

responses
Cellular immunity against IAV

In the LN, naive T cells interact with activated DCs presenting IAV epitopes. This interaction activates
T cells, which will then upregulate the activation markers CD69, described later, and CD25, receptor
for IL-2, and start proliferating. Responding CD4 and CD8 T cells overexpress the transcription factor
T-bet, involved in the production of T helper (Th) 1 characteristic cytokines IFNy and TNF (Hao, Kim,
and Braciale 2008). Activated effector T cells also downregulate CCR7 and CD62L., which allows them
to migrate outside the LN, and home to the lung thanks to the expression of the receptor for the
chemokines CXCR3, CXCR6 and CCR4 (Demi Brownlie 2021). In the lung, CD8 T cells target infected
cells presenting IAV epitopes on MHC-I. Townsend et al. demonstrated that conserved viral antigens,
mainly from 1AV NP, were presented via the MHC-I molecule to cytotoxic T cells and could be defined
by short synthetic overlapping peptides (Townsend, Rothbard, et al. 1986). More recent work defined
the immunodominant epitopes recognised by CD8 T in the viral PA (PAz2s-233), NP (NP3g6-374) and PB1
(PB170s-711) protein in B6 mice (Belz et al. 2000; La Gruta et al. 2008). Upon recognising the target
antigen, CD8 T cells produce IFNy, TNF and IL-2 and secrete granules containing perforin and
granzymes to kill infected cells (Harty, Tvinnereim, and White 2000). Apoptosis of infected cells is also

mediated by FAS ligand-induced caspase cascade.

CDA4 T cells also play an essential role in the adaptive responses to IAV. IAV infections generate Thl
responses predominantly, producing mainly IFNy. Th17 CD4 T cells are also generated during infection,

although they can contribute to immunopathology (Crowe et al. 2009). The primary role of CD4 T helper
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cells is to support the development of an optimal cytotoxic CD8 T cells response and tissue resident

memory CD8 T cells (described later in this chapter).

Two other subsets of CD4 T cells are present at the late stage of the responses: cytotoxic CD4 T cells
and follicular helper T cells (Tfh). Cytotoxic CD4 T cells can kill infected cells presenting viral epitope
on MHC-II. Although at the steady-state MHC-II is restricted to antigen-presenting cells, it can be
expressed by infected epithelial cells in the lung (Brown et al. 2012). Tth cells reside in the germinal
center of the LN, together with B cells. They contribute to optimal B cells responses by increasing B

cell survival, class switching and somatic hypermutations (reviewed in (Crotty 2014)).

Following a peak expansion at 10 days post-infection (dpi) and subsequential pathogen clearance, 95%
of activated IAV-specific T cells die while a small population of long-lived memory T cells persists,
with higher frequencies maintained in the lung compared to the circulation (Flynn et al. 1998). The
ontogeny of memory T cells has been debated and two mechanisms proposed: “one naive T cell, one
fate” or “one naive T cell, multiple fates”. The first mechanism implies that a single naive cell could
give rise to effector or memory cells from the beginning of the immune response. The signal responsible
for the fate of the naive T cell could be generated during T cell priming by antigen-presenting cells,
ahead of the first cellular division. In a “one naive T cell, multiple fates” scenario, a single naive cell
precursor can generate both effector and memory T cells. In addition, not only naive T cells but also
their descending cells can subsequentially differentiate and contribute to the memory pool. An elegant
study from Gerlach and colleagues demonstrated, using barcoded naive T cells, that naive T cells have
multiple fates and nor the signals received during antigen presentation or T cells avidity influences their

fate (Gerlach et al. 2010). The plasticity of T cells not only applies to circulating T cells, but recent



evidence suggests that T cells resident in at the mucosal site, such as the intestine, can recirculate and

acquire new features in mice (Fonseca et al. 2020).

Because 1AV-specific T cells mainly recognised epitopes of the more conserved internal protein, they
are crucial for heterosubtypic protection. Heterosubtypic protection was first observed in Schulman’s
study, where mice infected with HIN1 recovered from a lethal dose of a different subtype (H2N2) IAV
challenge (Schulman and Kilbourne 1965). In the 1970s, Braciale et al. demonstrated that CD8 T cells
recognise epitopes conserved between different 1AV viruses (Braciale 1977a, 1977b). Subsequent
studies in mice revealed the role of CD8 T cells in protection by adoptive transfer experiments in both
naive and transgenic mice (Bender et al. 1992; Yap, Ada, and McKenzie 1978; Taylor and Askonas
1986). Pre-exposure with IAV enhanced viral clearance and limited lung pathology after heterosubtypic
challenge, in the absence of crossreactive neutralising antibodies (Ab) (Graham and Braciale 1997;
Flynn et al. 1998; Epstein et al. 1998). While the role of CD8 T cells in heterosubtypic protection is well
established, it is less clear for CD4 T cells. Adoptive transfer experiment with physiological numbers of
IAV-specific CD4 T cells resulted in weak protection after subsequent challenge (Thomas et al. 2010).
However, their help for optimal CD8 T cells and B cells development is indispensable during heterotypic

infections (McKinstry et al. 2012).

Demonstration of the role of T cells in heterotypic protection in humans requires documentation of
previous 1AV infections in the individual, which is challenging. However, several studies have taken
advantage of the spread of new IAV strains. In1957, during the H2N2 pandemic, individuals recently
exposed to the seasonal H1N1 strains were three times less likely to develop a symptomatic infection
(Slepushkin 1959; Epstein 2006). Similar observations were reported in children during the HIN1

pandemic of 1977 and 2009 (Cowling et al. 2010; Sonoguchi et al. 1985). Early studies demonstrated
9



in vitro the crossreactivity of human CD8 T cells to different IAV strains (Biddison, Shaw, and Nelson
1979; McMichael and Askonas 1978). McMichael first reported the role of cross-reactive IAV-specific
CD8 T cells in protection in an experimental challenge infection of humans (McMichael et al. 1983).
During natural infection in 2009 HIN1 pandemic, preexisting cross-reactive CD8 T cells recognising
PB1, M1, and NP epitopes and secreting IFNy correlated with reduced viral shedding and milder
symptoms (Sridhar et al. 2013). A parallel study confirmed that pre-existing NP-specific CD4 and CD8
T cells were associated with reduced nasal viral shedding but not with total symptom scores in patients
infected during the 2009 pandemic (Hayward et al. 2015). Furthermore, IAV challenge studies
correlated preexisting CD4 T cells with protection (Wilkinson et al. 2012). These data confirm the role
of pre-existing T cell immunity in reducing viral shedding and the severity of the disease in humans and

mice.

Antibody responses to IAV

Adaptive humoral responses promote the host defense to 1AV infection via B cells' secretion of Ab.
Protective Ab target HA and NA protein present on the viral envelope. Three classes of Ab are involved

in AV clearance: IgM, IgG and IgA.

IgM are the first line of Ab defence, as they are naturally present in circulation. IgM present a low
affinity for viral antigens but contributes to the recruitment of viral antigens to the LN by forming large
aggregates with the virus (immune complexes). However, optimal viral clearance requires high affinity,

neutralising Ab.
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IgG are generated by B cells after class switching and somatic hypermutations events. Naive B cells
express a B cell receptor (BCR, a IgM or IgD molecule anchored on the cell surface) which can directly
recognise viral antigens or be stimulated by epitopes presented by antigen-presenting cells. Class
switching and maturation of B cells takes place in the germinal centre of the LN, where activated B cells
encounter Tfh. Thanks to the secretion of IL-4, IFNy and transforming growth factor (TGF) 8 by Tth
and the binding with CD40L, B cells switch isotype from IgM to 1gG or IgA (reviewed in (McHeyzer-
Williams et al. 2011) and become antibody-secreting cells (ASCs). In humans, IgG ASCs are already
detected 7 days post HLN1pdmOQ9 infection (Wrammert et al. 2011). Once the infection is cleared, ASCs
differentiate into long-lived plasma cells. 1gG targeting the HA protein can neutralising viral entry by
binding to the same site as sialic acid or more distal regions impairing viral entry by steric hindrance
(Ekiert et al. 2012). Anti-HA Ab can also block viral fusion to the endosome (Brandenburg et al. 2013).
Ab targeting NA have recently gained attention for their ability to inhibit viral exit from the infected
cells, limiting virus spread and the fact that NA is more conserved than HA. Lower levels of Ab are also

found to target the internal protein of IAV.

If 19G dominates the LRT (with IgG:IgA ratio of 2.5:1), IgA populates the URT (IgG:IgA 1:3) (reviewed
in (Krammer 2019)). IgA are dimeric and produced locally by plasmacells and actively secreted in the
mucosal sites. Although IgG and IgA may recognise similar epitopes, IgA are more broadly reactive,

probably thanks to their higher avidity as a result of their multimeric form (Krammer 2019).

Ab responses generated after natural infection can be long-lived (Yu et al. 2008) but the high mutation
rate of the virus generates variants (antigenic drift) that are poorly recognised by preexisting neutralising

Ab, resulting in seasonal outbreaks and necessitating annual vaccines updates.
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1.2 Animal models

Vaccine efficacy and immune responses to influenza viruses have been evaluated in several animal

models, each presenting advantages and disadvantages (reviewed in (Rajao and Vincent 2015)).

Mouse models are inexpensive, and a wide range of immunological reagents are available for this
species. However, human IAV can only cause disease in mice when the virus is adapted. For instance,
A/Puerto Rico/8/1934 (PR8), commonly used to challenge mice, was generated after several passages
in ferrets, mice, and fowl eggs. During the adaptation process, many mutations can arise therefore
limiting the validity of the model. In addition, mice do not manifest typical clinical signs of IAV
infection but weight loss and death are measured instead as an endpoint. Viral replication can only be
assessed in the lung and even a small reduction in viral load can be associated with survival and positive
outcome. Challenge experiments are generally performed under anaesthesia and, together with the

volume of inoculation, it influences the viral distribution in the RT.

Ferrets are naturally susceptible to human 1AV, with a similar sialic acid repertoire. After experimental
infection, ferrets shed 1AV from the URT similarly to humans, making them useful for studying viral
transmission. In addition, ferrets develop typical clinical signs of influenza infection such as fever and
sneezing. However, their special housing requirements, cost, limited commercial availability and lack

of immunological reagents represent a challenge for studies in this animal model.

Guinea pigs have also been used as a model for IAV infection. They are relatively small, commercially
available at a reduced cost and readily infected with human IAV. Experimental infection induces viral
replication in the URT, but this is not generally associated with symptoms. A second limitation of this

model is the scarce availability of immunological reagents.
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The pig (Sus scrofa) can be a valuable model to study influenza infection, and its advantages and

limitations are discussed in the next section.

Pig as a model for influenza research

The pig genome is more similar to human than the one of rodents (Rajao and Vincent 2015).
Tracheobronchial structure, lung size, and submucosal glands in the porcine RT are closely related to
humans (Judge et al. 2014). Like humans, the swine lung is lobulated with three lobes on the left and
four on the right, although the porcine right apical lobe of the lung is directly connected with the trachea.
The URT in pigs comprises tonsils and lymphoid structures similar to the humans Waldeyer’s ring,

which is absent in mice (Rothkotter 2009).

Pigs are a natural host for IAV and can be readily infected by some human IAV strains such as
H1N1pdm09. Clinical manifestations of influenza are similar in both pigs and humans, with fever,
anorexia, lethargy being the most common (Rajao and Vincent 2015). Porcine distribution of sialic acids
shares similar patterns with human and both a.2-3 and a.2-6 linkages are present in the swine RT. In
addition, human IAV strains replicate similarly in tissues extracted from porcine URT and LRT and
several studies reported ongoing spillover events of seasonal human 1AV into the swine population (Van
Poucke et al. 2010) (reviewed in (Anderson et al. 2021)). Furthermore, innate and cellular responses

observed in pigs after AV infection resemble the humans, as discussed below.

Despite being closely related to humans in many aspects, pigs have some peculiar features. The swine
LN present a so-called inverted structure with an outer medullary region and an inner cortex. This results
in different lymphocyte migration patterns through the LNs with afferent lymph vessels and high
endothelial venules conveying lymphocytes to the LN while their egress takes place in high endothelial
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venules and not efferent lymph vessels as in humans (reviewed in (Rothkotter 2009)). Pigs also have
high frequencies of y5 T cells in the circulation (Talker et al. 2013). They differ from circulating ¥ in
humans as a proportion of porcine yd lack CD2 expression, and they do not respond to phosphorylated
metabolites. However, their function in pigs is still unclear. Porcine CD4 T cells express CD8a after
antigenic activation, a feature also present in SCID mice while rarely present in humans (reviewed in

(Kaser 2021)).

Limitations to the use of pigs in 1AV infections include high husbandry costs and the necessity of
specialist facilities to house these large animals. In addition, limited immunological tools are available
for this species. Aiming to define the specificity of the immune responses to infectious agents in more
detail, several inbred minipig breeds have been developed, including NIH, Yucatan, and Gottingen with
defined swine leukocyte antigens (SLA, the swine MHC) (Gutierrez et al. 2015). The inbred Babraham
pig is the only full-size inbred pig closely related to commercially available breeds, for which
immunological tools have been developed to study T cell responses to IAV and influenza vaccines

(Tungatt et al. 2018).

1.3 Porcine adaptive immune responses to 1AV

Although several studies in mice and humans demonstrated the protective role of cellular responses to

influenza infection, few studies in pigs have analysed T cell immunity to IAV in depth.

After infection with HLIN1 of swine-origin (Sw/OH/24366/07), Khatri et al. observed a decrease in the

proportion of porcine CD4 cells in the trachea-bronchial lymph nodes (TBLN), peripheral blood
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mononuclear cells (PBMC), lung and tonsils at 3 dpi (Khatri et al. 2010). In this experiment, CD4 T
cells significantly increased in numbers in PBMC, compared to mock-infected animals, at 6 dpi. A more
recent study investigated the dynamic of the responses to HIN2 virus at 2, 4, 6, 9, 12, 15 and 46 dpi
(Talker et al. 2016). Proliferating Ki67* CD4 T cells were detected as early as 4 dpi in TBLN, with a
smaller proportion present from 6 dpi in the lung (Talker et al. 2016). CD4 T cells secreted IFNy, IL-2
and TNF in PBMC and TBLN with peak frequencies detected at 9 and 12 dpi. At 12 dpi time point, the
IAV specific response included IFNy single producing cells in the lung, TNF single producers in TBLN,
and triple producers in the blood (Talker et al. 2016). CD4 cytokine-producing cells expressed CD27
and CD8a, defining a memory/activated CD4 phenotype in pigs. Intranasal (i.n.) challenge with
H1N1pmd09 generated a high number of IFNy and TNF secreting cells in BAL with a peak at 9 dpi

while TNF producers dominated TBLN (Edmans et al. 2020).

CD8 T cells were significantly higher in lungs and BAL 6 days after Sw/OH/24366/07 challenge (Khatri
et al. 2010). Similarly, in HIN2 infected pigs, activated CD27*Ki67*CD8 T cells peaked 6 dpi in the
lung and were able to produce both IFNy and TNF and express perforin up to 44 dpi (Talker et al. 2016).
Edmans et al. reported high frequencies of cytokine secreting CD8 T cells in BAL, with an increased
presence of IFNy, TNF and IL-2 triple producer at 21 days post HLN1pdmO09 challenge (Edmans et al.

2020). Similar kinetics were observed in the lung while the responses in PBMC waned at 21dpi.

The high heterogeneity of SLA molecules in pigs limited the study of the specificity of the T cell
responses in this animal model. SLA comprises 3 clusters of high polymorphic genes: class I, class 1l
and class I11. SLA class | genes are expressed in most cells and include SLA-1, SLA-2 and SLA-3, with

229 alleles (96 SLA-1, 90 SLA-2, 43 SLA-3). While SLA 111 is more conserved, class Il presents 211
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alleles (Maccari et al. 2017). The most common SLA in outbred pigs are SLA-1*0401 and SLA-1*0702,
which were modelled in silico to identify 1AV epitopes (Baratelli et al. 2017a; Pedersen et al. 2014a).
Human and murine MHC-I1 molecules can present epitopes of 8-14 aa in length, the majority (>70%)
of CD8 T cells recognise epitopes of 9 amino acids in length with a smaller proportion (~20%) able to
bind to peptides of 10 aa (Ekeruche-Makinde et al. 2013). Similarly, porcine CD8 T cells recognise
SLA-1 carrying 9-10 aa long peptides (Fan et al. 2016; Pedersen et al. 2013; Pedersen et al. 2014a). An
immunoinformatic tool, PigMatrix, was also developed and used to predict SLA-I epitopes to seven
IAV strains of swine-origin (Gutierrez et al. 2016). However, these predicted epitopes can only be used
in individuals with matched SLA. Babraham pigs share identical SLA, overcoming this issue (Schwartz
et al. 2018). These inbred pigs present SLA class I SLA-1*14:02; SLA-2*11:04 and SLA-3*04:03 and
class 1l DRB1-*05:01, DQA-*01:03 and DQB1-*08:01. Four immunodominant epitopes in the NP
protein of PR8 were recently identified after immunisation of Babraham pigs: DFEREGYSL (DFE),
EFEDLTFLA (EFE), IAYERMCNI (IAY) and NGKWMRELI (NGK) (Tungatt et al. 2018). However,
only one (DFE) of the four epitopes is conserved in HIN1pdmO09. A timecourse study revealed that
Babraham pigs infected with HIN1pdm09 had CD8 T cells specific for this epitope as early as 6 dpi,
with the highest responses detected in the BAL until 21 dpi (Edmans et al. 2020). Studies in humans
revealed that most immunodominant epitopes are present in the NP and M1 of H5N1 (Lee et al. 2008).
A smaller study of only six individuals identified 54 dominant epitopes present in human and avian
IAVs in the internal proteins NP, M1 and PB1 and recognised by both CD4 and CD8 (Assarsson et al.

2008). However, it is not clear if these porcine and the human immunodominant epitopes are protective.

Heterosubtypic protection was also assessed in pigs. Pre-exposure with HLN1 protected pigs from the

subsequent infection with avian H5N1 and H5N2 strains (Van Reeth et al. 2009). This finding was
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further corroborated with the use of H3N2 swine IAV for preexposure and avian H4N6, HSN2 or H7N1
as challenge viruses (De Vleeschauwer and Van Reeth 2010). However, the role of heterotypic

protection in natural infections has not been studied.

Ab responses to IAV are less well defined in pigs compared to humans and mice. IgM binding to HA
were present 3 days after exposure with the HIN1 (Lee et al. 1995). In contrast, HA-specific 1gG
increased in the serum after infection, starting from 6 dpi and reaching a peak at 14 dpi. Similar kinetics
was also reported for IgA but with a lower magnitude in circulation compared to 1gG. IgA but not 1IgG
specific to HA were found at the mucosal sites in nasal washes while both isotypes were present in BAL.
Similar findings were also reported after HIN1 challenge, with IgA ASC in the nasal tissues 6 fold
higher than IgG (Larsen et al. 2000). More recently, Edmans and colleagues showed the presence of
neutralising Ab (measured both by microneutralisation and hemagglutinin inhibition assay (HAI)) in
circulation from 6 days post HIN1pdmOQ9 challenge, with high Ab titres still detected at 21dpi (Edmans
et al. 2020). In this study high number of HA-specific ASCs were present in TBLN and lung at 21dpi.
In addition, mAbs isolated from lung LN of HIN1pdm09 infected pigs recognised the same epitopes on
the HA as humans (Holzer et al. 2021). Furthermore, the prophylactic administration of a selected
porcine mAb to pigs abolished lung viral load and greatly reduced lung pathology but did not eliminate

nasal shedding of virus after HIN1pdmQ9 challenge (Holzer et al. 2021).

In humans, Ab responses to HA and NA correlated with protection to homologous 1AV infection
(reviewed in (Krammer 2019)). Similarly, neutralising Ab to HA protected pigs from clinical
manifestations of the disease after homologous challenge (Bikour, Cornaglia, and Elazhary 1996).
Vaccine-associated enhanced respiratory disease (VAERD) was reported in pigs immunised with whole

inactivated virus followed by a heterologous IAV challenge (Khurana et al. 2013). High titre of non-
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neutralising anti-HA stalk Ab resulted in enhanced in vitro membrane fusion of the virus and target cells
(Khurana et al. 2013). Human studies have also reported exacerbation of the disease in adults during the
2009 pandemic in relation to low avidity cross-reactive Ab (Monsalvo et al. 2011). Mucosal Ab
responses are also similar in humans and pigs. IgA levels in the porcine RT were associated with
protection after challenge in the absence of a strong systemic Ab response (Loving et al. 2012).
Vaccinees with high mucosal IgA were protected from AV challenge and did not develop severe disease

(Clements et al. 1986).

1.4 Current AV immunisation strategies

Commercially available vaccines aim to generate high titres of serum Ab as these correlate with
protection. HAI titres of immunised individuals and HA content of the vaccine preparation remain key
measures of immunogenicity for regulators. HAI measures the titre of HA-specific Ab that block the
virus from binding to sialic acid on red blood cells. This assay is quick and can be easily performed.
However, increasing evidence shows the protective role of anti-HA stem antibodies (Ab), anti-NA Ab
and T cell responses, not measured by this standard test but equally important. In addition, cross-
protection is rarely obtained by Ab targeting the head of HA protein, as this region constantly mutates.
Developing vaccines that rely on more conserved features of IAV, and can guarantee cross-protection,
is a priority. Current immunisation strategies reduce morbidity and mortality but are only 10-60%
effective in stopping viral shedding (Grohskopf et al. 2020). Vaccine’s HA and NA are updated yearly

to match the circulating viruses, typically deriving from 2 1AV and 1 or 2 IBV strains. The World Health
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Organisation (WHO) decides biannually, once for the Northern hemisphere and once for the Southern,

the vaccine composition, usually more 6 months in advance of the 1AV season.

Two categories of vaccines are commercially available against IAV: inactivated influenza vaccines

(V) or live attenuated influenza vaccines (LAIV).

Inactivated influenza vaccines

IV are widely used in both humans and pigs and comprise whole virus particles, split virions and
subunit vaccines. Whole virus particles are prepared from embryonated fowl egg grown (or less
commonly cell culture grown) and purified 1AV are subsequently inactivated chemically (with
formaldehyde or B-propiolactone). In the production of split virions, the purified 1AV is disrupted by
detergent. Subunit vaccines are prepared from inactivated viruses with an extra purification step to
obtain a formulation enriched in HA and NA proteins. In 11V, HA is the primary antigen in the vaccine
formulation; while some vaccines also contain NA, this is not required. 1V are administered
intramuscularly (i.m.) with or without adjuvant. 11V stimulate the generation of anti-HA Ab but are less
efficient in promoting CD8 T cell responses. The vaccine production in embryonated eggs is cheap and
guarantees a high yield but has the disadvantage of introducing egg-adapted mutations in the HA. To
circumvent this limitation, cell culture-based vaccines have been licenced in many countries; however,

they have high costs and a low production yield (Barr et al. 2018).

In the pig industry, whole inactivated virus is the most common vaccine platform, often administered
with adjuvants, or in the form of autogenous vaccines. Autogenous vaccines contain an inactivated 1AV
isolated from the herd in which the vaccine is then administered. This immunisation platform is
commonly used in the field (50% of the 1AV vaccines administered in pigs in 2008) while other
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commercially available 11V vaccines, such as Respiporc FLUpan, are less frequently purchased (5-25%)
(reviewed in (Tchilian and Holzer 2017)). Sows are often immunised to ensure that piglets are protected
by maternally derived antibodies (Vincent et al. 2008). A limitation of using IV with an oil-in-water
adjuvant is the development of VAERD in pigs infected with a mismatched strain (Gauger et al. 2011;
Gauger et al. 2012; Kitikoon et al. 2012). In addition, vaccines for swine do not undergo periodic strains

update, such as human, leaving the pigs at risk for novel 1AV strain infections.

Live attenuated influenza vaccines

LAIV present a cold-adapted influenza virus backbone that can only replicate at temperatures lower
than those found in the lung (35-37°C). Therefore, when the vaccine is administered i.n., it can replicate
in the URT but not in the LRT. The temperature-sensitive backbone is complemented each year with
the circulating HA and NA genes. More recently, a LAIV has become available for pigs in the United
States of America (USA), with the commercial name of Ingelvac Provenza (Genzow et al. 2018). The
swine LAIV backbone is the H3N2 A/swine/Texas/4199-2/98 virus, containing a deleted NS1 gene
(Richt et al. 2006). Ingevac Provenza is a bivalent vaccine with HAs and NAs from old H3N2
(A/swine/Texas/4199-2/98) and HIN1 (A/swine/Minnesota/37866/1999) strains, which are not updated
each year like humans vaccines. Many other experimental LAIVS were tested in pigs. For example, the
porcine NS1 truncated LAIV elicited higher IgA responses in both BAL and nose than I1V. This vaccine
also induced T cell responses that lasted 7-8 weeks post-administration (Kappes et al. 2012). In addition,
LAIV partially protected pigs from H3N2 homologous and H1N1 heterologous challenge and prevented
transmission (Loving et al. 2013; Kappes et al. 2012). In contrast to 11V, LAIVs did not develop signs

of VEARD in vaccinated pigs (Vincent et al. 2012).
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Mimicking natural infection, LAIV stimulate strong immune responses at the mucosal site of the URT.
LAIV can induce mucosal IgA and systemic IgG and provide better cellular immunity than 11V in both
humans and pigs (reviewed in (Mohn et al. 2018; Holzer, Martini, et al. 2019)). Infants immunised with
LAIV, but not 11V, have high levels of IAV-specific CD4, CD8 and y3 T cells (Hoft et al. 2011). LAIV
was also superior in reducing clinical signs in young children (Belshe et al. 2007). However, i.n. delivery
of LAIV in adults failed to generate IFNy secreting T cells (He et al. 2006). Compared to 11V, LAIV

elicited a weaker Ab response to HA and NA in adults (Couch et al. 2012).

The disadvantage of LAIV is that it can be used only in children between 2-18 years old in Europe or
up to 50 years-old in the US. The limited efficacy in adults, which limits its use in Europe to children,
can be partly explained by the presence of preexisting immunity preventing vaccine replication in the
nose and reducing its immunogenicity. Immunocompromised individuals cannot use LAIV as vaccine
replication is more significant and may be harmful (Medical Advisory Committee of the Immune
Deficiency et al. 2014). Reassortment with coinfecting IAV is a concern as this may allow the
emergence of new pathogenic viruses (Zhou et al. 2016). This was observed in pigs in the US, where

the Ingelvac Provenza LAIV reassorted with endemic viruses (Mancera Gracia et al. 2020).

Future vaccines against 1AV

New influenza vaccine strategies are currently under pre-clinical and clinical development and include
DNA-based vaccines, mRNA-based vaccines, viral vectors and virus-like particles (reviewed in (Wei et
al. 2020)). Single-cycle vaccines, the focus of this thesis, have also been tested and offer several
advantages. They lack a functional copy of a gene required for 1AV replication, such as HA, M2, NA,

or polymerases. Therefore, they can only grow when this protein is present in the environment, for
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example, in cell lines expressing HA. Once delivered, they cannot replicate in the vaccinee, infecting
the host’s cells only once. Even if this process is limited, single-cycle vaccines can replicate their
genome in the infected cells and express the vaccine’s proteins in the host. Furthermore, single-cycle
vaccines can generate strong T and B cell responses. With limited replication, this vaccine platform is

safer than LAIV for immunocompromised individuals, and it has a lower risk of reassortment events.

S-FLU, a single-cycle vaccine candidate, is generated by suppressing the signal sequence of the HA by
introducing a stop codon and deletion of a single base at position 83, impairing the expression of the
protein (Powell et al. 2012). Early studies from Townsend et al. reported that lack of signal sequence of
HA leads to rapid degradation of the protein, which could still be presented by MHC-I on the surface of
infected cells (Townsend, Bastin, et al. 1986). A second version of S-FLU (used in this thesis) has a
gene enconding eGFP in place of HA, to allow visualisation of the infected cells under UV light (Powell
et al. 2012). Both versions required the presence of a cell line expressing functional HA to grow. The
lack of HA did not affect the protein expression of other viral proteins such as NP and NA, expressed
at similar level to wild-type PR8 virus (Powell et al. 2012). Both versions of S-FLU delivered i.n.,
protected mice from weight loss when challenged with homologous and heterologous viruses. S-FLU
containing the HA sequence elicited HA-specific T cells, assayed by IFNy ELISpot, but no difference
in weight loss or T cells and Ab responses were presented between HA and eGFP version of S-FLU.
Because HA S-FLU, despite the suppression of the signal sequence, can revert to its wild type form,

eGFP S-FLU was used in subsequent studies.

S-FLU was designed to be safely delivered to the lung, because of its limited replication and lack of
viable HA sequence. Lung delivery is associated with increased heterosubtypic immunity (Song et al.

2010). When LAIV was delivered to the lung, but not the URT, it effectively protected mice from
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heterologous challenge (Lau, Wright, and Subbarao 2012). Nevertheless, the commercially available
LAIV may be dangerous to be delivered to the LRT as viral replication may still occur. A second
disadvantage that makes LAIV unsuitable for aerosol (aer). delivery is the risk of reassortment.
Heterosubtypic immune responses are desirable, especially in a new pandemic, before a vaccine
matched to the pandemic strain is available. LAIV induces strong cross-reactive T cell responses, but
the presence of a functional HA increases the risk of reassortment and generation a potential new highly

pathogenic IAV.

S-FLU, has been proven immunogenic in mice, ferrets and pigs (Holzer et al. 2018; Tungatt et al. 2018;

Powell et al. 2012; Powell et al. 2019; Baz et al. 2015).

S-FLU given i.n. to mice generated a vigorous T cell response associated with markedly reduced viral
titers and weight loss after homologous PR8 and heterologous H3N2 challenge. The mice developed
cross-reactive T cell responses in the lung but lacked neutralising Ab in the serum (Powell et al. 2012).
S-FLU coated with different H7 HAs conferred protection against heterosubtypic H3N2 infection but
did not limit IBV replication (Powell et al. 2019). Neutralising Ab were only detected in the serum when

S-FLU was administered i.p. (Powell et al. 2019).

S-FLU was compared to the cold-adapted LAIV in ferrets. I.n. delivery of H1 and H5 S-FLU in a prime
and boost regime protected ferrets from homologous and heterologous lethal challenge, similarly to
LAIV (Baz et al. 2015). In addition, ferrets immunised with a single dose of S-FLU or LAIV and
challenged with homologous H1N1 virus, did not transmit the challenge virus to naive individuals by

the airborne route. Similar findings were also reported with S-FLU coated with H3 from
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A/Switzerland/9725293/2013 after homologous and heterologous challenge with HIN1pmd09 (Holzer

et al. 2018).

S-FLU is safe to be administered to the lung, and the pig model allowed evaluation of pulmonary
delivery using a vibrating mesh nebuliser (VMN) commercially available for humans (SOLO, Aerogen
Idt.). Pigs immunised by aerosol (aer.) with H1 S-FLU showed higher CD4 and CD8 responses in blood,
BAL and TBLN compared to animals that received the vaccine intratracheally (i.t.) (Morgan et al. 2016).
The presence of strong local T cell responses in BAL correlated with decreased nasal shedding and
reduced lung pathology after homologous HLIN1pdm09 challenge (Morgan et al. 2016). Pigs immunised
by aer. with S-FLU did not develop neutralising Ab against the coated HA. Aer. delivery of H3 S-FLU
to pigs reduced lung pathology following HIN1pdmQ9 challenge but, unlike ferrets, viral shedding was

not reduced (Holzer et al. 2018).

These data show that the same vaccine has different protective efficacy in pigs and ferrets. In the absence
of Ab, lung T cell immunity can consistently reduce disease severity but does not always abolish viral
replication. It will be important to understand the reason for these differences between ferrets and pigs
to determine which model is more predictive to humans. These data suggest that vaccines should be
tested in more than one animal model and that the pig might be a more relevant large animal model

because it is a natural host for influenza viruses and has very similar respiratory anatomy to humans.

1.5 Tissue resident memory T cells

The development of mucosal vaccines against influenza started in the 1950s. Nevertheless, their
protective mechanism was elucidated only recently, when studies highlighted the distribution of T and

B cells at mucosal sites (Masopust, Vezys, et al. 2001a; Reinhardt et al. 2000) Tissue resident memory

24



T cells (TRM) are generated at the site of pathogen entry after infection or immunisation. They originate
from effector memory T cells (TEM) in circulation which enter but do not leave the mucosal sites
(Masopust et al. 2010; Gebhardt et al. 2009; Teijaro et al. 2011). However, their migratory ability has
been recently challenged by Fonseca (Fonseca et al. 2020). This study reported intestinal-derived TRM
in circulation, that could differentiate into TCM or effector T cells upon recall, however it is not known
if this migratory property is limited to a small subset of TRM. Because of their privileged location, TRM
provide the first-line of defence to subsequent re-infections and conferred protection to lethal challenge

in mice (Wu et al. 2014; Teijaro et al. 2011; Schenkel et al. 2013).

Identification and function of TRM

TRM have been identified in mice in lungs, nasal mucosa, salivary gland, tonsil, brain, intestine, skin
and female reproductive tract (Masopust, Jiang, et al. 2001; Wakim, Woodward-Davis, and Bevan 2010;
Casey et al. 2012; Thom et al. 2015; Cheuk et al. 2017). In most of the tissues above, TRM reside within
the epithelial surface, patrolling the sites of pathogen entry. Their location constitutes a challenge for

accurately studying the distribution and functions of this subset of T cells.

Several experimental techniques have been used to identify TRM and distinguish them from circulating
T cells (Figure 1.2). Parabiotic surgery joins the blood circulation of two individuals, allowing
equilibrium of lymphocytes in circulation but not of tissue resident cells (Teijaro et al. 2011; Klonowski
et al. 2004; Takamura et al. 2016). A second approach uses in vivo labelling of circulating cells by
intravenous (i.v.) infusion of a monoclonal antibody (mAb). Therefore, circulating T cells are labelled
with the infused mADb, while cells that are resident in tissues outside the blood stream will not be labelled

(Teijaro et al. 2011; Anderson et al. 2014; Turner et al. 2014). Another method distinguishing
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circulating T cells from TRM aims to impair T cell migration pharmacologically or by antibody-
mediated depletion. Administration of FTY720, an agonist of the sphingosine 1-phosphate receptors
(S1PR), induces systemic lymphopenia and stops egress from the LN, therefore depleting T cells in
circulation while not affecting number of TRM (Turner et al. 2014; Zens, Chen, and Farber 2016a). In

humans, TRMs have also been identified after transplantation (Snyder et al. 2019).

TRM can be defined by their expression of different surface markers, although a definitive phenotype
for all TRM is still debated. TRM present an effector memory phenotype (CD45RACCR7- in humans
or CD44*CCR7'CD62L" in mice) but can be discriminated from the circulating TEM by the expression
of CD69, a marker of early activation and tissue retention, and CD103, also known as integrin oE
(Steinert et al. 2015; Kumar et al. 2017). CD69 is a lectin binding to the S1PR-1; thus, it limits the
responsiveness to the gradient of sphingosine 1-phosphate, a mediator of egress. Integrin oE is a receptor
of E-cadherin, a tight junction protein present on epithelial cells, and it is responsible for tissue retention.
However, resident CD4 and CD8 T cells, inaccessible to the bloodstream, were also reported to lack
CD69 and CD103 in mice, highlighting the heterogeneity of this population (Turner et al. 2014). Other
markers such as CD49a and chemokine receptor CXCR6 promote retention of TRM in tissues (Ray et
al. 2004; Tse et al. 2014). In humans, programmed death (PD-1), a cell exhaustion marker, is expressed
on lung, spleen, and liver TRM (Kumar et al. 2017). TRM also present a different transcriptional profile

from TEM in the blood (Wakim et al. 2012; Mackay et al. 2013; Mackay et al. 2016).
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Figure 1.2 Methods to identify tissue resident memory T cells. Figure created with ©BioRender
Their unique localisation and functions contribute to the protective role of TRM. TRM are localised at
the barrier sites, constantly exposed to pathogens, ensuring a rapid response. In the absence of TRM,
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circulating memory T cells will encounter their cognate antigen in the draining LN and consecutively
migrate to the site of infection, delaying the T cell response by days. In addition, TRM differ from
memory T cells in circulation for their ability to rapidly secrete proinflammatory cytokines, such as
IFNy and TNF, and exhibits high expression levels of cytotoxicity-related genes (Schenkel et al. 2013;
Mackay et al. 2016; Mackay et al. 2013; Kumar et al. 2017). TRM can also recruit circulating T and B
cells and contribute to local DC maturation (Ariotti et al. 2014; Glennie et al. 2015; Schenkel et al.

2013).
TRM in the respiratory tract

TRM were identified in the nasal mucosa, lung airway and lung parenchyma, although their generation

and maintenance differ in these tissues (Takamura et al. 2016; Pizzolla et al. 2017b) (Figure 1.3).
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Figure 1.3 Compartimentalisation of T cells in the lung. Figure created with ©Biorender.

In the nasal epithelia, TRM can develop in the absence of local antigen recognition and their formation
is not dependent on the TGF signalling pathway (Pizzolla et al. 2017b). In mice, TRM isolated from
this tissue persist long after influenza infection (120 dpi) with minimal decay compared to the lung
(Pizzolla et al. 2017b). In addition, this population conferred protection against rechallenge.
Interestingly Pizzola and colleagues showed that nasal TRM display different immunodominance

hierarchies compared to TRM isolated from the lung (Pizzolla et al. 2017b).

Generation of TRM in the lung is dependent upon the local environment and cognate antigen
recognition. After initial priming in the local LN, antigen-experienced CD8 T cells migrate into the

inflamed lung where they differentiate. TGFp, secreted by epithelial cells and macrophages, is essential
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for the establishment of lung TRM and their expression of CD103 (Yoshizawa et al. 2018). The
persistent presence of the antigen in the lung is also required for optimal TRM formation in this organ
as local inflammation alone fails to promote differentiation of circulating TEM into lung TRM

(Takamura et al. 2016; McMaster et al. 2018).

TRM in the lung are localised in the airways and in the parenchyma. TRM in the airways are present in
the bronchiole and alveolar space and can be isolated by broncho-alveolar lavage (BAL) with minimal
blood contamination (Anderson et al. 2014). Airway TRM maintenance is dependent on T cell migration
from the lung parenchyma (Ely et al. 2006). Airway TRM recovered in BAL suffer from constant
exposure to oxygen, and amino acid starvation, promoting their apoptosis (Hayward et al. 2020).

Nevertheless, these cells confer protection via rapid secretion of INFy (McMaster et al. 2015).

TRM present in the lung parenchyma are more difficult to isolate as enzymatic digestion of the lung is
required, but this method is not efficient in isolating all lymphocytes residing in the tissue. Due to the
high vascularisation of the lung, cells isolated by digestion comprise TRM and T cells from circulation,
therefore i.v. labelling of blood T cells is essential. The formation of TRM in the lung parenchyma has
been the subject of several studies and two models have been postulated (Takamura et al. 2016). One
model hypothesises that lung TRM are replenished by low-level migration to the lung of circulating
TEM. The absence of antigen, cleared after infection, in addition to TEM differentiation into TCM,
impairs homing of these cells to the lung in the long term (Ely et al. 2006; Slutter et al. 2017). A second
model postulates that lung TRM are formed in the draining LN, and migrate to the site of lung damage
and then the airways. Parabiosis studies corroborate this theory showing that TRM establishment in the
lung occurs up to 10 days post IAV challenge, and cells recruited from the circulation failed to become

TRM (Takamura et al. 2016).
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The route of antigen administration and the presence of local inflammation is essential for lung TRM
formation after immunisation. LAIV administered i.m. fails to generate TRM and equally i.n.
administration of 11V does not elicit lung TRM formation (Zens, Chen, and Farber 2016a). Similarly,
mucosal but not subcutaneous administration of Bacillus Calmette—Guérin vaccine (BCG) stimulated
lung TRM development in mice (Perdomo et al. 2016). Nevertheless, Darrah and colleagues reported
TRM formation in the lung of macaques after i.v. BCG vaccination (Darrah et al. 2020), most likely
because BCG is a live vaccine and enters the lung. Moreover, the establishment of CD8 TRM in the
airways is dependent on migratory CD103* DCs (Iborra et al. 2016). This antigen cross-presentation is
best achieved with vaccines containing genetic materials, such as LAIV, DNA and mRNA vaccines,
that stimulate the production of the vaccine proteins in host cells. Peptide or protein-based vaccines will
require a mucosal adjuvant that enhances this process. If vaccines with genetic material delivered to the
LRT can more easily generate TRM, the long-term maintenance of this population might require
additional precautions. The initial number of TRM can influence the duration of the vaccine-induced
protection (reviewed in (Schmidt and Lapuente 2021)). The addition of inflammatory agents, such as
IL-1pB, to the vaccine can increase the induction of TRM (Lapuente et al. 2018). A second strategy
consists in repeated mucosal immunisations. Van Braeckel-Budimir demonstrated that CD8 TRM
present in the lung of mice after four consecutive challenges with 1AV survived for longer than CD8
TRM generated after a single exposure (Van Braeckel-Budimir et al. 2018). Repeated infections may
also improve the ability of circulating T cells to reach the lung parenchyma and differentiate into TRM.
A third approach utilises heterologous prime-boost or simultaneous parental and mucosal immunisation,

previously reported to generate durable heterosubtypic protection (Uddback et al. 2016).
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If the mechanisms of TRM entry and maintenance in the lung are still debated, their role in respiratory
infection is well established. Adoptively transferred lung TRM isolated from previously exposed mice
migrated back to the lung and improved survival after IAV challenge in recipient mice, while TEM
isolated from the spleen failed to do so (Teijaro et al. 2011). Wu et al. demonstrated a correlation
between the number of lung TRM and viral clearance during heterosubtypic infection (Wu et al. 2014).
In addition, human challenge studies with respiratory syncytial virus (RSV) demonstrated a correlation
between preexisting lung TRM and reduced symptoms and viral load however their longevity was not
established (Guvenel et al. 2020; Jozwik et al. 2016). Nevertheless, their persistence is still questioned.
Seven months after the first exposure with 1AV, murine lung TRM declined significantly (Wu et al.
2014; Slutter et al. 2017) while repeated exposure improved their durability (Van Braeckel-Budimir et
al. 2018). Takamura postulated that the presence of lung TRM in the parenchyma is associated with
local inflammation and tissue regeneration, present only for a limited period (Takamura et al. 2016). In
addition, TRM present in the alveolar space expressed a high level of annexin V, a marker of apoptosis
(Hayward et al. 2020). In humans, the lifespan of lung TRM was evaluated after lung transplants (Snyder
et al. 2019). TRM from the donor were isolated up to 15 months after transplant in the recipient,
however, future studies will need to follow up lung TRM for longer. A recent study with lung tissues
isolated from individuals ranging from 22-68 years of age reported the decline in the number of CD8 T
cells with age (Nguyen et al. 2021). The TRM population appeared to be the most affected by the age-
associated reduction. This resulted in a reduction of IFNy secreting CD8 T cells after IAV infection of
the lung tissue isolate. Lung TRM limited duration is probably a consequence of the harsh environment
of the lung, although repeated antigen exposure could increase their lifespan (Van Braeckel-Budimir et

al. 2018).
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Murine CD4 and CD8 TRM in the lung confer protection against respiratory pathogens such as influenza
virus, respiratory syncytial virus, Mycobacterium tuberculosis and Bordetella pertussis (Teijaro et al.
2011; Wu et al. 2014; Morabito et al. 2017; Sakai et al. 2014; Wilk et al. 2017). However, their role in
large animal models such as the pig is less well understood. Identification of porcine TRM by an anti-
CD3 mAb infusion confirmed that BAL T cells are TRM, while a smaller proportion (39%) of TRM
was identified in the lung parenchyma of pigs immunised with S-FLU by aer. (Holzer et al. 2018). This
study was limited to the detection of lung TRM but the specificity of CD3 i.v.~ T cells was not
investigated. In addition, the phenotype and functions of porcine TRM are yet to be established after

influenza virus infection.

1.6 Respiratory immunisation

Despite an expanding knowledge on the role of mucosal immunity and TRM, only a few vaccines have
been approved for delivery to the RT (reviewed in (Miquel-Clopes et al. 2019)). The majority of
vaccines are delivered by injection with related safety and compliance issues, especially in developing
countries. Logistics and cost of mass immunisations with injected vaccines are also challenges, as we
have recently experienced during the COVID-19 pandemic. Vaccines targeting the RT can be delivered
fast, safely and needle-free, efficiently stimulating local immune responses. Potential difficulties in the
development of respiratory immunisation are the delivery system, deciding which part of the RT to

target, and the limited availability of mucosal adjuvants.

33



Delivery systems

The delivery system needs to generate small liquid or solid particles of the vaccine formulation and
ensure deposition in the RT. Aerosol can be generated from solid particles or liquid droplets in
suspension in the air. Solutions can be administered by aerosol using nasal spray or nebulisers, while
passive or active dispensers deliver dry powders. Solid aerosolised vaccines tested preclinically
comprise inactivated viruses or subunit vaccines (reviewed in (Bahamondez-Canas and Cui 2018)).

Liquid formulations can also deliver viruses and live attenuated vaccines, the focus of this thesis.

Nasal sprays are routinely used for influenza vaccination, where aer. is manually generated from a
syringe attached to a conical nosepiece (Food and Drug Administration 2020; European Medical
Agency 2013). A similar device, mucosal atomisation device (MAD), has been employed to administer
LAIV and 1AV to pigs (Holzer et al. 2018; Hemmink et al. 2016; Holzer, Morgan, et al. 2019). MAD
can deliver a volume as small as 0.1ml, with droplets ranging from 30 to 100 um in diameter (Teleflex)

(Figure 1.4).

Nebulisers generate aer. by ultrasonic waves (ultrasonic nebulisers), rapid vibration of a mesh (VMN)
or injection of compressed air in the liquid preparation (jet nebulisers (jet-neb)). The aer. generated from
these devices contains mainly small droplets of 5-3 um size (Ar1 2014). The ultrasonic waves produced
during aerosolisation cause protein aggregation and make ultrasonic nebulisers unsuitable for vaccine
administration (Hertel, Winter, and Friess 2015). On the other hand, VMN and jet-neb have been used
in vaccine efficacy clinical trials (Satti et al. 2014; Low et al. 2015) (Figure 1.4). Jet-neb requires a
volume of 4-5ml for optimal delivery due to high residual volume (0.5-2 ml), under which aerosolisation

is not possible (reviewed in (Ar1 2014)). On the other hand, VMNs present minimal residual volume.
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VMNSs are also more time-efficient and can deliver a higher dose to the lung, although they are more

expensive than jet-neb (EIHansy et al. 2017).
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Figure 1.4 Devices suitable for administration of liquid formulation vaccines to the respiratory
tract. On the left: the MAD device is activated by manual pressure at the bottom of the syringe, a soft
conical plug is position in the nose of the vacinee while the liquid is aerosolised by a small atomizer at
the top of the cone. In the centre: jet-nebuliser is activated by electric power. A flow of compressed air
is put in contact with the vaccine forumation. A baffle ensure that only small dropelts can reach the tube
connecting the device to the vacinee. On the right: vibrating mesh nebuliser (VMN). The VMN converts
the electric power in vibration of a mesh positioned below the liquid formulation, generating an aerosol.

Currently, there are no commercially available devices designed to reliably target the LRT in livestock
animals. Lung delivery is therefore achieved by i.t. or endobronchial instillation, both procedures require

sedation or anaesthesia. Ideally, the device should be fast and practical for use by farmers.To limit the
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dispersion of the aerosolised drug or vaccine, aer. devices for human use are attached to a mask. Masks
for use in veterinary settings are commercially available for dry powder inhaled medications for feline,
canine and equine (https://www.trudellanimalhealth.com/). The masks needs to provide correct fitting
to the animal anatomy, therefore they will need to be adjusted according to the age. In addition, optimal
aer. administration requires cooperation from the animals, a challenge considering the animal’s stress

when wearing a mask.

The success of vaccine delivery to the RT relies on an optimised combination of device and formulation.
However, it is important to note that current regulations do not consider the vaccine and the delivery
device as a whole entity. Aer. generating devices may deliver different doses to the vacinee’s lung,
limiting the efficacy if different “general purpose” nebulisers are used. This consideration is also crucial
for preclinical studies, where devices and volume are often adjusted to the animal model without
necessarily an understanding of the implications. Further, should an aerosolised vaccine be successfully
developed, and commercially launched, it would be key that those administering the vaccine
subsequently should adhere to protocols established in the Phase 3 trial. for consistency of dosing, post-
aerosolisation compatibility, and compliance with how the Phase 3 trials were conducted, that this

optimised combination be made available.

Targeting different regions of the RT

Particles size influences the delivery by aer. to the RT, with particles <5 pum reaching the lung, while
bigger particles are trapped in the URT (nasal cavity, larynx and pharynx). To limit the deposition to
the URT, nasal spray such as MAD device are used as their droplet size is > 5um while nebulisers

produce smaller particles that can reach the lung (Figure 1.5).
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Figure 1.5 Schematic representation of droplets deposition in different areas of the respiratory
tract

The different abundance of immune and epithelial cells in the different regions of the RT should also be
taken into account when choosing a device. The upper bronchi are populated by both DCs and
macrophages, while alveolar space contains predominantly macorphages (Holt 2000). DCs are
fundamental in antigen presentation and the induction of adaptive immune responses, while
macrophages are an essential first-line defence (Blank et al. 2011). The presence of cells expressing
receptors for the virus also differs between URT and LRT. For instance, a2,3-linked sialic acids are
abundant in the human lung, while a2,6 are more common in the URT. Due to its high vascularity,
aerosol-delivery to the lung reaches the circulation. Therefore, aer. delivery induces much greater local

and systemic immune responses than i.n. delivery (Song et al. 2010; Hemmink et al. 2016). In addition,
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only LRT immunisation can generate lung TRM, protective against M. tuberculosis challenge (Ronan

et al. 2009; Ronan et al. 2010).

I.n. delivered LAIVs vaccines are commercially available for humans, pigs and horses (Flu Avert,
Merck Animal Health, US). Other i.n. delivered vaccines approved for animal use comprises a canine
vaccine against Bordetella bronchiseptica and parainfluenza virus for use in dogs (Nobivac KC, MSD
Animal Health) and two vaccines for use in cattle, one against infectious bovine rhinotracheitis virus
(Tracherine, Zoetis UK Limited) and a second one for bovine parainfluenza and bovine respiratory
syncytial virus (Rispoval RS + P13, Zoetis UK Limited). However, aerosolised vaccines have yet to be
approved. Sabin first proposed aer. immunisation in 1980s with two successful measle vaccine studies
in children (Sabin 1983; Sabin et al. 1983; Sabin et al. 1984). Aer. vaccination is widely used in the
livestock industry to immunise poultry against Newcastle disease by spraying the vaccine on the flocks
(Villegas and Kleven 1976). Early studies in pigs delivered vaccines against Mycoplasma
hyopneumoniae, Actinobacillus pleuropneumoniae by aer. using ad hoc generated systems (Hensel et
al. 1996; Murphy et al. 1993). Recently VMN and jet-neb were tested in pigs, using a customised mask,
to delivered influenza vaccine candidates (Morgan et al. 2016; Holzer et al. 2018). However, the
distribution of particles in the porcine RT, which may be important for the induction of immune

responses, remains unknown.

1.7 Aims of the thesis

Pigs are natural hosts of IAV and share physiological and immunological similarities with humans,

making them an excellent model for studying immunity to IAV. However, the lack of tools to study
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cellular responses is a challenge to fully understand the breadth, kinetics and functionality of responses.
Porcine TRM have been identified in the lung, but their specificity or functions are yet to be established
after 1AV infection. It is also unclear if porcine TRM have a similar phenotype and transcriptome to
those of mice and humans. Local immunisation is fundamental for the generation of TRM. However,
antigen distribution in the RT of pigs following experimental challenge or mucosal immunisation has
not been fully characterised. This thesis therefore aims to identify the phenotype and functional
properties of porcine respiratory TRM, following 1AV infection and to compare different means of
respiratory delivery. Finally, this thesis investigates how optimally to immunise with novel single-cycle

influenza vaccines.
In summary, the aims of thesis are:

- To characterise the phenotype, function, and gene expression of porcine TRM after 1AV
H1N1pdmO09 challenge

- To evaluate deposition of particles after i.n. and aer. administration with MAD and VMNSs.

- To compare the immunogenicity of novel single-cycle vaccine candidates and the role of the

route of administration in protection against IAV infection.
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2.1 Reagents

Table 2.1 List of reagents

Chapter 2
Materials and Methods

Reagents

Supplier/details

Cell culture

DMEM high glucose

Sigma-Aldrich D5796

CD hybridoma media Thermo Fisher 11279023
HT Supplement (100X) Thermo Fisher 11067030
L-glutamine Sigma-Aldrich G7513

Penicillin + Streptomycin (P/S)

Sigma-Aldrich P0781

1M HEPES Buffer

Sigma-Aldrich HO887

Foetal bovine serum (FBS)

Life Science Production S-001A-BR

Bovine serum albumin (BSA)

Sigma-Aldrich A7906

EDTA

Sigma-Aldrich E6758

Recombinant mouse IL-6

Thermo Fisher RMIL6I

Phosphate buffered saline (PBS)

Cell Culture Unit, The Pirbright Institute

DMSO

Sigma-Aldrich 276855

D10

DMEM + 10% heat-inactivated FBS + 10%
HEPES + 10% P/S
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Virus growth medium (VGM)

DMEM + 10% BSA + 10% HEPES + 10%
P/S

Hybridoma media

CD media + 10% HT supplement + 20% L-
Glut + mouse IL-6 + 10%P/S

Freezing media

DMSO + 10% heat-inactivated FBS

Tissue processing

BAL collecting medium

PBS + 10% FBS (replaced by BSA if
animals are infected)

RPMI-1640

Sigma-Aldrich R8758

R10

RPMI + 10% heat-inactivated FBS + 10%
HEPES + 10% P/S

Blood collecting tubes — Vacutainer with heparin

Centaur Service 30236356

Serum collecting tubes — Vacutainer

Scientific Laboratory VC367895

Histopaque 1083

Sigma-Aldrich 1083

RBC lysis buffer (10X)

BioLegend 420301

Collagenase, type IV

Sigma-Aldrich C5138

DNase |

Sigma-Aldrich D5025

Dispase

Sigma-Aldrich D4693

Lung digestion medium

RPMI + 0.7mg/ml Collagenase +
0.05mg/ml DNAse

URT digestion medium

RMPI + 2mg/ml Collagenase + 0.1mg/ml
DNase | + 0.1/mg/ml Dispase

Cell strainer 100 um

Falcon 352360

Cell strainer 70 um

Falcon 352350

Flow Cytometry
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FACS buffer

PBS + 2% heat-inactivated FBS + 2mM

EDTA

Paraformaldehyde solution 4% in PBS

Santa Cruz 30525-89-4

1-step Fix/Lyse Solution (10X)

Thermo Fisher 00-5333-54

Cytofix/Cytoperm Fixation/Permeabilization Kit

BD Biosciences 554714

True-Nuclear™ Transcription Factor Buffer Set

Biolegend .424401

Mouse serum

PMA lonomycin - Cell Stimulation Cocktail (500X)

Thermo Fisher 00-4970-03

Protein kinase inhibitor (Dasatinib)

Axon Medchem BMS 354825

RNA-sequencing

PicoPure RNA Isolation Kit

Thermo Fisher KIT0202

TURBO DNA-free Kit

Thermo Fisher AM1907

ELISpot

MultiScreen-HA plates

Merk MAHAS4510

ConA

Thermo Fisher C860

Virus growth and serological assays

Fetuin

Sigma-Aldrich F3385 (25 pg/ml solution in

PBSA + 0.2% sodium azide)

PNA-HRP (peanut agglutinin
conjugated to horseradish

peroxidase)

Sigma-Aldrich L7759 (1 ug/ml solution in

PBS + 0.1% BSA)

Carbonate-Bicarbonate (CB) Buffer

Sigma-Aldrich C3041

Trypsin, TPCK-Treated

Sigma-Aldrich 4370285
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Sodium bicarbonate solution (7.5%) Sigma-Aldrich S8761

Medium 199 (10x) Sigma-Aldrich M0650

EMEM (10x) Sigma-Aldrich M0275

DEAE-Dextran Sigma-Aldrich 80881

Agarose Sigma-Aldrich A9045

Nystatin Sigma-Aldrich N9150

Plaque assay overlay media 10% EMEM(10x) + 10% P/S + 0.2%BSA +

10% HEPES + 0.5% dextran + sodium
bicarbonate + 0.66% agarose + TPCK
trypsin 2ug/ml in water

Virus transport media 10% Medium 199 + 10% HEPES + 10% P/S
+ 2.5% nystatin + 0.5% sodium bicarbonate
+0.5% BSA in water

2.2 Animal experiments
Ethics statement

Animal experiments were conducted according to the UK Government Animal (Scientific Procedures)
Act 1986 at the University of Bristol, The Pirbright Institute (TPI), the Animal and Plant Health Agency
(APHA) and the University of Nottingham under project license P47CEOFF2, with approval from
Animal Welfare and Ethical Review Bodies at each institute. All institutions conform to the Animal
Research: Reporting of In Vivo Experiments (ARRIVE) guidelines. The inbred Babraham pigs (Signer
et al. 1999; Schwartz et al. 2018) were bred at APHA following FELASA recommendations (Berset

Convenor et al. 2021). Animals were pre-screened to ensure the absence of exposure to influenza viruses
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(pandemic HIN1, H2N2, H3N2 and avian-line IAV strains) by haemagglutination inhibition test. The
pigs (female and male) were randomised and acclimatised for at least 7 days before any procedures were

carried out.

Influenza time course studies

Four influenza challenge experiments were performed: three took place at the University of Bristol (T1,
T2 and T3), as previously reported (Edmans et al. 2020), while a more extended time-course study (T4)
was performed at APHA (Figure 3.4). 38 Babraham inbred pigs (9.3 weeks old on average) were
experimentally infected i.n., using a mucosal atomisation device (MAD) (MAD300, Wolfe-Tory
Medical), with 1 x 10" PFU of HIN1 A/swine/England/1353/2009 (H1N1pdm0Q9), 2ml per nostril.
During T1 and T2, one infected pig was culled each day on days 1 to 7, 9, 11 and 13 post-challenge
while uninfected control pigs were culled before infection (day -1, n=2) and at day 8 (n=2). In the T3
study, 3 challenged animals were culled at days 6, 7, 13, 14, 20 and 21 post-infection. Six control
uninfected animals were included in T3: three culled on day -1 and the other three on the challenge day.
In T4, 12 pigs (10.2 weeks old on average) were challenged as described above and four pigs were

randomly culled at each of day 21, 42 and 63 post-infection.
FTY720 pilot study

The FTY720 study was performed at TPI. Eight weeks old Babraham pigs received 1mg/kg of FTY720
(Sigma-Aldrich, SMLO0700) in a capsule (n=2) or suspension with a juice (n=2). One animal was left
untreated as a control. Blood samples were collected 0, 7, 24, 48, 72 and 96 h post-administration. Pigs

were then culled four days after administration, and tissues were collected post-mortem.
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Scintigraphic study

The scritingraphic study was conducted at the University of Nottigham under PPL 30/3350 as previously
described (Martini et al. 2020). In brief, three Landrace x Hampshire cross female pigs were obtained
from a commercial herd at six weeks of age. A cocktail of sedatives was used before administration of
radioactive formulation (Zoletil at 4.4mg/kg, Tiletamine with Zolazepam; Virbac, UK and 0.044 mg/kg
Domitor, Medetomidine, Orion Pharma, Finland). The sedated animals were positioned prone on a table
during the administration, with a 40° angle between head and neck. The radioactive solution contained
technetium (**™Tc) complexed with diethylenetriaminepentaacetic acid (DTPA) (**"Tc-DTPA) and was
provided by the Radiopharmacy Unit, University of Nottingham. Animals received the radioactive
material by aerosol using a small or medium droplet size VMNs or i.n. by MAD in a crossover design
(Figure 4.3). One ml containing approximately 30 mega-becquerel (MBq) of **™Tc-DTPA in 0.9% saline
was administered by aer. in 1 ml volume while a 1 ml solution containing 5 MBq was delivered i.n. in
each nostril. Mediso X-ring gamma camera fitted with a Low Energy General Purpose collimator
(Mediso Medical Imaging Systems, Hungary) was used to record the pigs' lateral, anterior and posterior
images, right after the delivery. A four-day washout window between each experimental leg ensured the
absence of residual radioactivity. Radioactive anatomical markers were applied to ensure optimal post

hoc image reconstruction.
S-FLU and CLEARFLU studies

The pilot experiment comparing S-FLU and CLEARFLU (generated and kindly provided by Professor
Alain Townsend) was performed at TPI1. Two groups of three Babraham pigs of 5.5 weeks of age were

sedated and immunized by aer. with H7N1 S-FLU [eGFP/N1(PR8)] H7t(Netherlands/219/2003) (2.4 x
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108 50% tissue culture infective dose (TCID50) or H7N1 CLEARFLU expressing H1
[(H1CFv2(England/195/2009)/N1(PR8)] with H7(Netherland/219/2003) as coating (1.3 x 108 TCID50).
Two unimmunsed animals were used as control group. Immunised pigs were boosted after three weeks
as described above and culled three weeks post boost. Ten minutes (min) before sacrifice, animals were
infused intravenously (i.v.) with 1mg/kg of anti-CD3 monoclonal antibody (mAb) (clone PPT3),

produced in house, to label circulating T cells.

A second pilot experiment tested S-FLU immunisation by intramuscular injection and was performed
at APHA. Four Babraham pigs received H7N1 S-FLU [eGFP*/N1(Eng195)].H7(A/Neth/219/2003*t)
(3 x 10° TCID50) in 4 ml delivered i.m. in the trapezius muscle behind the ear. The pigs were boosted

three weeks post priming and culled three weeks later. Blood was collected weekly during the study.

A third study compared S-FLU i.m., aer. and simultaneous aer. and i.m. (SIM) immunisation (Martini
et al. 2021). Babraham inbred female and male pigs were randomised and assigned to four groups of 6
animals as follows: 1) S-FLU by aer.; 2) S-FLU immunised i.m.; 3) a third group was immunised
simultaneously i.m. and by aer. with S-FLU (SIM) and 4) unimmunized control group. Two pigs reached
their humane end points due to heart conditions unrelated to the procedures, leaving control and i.m.
group with five animals. All the animals were sedated prior immunisation with a cocktail of Zoletil
(4.4mg/kg, Virbac) and Domitor (0.044mg/kg, Orion Pharma). Aer. administration was performed using
a small droplet size VMN (Aerogen Solo, Aerogen Ltd.) attached to a custom-made veterinary mask
(Holzer et al. 2018). Two ml of S-FLU containing 7 x 10’ TCID50 S-FLU were administered by aer.
I.m. pigs received the vaccine stock diluted to a final volume of 4 ml containing 7 x 107 TCID50 and 2
ml were administered as described above. SIM group received 2 ml containing 3.5 x 10’ TCID50 S-

FLU by aer. and 3.5 x 10" TCID50 S-FLU delivered in 4 ml i.m.. The animals were boosted similarly
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three weeks later. All groups were challenged three weeks after the boost with 2.8 x 10° PFU of
H1N1pdmO09 i.n. with MAD (MAD300, Wolfe-Tory Medical). For logistical reasons, the challenge was
performed in 2 different days so that half of the animal in each group were challenged on day 23 post-
boost and the remaining half on day 25 post boost. Animals were culled at day 4 post-challenge. During
the second cull, 1 mg/kg of anti CD3 purified mAb (PPT3 clone, produced at TPI (Section 2.4)) was
infused i.v. to the pigs, 10 min prior to sacrifice. Since no difference was found in analyses of the

samples challenged on different days, the results are presented together.

Gross and histopathological analysis were performed by Dr. Alejandro Nunez at APHA as previously
described (Morgan et al. 2016; Holzer et al. 2018). Briefly, post mortem pictures of the lungs were taken
and scored blindly by the pathologiest for macroscopic lesions (Halbur et al. 1995). The percentage of
lung surface with lesions was calculated by digital image analysis (Nikon NIS-Ar software). Lung
biopsys were subsequently taken from each lobe and stored in 10% formalin. Fixed samples were
paraffin wax embedded, sectioned and stained with haematoxylin and eosin (H&E). 4 um tissue sections
were then stained for IAV NP as previously descibred (Vidana et al. 2014). The lowa score, measuring
histopathological changes, was blinded calculated by the pathologist following a method previously

reported (Gauger et al. 2012).
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2.3 Tissue sampling
PBMC and serum

Heparinised peripheral blood was diluted 1:1 in PBS. The diluted blood was then layered over
histopaque and centrifuged at 800 x g for 25 min with the brake-off. Cells were collected at the interface,
washed with 50 ml of PBS, and spun at 500 x g for 5 min (this step will be referred to as “washing
step”) before red blood cell lysis with 5ml of RBC lysis buffer. After two further washing steps, cells
were re-suspended in R10 and counted with a hemocytometer. Cells were then centrifuged at 700g for
5 min, resuspended at a concentration of 2-4 * 107 cells/ml in freezing media, and stored in liquid

nitrogen.

Serum was isolated from vacutainers by centrifugation at 2000 x g for 10 min and stored at -80° C.

BAL

BAL cells and fluid were isolated from the right lung lobes filled with 100 ml of BAL collecting
medium, after massaging. This step was repeated twice so that the final volume used for the washing
was 200 ml while the collected volume ~ 50 ml. BAL cells and fluid were then centrifuged at 500 x g
for 5 mins. The supernatant was aliquoted and stored at -80° C while the cell pellets was washed, RBC

lysed, and stored as described above.

Lung, nasal turbinates and trachea

A biopsy of the lung was taken and finely cut into pieces. The lung pieces were incubated with 7 ml of

lung digestion medium for 2 h at 37° C in a shaking incubator. The digested lung was then placed in
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R10 and mashed with the plunger of a syringe. Isolated cells were filtered through a 100 um cell strainer
and subsequentially centrifuged, layered on Histopaque, red blood cells lysed and stored as described

above.

Trachea and NT were separated from cartilage with tweezers and digested for 2 h at 37°C in URT

digestion medium. Tissues filaments were then processed as the lung.

Nasal swabs (one per nostril) were taken daily (up to 10 dpi in T1-T4 study, 5 dpi in the SIM study)
following infection and placed in virus transport medium. Nasal samples were then vortexed,

centrifuged at 700 x g for 5 min and aliquoted and stored at -80°C.
Spleen, tonsil and lymph nodes

A spleen biopsy was placed into gentleMACS™ QOcto Dissociator, in C Tubes (both from Miltenyi
Biotec) in R10 and disassociated. The dissociated tissue was filtered through a 100um cell strainer,

centrifuged, washed, layered on Histopaque and red blood cell lysed as described for PBMC isolation.

Tonsil and LN were finely cut into small pieces and mashed with the plunger of a syringe. The cells

obtained were then processed as for spleen.

2.4 Production of anti-porcine CD3 mAb

PPT3 hybridomas (TPI) was cultured in hybridoma media. The supernatant was harvested every four
days and diluted 1:2 with binding buffer (200mM sodium phosphate dibasic, 200mM sodium phosphate
monobasic, 5M sodium chloride (all from Sigma-Aldrich) in water). The diluted supernatant was sterile
filtered. An HiTrap Protein G HP antibody purification column (Cytival Life Science) was connected

to a Model EP-1 Econo pump (Bio-Rad) and preconditioned with 50 ml of binding buffer at a selected
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speed of 1.5 ml/min. The diluted hybridoma supernatant was then loaded onto the column. The column
was then washed with 50 ml of binding buffer. The bound mAb was eluted with an acid glycin solution
(0.1M glycine, pH 2.4-2.7) and collected in TRIS (pH8). The mAb solution was then dialysed (in a
Slide-A-Lyzer™ Dialysis Cassettes, 10K MWCO, 12 ml, Thermo Fisher) in PBS with stirring

overnight. The mAb solution in PBS was sterile filtered before the administration into the animals.
2.5 Flow cytometry

Tetramer staining

Biotinylated NP epitope-loaded SLA monomers (kindly provided by Professor Andrew Sewell), were
freshly assembled into tetramer with streptavidin conjugated with PE, BV421 or BV650 (all from
BioLegend) as previously described (Tungatt et al. 2018). The assembled tetramers were diluted in PBS

and 0.05 ug/pl.

Frozen cells were thawed, washed in PBS and resuspended in R10. Two million cells were then seeded
in a 96 well U bottom plate in duplicates (BAL, trachea, NT) or triplicates (lung, TBLN, tonsil) or
quadruplicates (PBMC, spleen) according to the sample used. Cells were incubated with 50 ul of a 50
nM solution of protein kinase inhibitor in PBS and incubated at 37°C for 30 min. Tetramers (0.15 ng)
were then added to the cells and incubated at 4°C for 30 min. Next, cells were washed with PBS and

centrifuged for 2 mins at 700 x g. Surface or intracellular staining was then performed.

Surface staining

Two million cells were stained with 50 ul of fluorochrome-conjugated and unconjugated Ab mix (Table

2.2) at pre-determined optimal concentrations and LIVE/DEAD™ Fixable Near-IR (Thermo Fisher), an
50



amine-reactive dye that labels dead cells, diluted 1:500. When required fluorochrome-conjugated
secondary Abs were used. Following this incubation the sedondary Ab binding sites were blocked with
mouse serum (20% solution in PBS) prior to addition of other conjugated Ab. Staining steps were
performed at 4°C for 20 mins, cells were then washed twice with 100 ul of PBS and centrifuged at 700
x g for 2 mins. Subsequently, the samples were fixed with 100 ul of a paraformaldehyde solution 4% in
PBS at 4°C for 15 min. Cells were washed and resuspended in PBS for flow cytometer acquisition by
LSRFortessa (BD Biosciences) or further intracellular staining. Data were analysed using FlowJo v10

(TreeStar).

Intracellular cytokine staining

Two million cells were seeded and stimulated with virus or vaccine at multiplicity of infection (MOI)
of 1in 200 ul of R10. Unstimulated wells were used as negative control and a phorbol 12-myristate 13-
acetate (PMA)/lonomycin cocktail was added as a positive control for the staining. The cells were
stimulated with virus or vaccine overnight at 37°C or with PMA/lonomycin was added for 6 h. Golgi
Plug (BD) was then added at 1:1000 for the final 5 h of the stimulation before surface staining. Cells
were stained for surface makers as described before. A fixations/permeabilisation step was then
performed using Cytofix/Cytoperm (BD Biosciences) following manufacturer’s instructions. Fixed cells
were then stained with a 50 pul Ab mix (Table 2.2) in Permeabilisation Buffer (BD Biosciences) for 20
min at 4°C, cells were washed and resuspended with PBS for flow cytometer acquisition. Boolean gating

in FlowJo v10 was used for data analysis.
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Transcription factor staining

Transcription factors were stained using True-Nuclear™ Transcription Factor Buffer Set (BioLegend)
as per manufacturer's instructions. Two million cells were surface stained as described above and fixed
with Fixation/Permeabilisation Buffer for 60 minutes at room temperature. After washing with
Permeabilisation Buffer, the cell suspension was further stained with 50 ul of Ab mix (Table 2.2) in
Permeabilisation Buffer and incubated for 30 min at 4°C. The cells were then washed and resuspended

in PBS prior to acquisition.
Cell sorting and depletion

To analyse the ability of different CD8 subpopulations to secrete cytokines, cryopreserved PBMC from
naive Babraham pigs were first stained for CD8f3, CD45RA and CCR7 expression and sorted into 4
subpopulations (CD45RA*CCR7*, CD45RA*CCR7:, CD45RA CCR7*, CD45RACCRT") using the
FACSAria™ III Sorter (BD Biosciences). Cells were then centrifuged at 500 x g for 5 min, re-suspended
in R10 and incubated overnight at 37°C. On the following day, CD8 T cells were stimulated with PMA
lonomycin (BioLegend) for 2, 4 and 6 h, and cytokines detected by intracellular cytokine staining as

described above, unstimulated cells were used as a control.

In order to isolate DFE* CD8 T cells from different tissues, cryopreserved cells were first surface stained
with anti-CD14 PE and anti-CD172a PE mAb in FACS buffer. The cell suspension was then washed
and incubated with anti-PE beads (Miltenyi Biotec) for 15 min. PE labelled cells were then depleted
using an LD magnetic column (Miltenyi Biotec) according to manufacturer's instructions. The

remaining cell suspension was labelled with DFE tetramer and surface stained for CD3, CD8f3, CD4
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and Live/Dead. DFE*CD3"CD8p* cells were then sorted with FACSAria™ III Sorter (BD Biosciences)

and processed for RNA-sequencing.

Table 2.2 List of mAbs used for flow cytometry
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Antigen Clone Isotype Fluorochrome Source of Details of
primary Ab secondary Ab
CD3 PPT3 IgG1 PerCP Cy5.5 In house Thermo Fisher
purified
CD3 PPT3 lgG1 FITC In house Bio-Rad
purified Laboratories
CD3 PPT3 lgG1 APC Southern
Biotech
CD4 74-12-4 lgG2b PerCP-Cy5.5 BD Biosciences
CD8B PPT23 lgG1 FITC Bio-Rad
Laboratories
CD8B PPT23 lgG1 PE Bio-Rad
Laboratories
TNF MAb11 lgG1 Bv421 BioLegend
IFNy P2G10 lgG1 APC BD Biosciences
IL-2 A150D 3F1 lgG2a PE-Cy7 Thermo Fisher rat-anti-mouse,
2H2 lgG2a,
BioLegend
CCR7 3D12 lgG2a BV711 BD Biosciences
CD45RA MIL13 lgG1l FITC Bio-Rad
Laboratories
CD69 01-14-22-51 lgG2b PE Cy7 Kyoto Institute  Goat-anti-mouse,
of Nutrition & BioLegend
Pathology
(Hayashi et al.
2018)
EOMES WD1928 lgG1 PE Thermo Fisher
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T-bet eBio4B10 lgG1 PE Cy7 Thermo Fisher
Ki67 B56 lgG1l BV650 BD Biosciences
Perforin 5G9 lgG2b Purified Lightning-Linked
PE-Cy7, antibody
labelling kit, Novus
Bio
CD27 B30C7 lgG1l APC Bio-Rad
Laboratories
CD14 REA599 lgG1 PE Miltenyi Biotec
CD172a BL1H7 lgG1l PE Bio-Rad

Laboratories

2.6 RNA-sequencing

BAL DFE" T cells were sorted (average of 4480 cells/sample) with FACSAria™ III Sorter (BD

Biosciences) in PBS. Sorted samples were then centrifuged at 700 x g for 5 minutes and RNA was

extracted using PicoPure RNA Isolation Kit (Thermo Fisher) as per the manufacturer’s instructions.

DNA was removed by DNase treatment (TURBO DNA-free™ Kit, Thermo Fisher). Isolated RNA was

sent to Edinborough Genomics and used as input for SMARTer Stranded Total RNA-Seq Kit v3 - Pico

Input Mammalian (Takara Bio) and PCR amplification performed. cDNA obtained was pooled and

sequenced on NovaSeq using an S1 100 PE flow cell. Dr. Siddharth Jayaraman used raw fastq files for

initial quality control using FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastgc/).

Next, CogentAP (Cogent NGS Analysis Pipeline v1.0, Takara Bio) was applied to trim and add the

sample barcodes to the fastq header for each sample. The reads were trimmed of Illumina and library
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prep adapters using cutadapt (Martin 2011), and subsequentially aligned to Sus scrofa Sscrofall.l
assembly (GCA_000003025.6) using STAR (Dobin et al. 2013) with default parameters. UMI-tools was
used to discard duplicated reads (Smith, Heger, and Sudbery 2017) and featureCounts extracted the
number of reads aligned to each gene feature (Liao, Smyth, and Shi 2014). Differential gene expression
(DGE) analysis was carried out using TCC-GUI, which iterates DESeq?2 for data normalisation, using
the featureCounts output for pairwise comparisons (Su et al. 2019; Love, Huber, and Anders 2014).
Pathway analysis was performed using Webgestalt online tool (Liao et al. 2019), selecting GSEA as
comparison method and sscrofa as the reference genome. KEGG pathway database was used as
reference and ensemble ID were uploaded together with ranked score (-logio(p value)*log.(fold change
difference)) based on the results of DGE comparison. Other settings include: minimum number of IDs
in the category (5), the maximum number of IDs in the category (2000), significance level (FDR < 0.05)

and number of permutation (1000).

Raw data, meta data and differential gene expression analysis will be publically available, upon

manuscript publication, at this link: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE182645

2.7 ELISpot
IFNy ELISpot

MultiScreen-HA ELISpot plates (Merck) were coated with 100 ul per well of primary anti-porcine IFNy,
clone P2G10 (BD Biosciences 0.5ug/ml in carbonate bicarbonate) and incubated at 4°C overnight.

Plates were washed 5 times with PBS and blocked with R10 for 2 h. 0.2 million BAL cells or 0.25
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million cells isolated from the other tissues were then incubated and simulated with H1IN1pdmO09
(MOI=1), peptides (see Table 7.1 for list of peptides), 4ug/ml ConA (Sigma-Aldrich) or media control
at 37°C overnight. Each condition was present in duplicate. The plates were washed five times with PBS
+ 0.05% Tween20 before the incubation with a secondary biotinylated anti-porcine IFNy detection Ab
(clone P2C11, BD Pharmingen 0.25ug/ml in PBS). After 2 h of incubation at room temperature, the
plates were then washed as before and streptavidin—alkaline phosphatase (Thermo Fisher) was added
for 1 hour. Spots were developed by an alkaline phosphatase substrate kit (Bio-Rad) for 20 min, and the
reaction stopped with tap water. Immunospots were detected using AID ELISPOT reader (AID
Autoimmun Diagnostika). Results were calculated by subtracting from the average of experimental
wells the average of medium control wells and expressed as the average of IFNy producing cells per

million cells in the virus or peptide stimulation.
B cells ELISpot

Cryopreserved PBMC, spleen and TBLN were seeded at a 10 million cells/well concentration in a 12
well plate and stimulated with the TLR7 agonist R484 (Miltenyi Biotec) at 1ug/ml in R10 supplemented
with 0.1% B-mercaptoethanol (Thermo Fisher). After 48 h of stimulations, cells were washed twice with
50 ml of R10 and counted. 0.5 million cells were distributed in each well of ELISpot plates previously
coated with anti-porcine IgG, clone MT421 (Mabtech), or anti-porcine IgA, clone A100-102A (Bethyl)
in 1/500 dilution in CB buffer overnight at 4°C. Positive control wells, used to detect total 1gG and IgA
secreting cells, were incubated with 0.05 million cells. Each condition was tested in duplicate and plates
were inclubated overnight at 37°C. Plates were then washed with PBS + 0.05% Tween20 five times

and incubated with biotinylated HA (produced in house) for detection of HA specific B cells,
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biotinylated keyhole limpet hemocyanin (KLH) (Sigma-Aldrich) as a negative control, both at 0.1 ug/ml
in PBS, or biotinylated anti-porcine 1gG (clone MT424, Mabtech) or anti-porcine IgA (clone A100-
102-B, Bethyl) diluted 1/1000 in PBS to detect all 1g secreting B cells. After 2 h incubation, plates were
washed and streptavidin alkaline phosphatase (Invitrogen, UK) added for another hour. The plates were
then developed and read as described above. Spots detected in the KLH control wells were subtracted

from the HA response and data presented as antibody-secreting cells (ASC) per million cells.

2.8 Virus growth and serological assays
Virus propagation

H1N1pdmO09 virus inoculum (approximately 1000 PFU) in VGM was added to 80% confluent Madin-
Darby Canine Kidney (MDCK) cells (Central Service Unit, TPI). One hour later, cells were washed
with PBS and incubated in 30 ml of VGM + 2 ug/ml TPCK trypsin for 72 h to allow for viral growth.
The supernatant was then collected and centrifuged at 500 x g for 5 min to pellet debris. The virus-

containing supernatant was aliquoted and stored at -80°C.
Plaque assay

Viral titre in nasal swabs, BAL fluid and HIN1pdm09 MDCK grown virus was determined by plagque
assay on MDCK cells. Samples were 10-fold serially diluted, starting at neat concentration, in DMEM
and 100 pl overlayered on confluent MDCK cell monolayers in 12 well plates. After 1 hour, the plates

were washed with PBS and overlayered with 2 ml of plaque assay overlay medium. Plates were
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incubated at 37 °C for 72 h and plaques visualized by staining with a 0.1% crystal violet solution. Virus

titre was expressed as plague-forming units (PFU) per ml considering the initial dilution factor.
Microneutralisation assay

The titre of neutralising Ab titres was assessed in serum and BAL fluid samples by microneutralisation
(MN). The samples were heat-inactivated for 30 min at 56 °C and diluted (starting at 1:20 for serum
and 1:2 for BAL) in VGM. The diluted samples (50 ul) were incubated with 50 ul of S-FLU or
H1N1pdmO09 virus, at optimised concentration, in 96 well flat-bottomed plates and incubated for 2h at
37°C. MDCK-SIAT-1 cells, derived from MDCK transfected with the cDNA of human 2,6-
sialyltransferase (SIAT1), were used in this assay for their ability to express two-fold higher amounts
of a2-6-linked sialic acids than MDCK (Matrosovich et al. 2003). A cell suspension containing 3 x 10*
cells in VGM was added to each well and the plates incubated overnight at 37°C. The supernatant was
removed and cells fixed with 4% paraformaldehyde in PBS for 30 min at 4°C. If S-FLU was used,
fluorescence from the eGFP was then detected. When using HLN1pdmO09, the cells were washed twice
with a glycine buffer (PBS, 20mM glycine) and permeabilised for 20 min with a solution of 20mM
glycine + 0.5% tritonX100 in PBS. The plates were then washed twice with PBS and stained with
50ul/well anti-IAV NP mAb (Clone: AA5H, Bio-Rad) for 1 h at room temperature. After two washes
with PBS, 50ul/well of goat anti-mouse 1gG horseradish peroxidase (HRP) conjugated secondary Ab
(Dako) was added and incubated for another hour at room temperature. The 3,3'5)5'-
tetramethylbenzidine (TMB) substrate was added to the plates, after two washes with PBS, and
incubated for 5 minutes. A stop solution containinglM sulfuric acid was then added and absorbance

measured at 450 nm and 630 nm (reference wavelength) on the Cytation3 Imaging Reader (Biotek). The
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50% inhibitory titre was calculated as the midpoint between uninfected control wells and virus-infected

positive controls.

ELLA

An enzyme-linked lectin assay (ELLA) was used to quantify the inhibitory enzymatic activity of NA
by Ab present in serum or BAL. 96 well flat-bottom plates were coated overnight at 4°C with 25 pg/ml
fetuin in PBS + 0.02% sodium azide. Heat-inactivated samples were serially diluted (starting 1:40 for
sera and 1:4 for BAL) in VGM. An HA-mismatched S-FLU or IAV virus was used to minimise any
potential steric effect of Ab binding to the vaccine’s HA. An optimal S-FLU or 1AV virus concentration
was added to the diluted Ab for 20 min on a plate shaker. 100 ul of the solution containing virus and
samples were then transferred to the coated plate, previously washed with PBS, and incubated overnight
at 37°C. 100 ul of a 1 pug/ml solution of peanut agglutinin conjugated with HRP in PBS was added to
each well and incubated at room temperature for 2 h. The plates were washed and developed as described
above. The 50% inhibition titre was calculated as the highest dilution above the 50% inhibition line

(midpoint between the signal generated by virus only and medium only wells).

HA-specific ELISA

Enzyme-linked immunosorbent assays (ELISA) was used to measure the titre of Ab recognising HA.
96 well microtiter plates were coated with either 1 pg/ml recombinant HA protein (provided by Prof.
Alain Townsend) in CB buffer at 4°C overnight. Plates were blocked with a solution containing 4%
milk powder + 0.05% Tween20 in PBS (blocking buffer) for 2 h at room temperature. Samples were

serially diluted in the blocking buffer and added to the plates for 1 hour on a shaker. The plates were
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washed three times with 0.05% Tween20 in PBS. HRP-conjugated secondary antibodies detecting
porcine IgG or IgA (both from BioRad) were diluted in blocking buffer and added to the plates for 1 h

at room temperature. TMB was used to develop the signal and plates measured as previously described.

The end-point titre was established using cut-off values (determined as average values for naive pig

samples plus three-fold standard deviation at the starting dilution).

2.9 Aerosol characterisation

Droplet size evaluation

Two VMNs producing different droplet size (3 — 5 pum) (Aerogen Solo, Aerogen Itd.) and the MAD
were used for in vitro experiments. Albuterol sulphate (Ventolin, GSK) was used as a tracer solution for
initial characterisation of the VMNs and MAD. Laser diffraction (Spraytec, Malvern Instruments)
characterised the volumetric median diameter (VMD) of the aerosols generated by the devices after the
delivery of 0.25ml of albuterol. The droplet size of the aer. generated by the devices was also measured
using 0.25 ml of ®*™T¢c-DTPA and S-FLU vaccine (3.5 x 10’ TCID50). The and of the droplets generated
A 2mg/ml albuterol sulphate solution was used to measure the fine particle fraction and the mass median
aerodynamic diameter (MMAD) of the droplets generated by the VMNSs using cascade impaction (Next

Generation Impactor, Copley).
In vitro aerosol deposition in the pig model

A veterinary mask (Burtons Medical Equipment) was customised to include 1-way valves and absolute

filters. A 3D printed pig head was connected to a breathing simulator (Dual Phase Control Respirator,
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Harvard Apparatus) via an absolute filter positioned at the end of the throat, collecting inhaled drug.
The breathing simulator was set to mimic the breathing parameters of a 15 kg (Tidal Volume (Vt) 115
ml, 25 breath per min (BPM), Inhalation:Exhalation (I:E) ratio 1:3) and a 20 kg (Vt 150 ml, 25 BPM,
I:E ratio 1:3) pig. The VMNs were then attached to the mask and nebulised a nominal dose of 1 ml of
1mg/ml albuterol sulphate. The drug deposited on the filter was eluted by washes with water and
quantified by UV spectrophotometry (Biochrom UV Vis, Cambridge) at 276 nm. The concentration of
drug deposited was calculated by interpolation on a standard curve and expressed as a % of the nominal

dose (amount in device before administration) delivered.

In vitro aerosol deposition in the human model

An adult head model (described in (Hibbitts et al. 2014)) was attached to the breathing simulator,
mimicking the breathing pattern of a normal adult (Vt 500 ml, 15 BPM, I:E Ratio 1:1). The VMN was
connected to an aerosol mask (I-Guard, Salter Labs) connected to an aerosol chamber (Aerogen Ultra,
Aerogen) supplemented with a oxygen flow rate of 2 I/min. Two ml of 1 mg/ml albuterol was delivered

and the drug deposited was calculated as above.
Scintigraphic image analysis

Hermes software (Hermes Medical Solutions) was used for image analysis. Three anatomical regions
of interest (ROIs) were defined and analysed: the face area (nasal cavities and facial skin, was set as a
circle of 10 cm diameter); the throat (set as a rectangle of length 17 cm); and lung (set as a trapezoid
covering the whole lung area) (Figure 4.3). Radioactive material deposited in the area below the lung

(stomach) was measured as a rectangle. Counts in the individual ROI were adjusted for background and
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radioactive decay relative to the first image taken for each animal. Deposition in each specific ROl was

then calculated relative to total adjusted counts as follows:

count in the specific ROI
100

k
sum of count of face + throat + lung + stomach

2.10 Statistical analysis

Chapter 3

Dr. Simon Gubbins, Mathematical Biology Group, TPI, performed the mathematical analysis present in

Chapter 3.

The changes over time in the proportion of tereamers® CD8* T cells were compared for each tetramer

and tissue using the following curve, fitted to the data,

Y(®) = Yo + (Yonax — YO)[%j exp[—Mj,

max tmax

where y represents the proportion at t days post-infection, yo the baseline proportion, ymax the peak
proportion and tmax the time of peak proportion. This curve was selected as it gave an appropriate shape
for the data without including too many parameters. Table 3.1 present the estimated parameters for each

tetramer and tissue.

The changes with time in the proportion of tetramer® CD8 T cells expressing different phenotypic

markers were compared fitting exponential curves to the data in each tissue,
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y(t) = y, exp(=dt),

(y = the proportion at t days post infection; yo = the initial proportion and d = the decay rate (/day)).

Each marker was analysed independently.

In both analyses, the parameters (i.e. Yo, Ymax and tmax Or Yo and d) were chosen amongst tissues and
tetramers by fitting different models to the data by nonlinear least squares and the residual deviance for
the models was compared using F-tests (Ross 1990). The analysis was implemented in Matlab (version

R2020b; The Mathworks, Inc.).

Due to the limited data on CD8* T cells in the trachea, the proportion of cells specific for each tetramer
were compared at each time point using a Kruskal-Wallis test followed by pairwise Wilcoxon rank-sum

tests. This analysis was performed in R (version 4.0.5) (Team 2020).

The changes in the relative proportion of CD8* T cells specific for each tetramer was assessed with the

following model in each tissue:

(DFE) (DFE)
Kz — K1

1+ eXp(_bDFE (t - dDFE )) ’
Yuay (t) =1- Yore (t) ~ Yaav (t),
KZ(AAV) _ Kl(AAV)

1+exp(-b,,, t—d,, )’

Yore (t) = Kl(DFE) +

Y aav (t) = Kl(AAV) +

where y(t) is the proportion of the tetramer; t = days post infection; K: and K are the minimum and
maximum frequencies; b = the rate of change in frequency and d is the time of the maximum rate of
change. This formula ensures the total proportion of cells is 100%. Changes in the parameters (i.e. Ku,

Kz, b and d) in each tissue was assessed by fitting different models to the data as described above. This
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analysis was implemented in Matlab (version R2020b; The Mathworks). This analysis was limited to

samples for which the frequency of all tetramers was available.

The changes in the phenotype of tetramer® CD8" T cells in each tissue were assessed by linear models.
The model variables included the proportion of cells in each subset (CD45RA*/- and CCR7/), the
tetramers and days post-infection, together with two- and three-way interactions between the variables.
Model simplification proceeded by stepwise deletion of non-significant (P>0.05) terms (assessed by F-

tests). This analysis was performed in R (version 4.0.5) (R Core Team 2021).

The frequencies of cytokine-producing cells in DFE* and AAV* populations over time were compared

using two-way ANOVA in GraphPad Prism version 9.1.0.

Chapter 4

The counts obtained in the in vivo scintigraphy study amongst the different ROl were compared by two-
way ANOVA. Unpaired t-test was chosen to compare the data from pig and human breathing simulator
and the in vitro particle size characterisation experiments. Two-way ANOVA with Tukey post-hoc test
was used to compare the droplet size of S-FLU and *"TC-DTPA generated by the two VMNs and the

MAD. This statistical analysis was performed with GraphPad Prism (8.3.0)

Chapter 5

Kruskal-Wallis test was used for the comparison of viral load, pathology and adaptive responses
between groups. Two-way ANOVA was selected to compare neutralising Ab responses and to analyse
the hierarchy of the T cell responses in different tissues within the same group. GraphPad version 8.4.1

was used for this statistical analysis.
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Chapter 3
Dynamics and phenotypic changes of influenza-specific
CD8 T cells

3.1 Introduction

Cellular immunity against 1AV plays a fundamental role in heterosubtypic protection, as previously
described (Chapter 1). However, few studies have investigated in depth the T cells responses in pigs
after IAV infection. These studies were limited to the enumeration of 1AV responding cells or studied
T cells after ex vivo restimulation with live virus, with consequent changes in phenotype (Khatri et al.

2010; Talker et al. 2016; Reutner et al. 2013; Edmans et al. 2020).

The lack of understanding of porcine cellular responses to IAV has been due, at least in part, to the
scarcity of research tools to study T-cell responses in pigs. Immunological tools, such as defined T-cell
epitopes and peptide-MHC multimer technology, have been recently developed in the context of 1AV
infection (Pedersen et al. 2014b; Baratelli et al. 2017b; Gutiérrez et al. 2016). The Babraham pig is a
Large White inbred pig with an 85% identity between individuals (Schwartz et al. 2018). The SLA loci,
equivalent to the murine MHC, are homozygous between individuals. This allowed the identification of
four different IAV’s NP immunodominant epitopes after aer. immunisation with the candidate single-
cycle influenza vaccine S-FLU (Tungatt et al. 2018). However, only one of the four epitopes (DFE) is
fully conserved between PR8 (the backbone of S-FLU) and HIN1pdmQ9. Our group has recently studied

the kinetic of DFE™ CD8 T cells after HIN1pdmO09 infection up to 21 dpi (Edmans et al. 2020).
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Therefore, further identification of novel HIN1pdmO9 influenza epitopes will be a useful step in

determining the fine specificity of the cellular response in the Babraham pig.

Furthermore, while the phenotype of porcine CD4 helper T cells have been thoroughly analysed, CD8
T cells are less well characterised (Moreno et al. 2013; Talker et al. 2013; Reutner et al. 2013; Franzoni
et al. 2013). In the blood of newly born pigs, CD8 T cells lacked perforin expression but were CD277,
indicative of a naive phenotype. In contrast, effector cells (identified as CD27%™perforin®) started
appearing at seven weeks of age (Talker et al. 2013). Studies using a porcine CCR7 ligand (CCL19-
human 1gG1 fusion protein) attempted to describe the phenotype of CD8 T cells; however this
characterisation was only performed in blood (Moreno et al. 2013). CCR7, essential for migration to
lymphoid organs, and CD45RA, a known differentiation marker, are both widely used in human
immunology, but they have never been studied in combination to define subsets of porcine CD8 T cells
in tissues. In addition, phenotypic changes of IAV-specific T cells have not been explored before in the

porcine model.

The recently discovered pulmonary TRM reside in the respiratory tract without recirculating, unlike
central or effector memory T cells, constituting a first line of adaptive cellular defence (Masopust,
Vezys, et al. 2001b). Several techniques have been adopted in mice to identify this population:
parabiosis; in vivo labelling of leucoytes with mAbs; treatment with FTY720, an sphingosine 1-
phosphate receptor (S1PR) agonist which causes peripheral lymphopenia and prevents tissue egress;
transplantation or identification by transcriptional profiling (reviewed in (Szabo, Miron, and Farber
2019)). In mice, TRMs have been shown to exceed the number of T cells in the lymphoid system and
play an essential role in maintaining local immune memory (Steinert et al. 2015). TRMs are the

predominant population in human lungs and antigen-specific cells were found at stable frequencies years
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after pathogen encounter, indicating their crucial role in respiratory infections (Kumar et al. 2017).
Mouse and human TRM express CD69 and variably CD103, both essential for tissue retention (Teijaro
etal. 2011; Masopust et al. 2006; Schenkel et al. 2013; Thome et al. 2014; Turner et al. 2014). However,
the absence of monoclonal antibodies (mAbs) to porcine CD69 and CD103 has made studies of porcine

TRMs challenging.

This chapter examines porcine CD8 T cells phenotype and their dynamics during 1AV infection. The

following specific aims are here addressed:

- To phenotype CD8 T cells using CD45RA and CCRY7, together with the newly defined CD69
antibody (Hayashi et al. 2018) in different tissues at the steady-state.

- To identify novel CD8 epitopes in HLINpdm09 NP protein.

- To study the dynamics of CD8 T cells specific for three different NP epitopes.

- To phenotype NP-specific CD8 T cells.

- To analyse the transcriptional profile of NP-specific CD8 T cells at different times after
infection.

- Tostudy the differentiation state and functional profile of the different NP-specific CD8 T cells.

- To investigate the migration ability of leukocytes in different organs after treatment with

FTYT720.

3.2 The phenotype of CD8 T cells at steady-state

To define more thoroughly the phenotype of CD8 T cells in blood and different tissue, I first studied

the expression of CD45RA and CCR7, known to identify four populations in humans: naive
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(CD45RACCRT"), central memory T cells (TCM) (CD45RA CCR7Y), effector memory T cells (TEM)
(CD45RA'CCRY") and terminally differentiated effector (TDE) (CD45RA'CCR7’) (Romero et al.
2007). Because porcine T helper cells express CD8 as an a homodimer when activated (Reutner et al.
2013; Saalmuller, Werner, and Fachinger 2002), | used an antibody to CD8f combined with CD45RA
and CCR7 Ab to identify and characterise CD8 T cells. At steady state in inbred Babraham pigs (10
weeks of age), TEM and naive T cells are the predominant populations in blood (31.3% and 27.8% of
CD8p respectively), followed by TCM (21.2%) and TDE (19.7%) (Figure 3.1 A and B). While a similar
phenotype is present in the spleen, the TBLN is populated mainly by naive (55.9%) and TCM (26.2%).
Interestingly lung and BAL cells are more differentiated, exhibiting TEM (49.1% and 85.1% in lung
and BAL respectively) and TDE (38.5% and 10.9%) phenotypes. | next investigated the expression of
CD69, a known marker of activation and residency, in these different subsets (Farber, Yudanin, and
Restifo 2014; Masopust and Schenkel 2013) using a newly defined anti-porcine CD69 mAb (Hayashi
et al. 2018). Similar to humans, CD69 was absent in blood, while the highest expression was found in

TCM and TEM in TBLN and in T cells isolated from the BAL (Figure 3.1 C).
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Figure 3.1 Phenotype of porcine CD8 T cells across tissues. (A) Expression of CD45RA and
CCR7 by CD8 T cells isolated from the indicated tissues of naive Babraham pigs. Quadrants show
the proportion of each population. (B) Mean frequency (+ SD) of TDE (CD45RA*CCR7Y"), naive
(CD45RACCRT*), TEM (CD45RA'CCR7*) and TCM (CD45RA'CCR7") in CD8 from 3 animals.
(C) CD69 expression in terminally differentiated effector (TDE, white), naive (blue), central

memory (TCM, grey) and effector memory (TEM, red) in CD8 T cells in the tissues analysed.
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Porcine CD8 T cells subsets have been previously defined by the expression of CD27 and perforin
(Talker et al. 2013). | therefore studied the expression of CD27 and perforin in combination with
CD45RA and CCRY. Perforin was present only in TEM and TDE in all tissues, while naive and TCM
were predominantly CD27*perforin-, similarly to humans (Figure 3.2) (Vigano et al. 2014; Rufer et al.
2003; Romero et al. 2007). Perforin was constitutively expressed in TDE in all tissues studied, while
TEM showed high levels of perforin in PBMC (53% of TEM), spleen (55.5%) and lung (57.9%) but not
in BAL and TBLN (11.9% and 2.3% respectively). In contrast to previous studies (Talker et al. 2013),

a perforin* CD27* population was absent in all CD8 subsets studied.
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Figure 3.2 Expression of perforin and CD27 in CD8 T cell subset Representative plots showing
perforin and CD27 expression in CD8 T lymphocyte subsets defined by CD45RA and CCR7
expression: naive (CD45RA'CCRT7", blue), TCM (CD45RA CCRT", grey), TEM (CD45RACCRT"
, red panels) and TDE (CD45RA*CCR7-, white panels). Each quadrant shows the mean percentage

of 3 animals.

To investigate whether this classification of T cells reflected functional diversity, | sorted naive, TCM,
TEM and TDE CD8 T cells from PBMC and stimulated them with PMA and ionomycin. TEM
responded rapidly, with 11,6% of cells secreting cytokines 2 h after stimulation (Figure 3.3 A). At the

peak, 6 h post-activation, 28.1% of TEM were producing cytokines, while TDE and TCM exhibited a
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moderate secretion (13.8% and 12.3% respectively) followed by naive T cells (5.2%). The quality of
the response was different with TCM and naive T cells producing mainly TNF, TDE secreted more IFNy
(8%) with a smaller proportion secreting both IFNy and TNF (4.9%) while TEM were mostly double

producers (IFNy*"TNF* 18.9%) at 6 h of stimulation (Figure 3.3 B and C).
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Figure 3.3 Functional activity of CD8 T cell subsets. (A) CD8* T cells from PBMC were sorted
according to their expression of CD45RA and CCR7. The sorted cells were stimulated with PMA
and ionomycin for 0, 2, 4 and 6 h and TNF and IFNy secretion measured by intracellular cytokine
staining. Each symbol represents one animal, this experiment was repeated twice. (B) The pie chart
shows the proportion of single and double cytokine secreting CD8 T cells for [IFNy and TNF at 6 h
of stimulation (C) Representative FACS plot showing the secretion of IFNy and TNF after 6 h
stimulation in TDE (white panel), naive (blue panel), TCM (grey panel) and TEM (red). Mean
proportion of IFNy single (top left), double producer (top right) and single TNF (bottom right) T

cells are reported.



Taken together, these data indicate that porcine CD8 T cells can be classified similarly to humans based
on their expression of CD45RA and CCR7, and these markers identify functionally distinct populations.
These subsets differ in their tissue distribution and expression of residency marker CD69. BAL CD8
cells are predominantly TEM phenotype with high expression of CD69 and, were not stained by

intravenous CD3 mAD, in previous studies, indicating that they are TRM.

3.3 Influenza time course: experimental design

After studying the phenotype of CD8 T cells from unimmunised pigs, | wished to define how this might
change during the immune response to 1AV infection. Inbred Babraham pigs were infected i.n. with
HIN1pdmO09 in four experiments (referred to as T1-T4) (Figure 3.4). One pig was culled on each of
days 1-7, 9 and 11 post-infection (dpi) in the first experiments (T1 and T2), three more at 6, 7, 13, 14,
20 and 21 dpi in experiment T3 and a further four at 21, 42 and 63 dpi in T4 (Edmans et al. 2020). Four
uninfected pigs were sampled on the day of challenge and used as naive controls. Viral load, determined
in daily nasal swabs, was consistent between the experiments, with a peak at 5 dpi a complete resolution

by 7 dpi in most pigs (Edmans et al. 2020).
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Figure 3.4 Experimental design. Babraham pigs were infected with HIN1pdmO09 intranasally and
culled on the indicated days post infection. Broncho-alveolar lavage (BAL), lung, tracheo-bronchial
lymph nodes (TBLN), peripheral blood mononuclear cells (PBMC) and spleen were collected at all
time points while nasal turbinates (NT) were isolated only in experiments T3 and 4.

3.4 Identification of new epitopes in HIN1pdmQ09 NP

To identify NP-derived epitopes for the HIN1pdmO09 strain, peptides of 18 amino acids (aa) length,
overlapping by 12 aa were screened by IFNy ELISpot. The eight NP pools (81 peptides in total) (Table
7.1) were tested by IFNy ELISpot on BAL, lung, TBLN and PBMC isolated at 13/14 dpi, at the peak of
the response according to our previous findings (Edmans et al. 2020). Pools 3 and 4 consistently showed
the greatest responses across tissues and were therefore broken down to identify antigenic peptides
(Figure 3.5 A). Antigenic peptide identification was performed in TBLN, where the background was
negligible and the responses high. Peptides 30 and 31 showed the highest response, followed by peptide
37 from pool 4 and were selected for minimal epitope identification (Figure 3.5 B). CD8 T cells
commonly recognise peptides of 9 aa length, thus peptides 30, 31 and 37 were trimmed from either end
down to 9aa (Figure 3.5 C). Two new epitopes were identified: NP1gi1.1s9 AAVKGVGTI (AAV) and
NP217.22s VAYERMCNI (VAY) (Figure 3.5 C), which were confirmed to be CD8 epitopes by IFNy

ELISpot (Figure 7.1) and loaded into SLA-2 molecules to generate tetramers.
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Figure 3.5 Identification of NP epitopes AAV and VAY (A) Pools of 10 peptides of 18 amino acids
(aa) length from the NP of HLN1pdmO09 were used for an initial screen to stimulate cells isolated from
BAL, lung, TBLN and PBMC. Responses at 13/14 DPI were measured by IFNy ELISpot and
H1IN1pdmO09 (pH1N1) MOI = 1 was present as a positive control. (B) Spot forming cells (SFC) in
TBLN after stimulation with individual peptides from pool 3 (p3) and pool 4 (p4), highlighted the
peptides that subsequentially identified AAV epitope (in blue) and VAY (in red). (C) Minimal epitope
identification (using peptides of 9 aa) from peptide 30/31 (top) and 37 (bottom) that lead to the
identification of AAV (in blue) and VAY (in red) epitope. Mean and SEM of 3 animals. Credit to
Matthew Edmans and Basu Paudyal for this work.

3.5 Dynamics of T cells responses

The kinetics of CD8 T cells specific for the three NP epitopes (DFE, VAY and AAV) were assessed in
T1-T4 studies, starting from 6 dpi when a cellular response is first detectable (Edmans et al. 2020). The
highest responses for all tetramers, as absolute counts, were found in the BAL and lung, followed by

TBLN and NT (Figure 3.6).
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Figure 3.6 Representative plots of tetramer* cells at 21 dpi. Numbers under the gated population
indicate the % of tetramer+ CD8 T cells
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Figure 3.8 Counts of tetramer™ cells in tissues. (A) Tetramer+ CD8 T cells were identified with the

following gating strategy: singlets, alive (Zombie NIR~), CD3, CD8p, and shown as number of tetramer*
cells in 10 million alive cells. (B) Counts of tetramers® CD8 T cells in 10 million live cells isolated from

each tissues. The symbols indicates individual animals while line connects the mean of each timepoint.
DPI here indicates days post-infection

To assess changes over time, the proportions of tetramer* CD8 population were analysed for each

tetramer (Figure 3.8). A mathematical model was developed in collaboration with Dr. Simon Gubbins

(for equation, see Material and Methods).
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Figure 3.7 Tetramer distribution in tissues. Proportion (%) of CD8* T cells specific for AAV (left),
DFE (middle) or VAY (right) in different tissues. In each plot the solid line is the fitted curve describing

the dynamics, the large open circles are the mean % at each time point and the small filled circles are
the observed % for individual pigs at each time point.
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The model was chosen based on the best fit with the data: a curve that increases from the baseline (yo)

to a maximum (Ymax) at the peak time (tmax) and then declines towards the baseline.

The fitted curves indicated that the peak proportion of CD8 T cells specific for each tetramer (Ymax) and

the timing of the peak (tmax) differed amongst tissues and between tetramers (Figure 3.7).

Interestingly, the modelled response in PBMC peaked earlier (16.8 dpi for AAV, 3.4 dpi for DFE and
9.1 dpi for VAY) compared to BAL, lung or NT (28.0 dpi, 11.2 dpi and 11.1 dpi respectively in BAL)
(Table 3.1), in accord with the idea that cells generated in LN traffic to local tissues via the blood. AAV*
CD8 T cells peaked 3 to 17 days later than the peak of DFE* or VAY* CD8 T cells in different tissues,
while DFE and VAY responses shared similar kinetics in most tissues except PBMC, where DFE peaked
earlier (Table 3.1 and Figure 3.7). The magnitude of AAV responses was greater than those to VAY and
DFE in all tissues except PBMC, while DFE was higher than VAY in all tissues except for TBLN (Table
3.1 and Figure 3.7). Naive animals showed minimal binding to all three tetramers (Figure 3.9 and

Appendix Table7.1).
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Table 3.1 Estimated parameters describing the changes over time in the proportion of tetramer® CD8 T
cells in different tissues.

Parameter Tissue* Tetramer
AAV DFE VAY
Ymax - peak proportion (%) BAL 5.23 2.52 1.80
lung 3.37 2.10 0.90
NT 2.53 1.12 0.83
TBLN 1.31 0.55 1.23
PBMC 0.33 0.97 0.20
spleen 0.55 0.50 0.38
tmax - time of peak BAL 28.0 11.2 11.1
proportion (days post lung 22.1 15.9 13.6
infection) NT 19.3 9.5 11.1
TBLN 15.1 10.3 11.9
PBMC 16.8 3.4 9.1
spleen 19.1 5.3 6.0
Yo - baseline proportion BAL 0.71
(%)t lung 0.22
NT 0.41
TBLN 0.16
PBMC 0.10
spleen 0.09

* BAL - broncho-alveolar lavage; NT - nasal turbinate; TBLN - tracheo-bronchial lymph node
+ the baseline proportion is the same for each of the tetramers

Tracheal CD8 T cells were isolated only during experiment T4, at time points 21, 42 and 63 therefore it
was impossible to model their Kinetics. However, the AAV response was higher than that to DFE and
VAY at 42 dpi (p=0.03), with DFE responses being significantly higher than VAY (p=0.03). AAV

response remained higher than VAY at 63 dpi (p=0.03) (Figure 3.10).
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Figure 3.10 Distribution of tetramer* cells in the trachea (A) Percentages of DFE, VAY and AAV*
within CD8 T cell population at day 21, 42 and 63 post infection (B) Number of tetramer® T cells in 10
million live cells. Each symbol represents an individual and the dotted line the average % of tetramer”

T cells in naive animals.

Changes in the proportions of different tetramer* cells in each tissue were modelled in relation to the
total tetramers® population of CD8 T cells. BAL, lung and spleen presented similar changes in
proportions of the different tetramer* populations. Despite being initially lower than VAY and DFE in
all tissues, AAV was dominant by 30 dpi (60%), and in most tissues DFE and VAY declined (~20%)
(Figure 3.11). However, in NT the frequency of cells specific for DFE remained constant (25%), while

that for VAY decreased and that for AAV increased. In PBMC the proportions changed only gradually
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(Figure 3.11), although the small number of PBMC data points mean that this observation should be

interpreted with caution.
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Figure 3.11 Changes in the proportion of tetramer® CD8 T cells in different tissues Relative
proportion (%) of CD8* T cells specific staining with each tetramer (AAV blue; DFE black; VAY
red) in the indicated tissues. In each plot the solid line is the fitted curve describing the dynamics
and the points are the observed proportions for individual pigs at each time point

IAV-specific T cells in the nasal mucosa of mice are longer lived and showed a less rapid decline than
those present in the harsh environment of the lung (Pizzolla et al. 2017b). I therefore investigated the

decline of tetramer* T cells in all tissues after the peak response, using a mathematical model (Figure
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3.12). AAV* CD8 T cells declined slower than cells specific for either DFE or VAY in all tissues.
Furthermore, the proportion of cells specific for AAV decayed most slowly in BAL, indicating the

importance of studying multiple antigen-specific T cells during infection.
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Figure 3.12 Estimated decay over time (A) Decay (% reduction from peak) of response within the
indicated tissue. (B) Decay of tetramer* CD8 T cells in different tissues (as shown). Note: DFE and
VAY share the same dynamics in BAL, VAY has the same dynamics in NT and PBMC while AAV has
the same dynamics in NT and spleen so these decay curves overlap.

Collectively, these data show that the frequency of different tetramer® T cells varies between tissues,
with the highest frequency in BAL. AAV tetramer™ cells are dominant at later time points. In general,

responses in PBMC peaked earlier compared to local tissues but waned more rapidly and did not reflect

86



the kinetic at the mucosal tissues. | did not observe a more rapid decay in lung and BAL than NT, as

previously reported in mice (Pizzolla et al. 2017b).

3.6 Phenotype of NP-specific CD8 T cells over time

The phenotype of the NP-specific T cells present locally (in BAL and TBLN) and systemically (PBMC)
was next analysed, using the newly established panel, and modelled (Figure 3.13 A and B). Due to
limited sample availability, it was not possible to investigate the phenotype in NT, trachea, lung and
spleen. Most tetramer™ cells exhibited TCM or TEM phenotypes throughout the time course in all
tissues. Although the initial proportions differed amongst the tetramers (with AAV showing the highest
percentage), a similar phenotype (TEM) was observed across tetramers with a slow but steady increase
in TCM proportion in PBMC, reflecting the phenotype found most abundantly in TBLN (Figure 3.13
B). On average, more than 80% of NP-specific T cells in local LN expressed CCR7 and lacked
CD45RA, while only a small proportion (8%) were negative for CCR7 (Figure 3.13). In contrast, in
BAL the predominant phenotype was TEM (78.5%), with only a small percentage of cells expressing
CCR7 (20.3% on average at 21dpi) which declined with time (Figure 3.13). TDE and naive cells

numbers were too small, so their analysis was not reliable.
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Figure 3.13 Phenotype of influenza-specific CD8 T cells in tissues and change over time (A)
Expression of CD45RA and CCR7 by AAV (left, blue), DFE (centre, black) and VAY (right, red)
tetramer® (coloured dots) and total CD8 T cells (in grey) isolated at 21 dpi from PBMC (top),
TBLN (middle) BAL (bottom), representative plots for one individual. (B) Proportion (%) of
CD8" T cells staining with AAV (blue), DFE (black) and VAY (red) tetramer in different tissues.
T cell populations are TEM (CD45RA/CCRT7*; top row) and TCM (CD45RA/CCR7"; bottom
row) in PBMC (left), TBLN (center) and BAL (right). In each plot the solid line is the fitted trend
line and the points are the observed proportions for individual pigs at each time point.

3.7 Transcriptional changes of T cells in BAL after

influenza infection

To better understand the differences between the tetramer* cells in the tissues studied, I next performed
RNA sequencing (RNA-seq) on DFE* sorted cells. DFE was the tetramer of choice due to the limited

availability of AAV and VAY tetramers at the time of the experiment.

Several studies in humans and mice showed that T cells isolated from lung and BAL highly expressed
the core genes signature of TRM when compared to T cells in blood or spleen (Hayward et al. 2020;
Sathaliyawala et al. 2013; Snyder et al. 2019; Kumar et al. 2017). Thus, | hypothesised that porcine
BAL cells differentially expressed TRM genes compared to cells isolated from TBLN. The number of
DFE* T cells in blood and spleen was too low to allow reliable RNA extraction, therefore, | used TBLN

instead.

Secondly, | also wished to compare TRM gene expression in the upper and lower RT. After IAV
infection in mice, these two compartments showed different dependencies on TGF signalling pathway

and gene expression (Pizzolla et al. 2017b).
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Finally, since the phenotype of tetramer™ cells in BAL did not change significantly with time (Figure
3.13), a third aim was to investigate differences in the transcriptome of DFE* cells in BAL during

infection (7 dpi) and at memory stages (21 dpi and 63 dpi).

RNA was isolated from DFE" cells sorted from BAL at 7, 21 and 63 dpi, TBLN and NT at 21 dpi, from

the same animals. As a control, CD8 T cells from BAL of naive animals were sorted (Table 3.2).

Table 3.2 Summary of the sorted samples. Sample identifier (ID) comprises the animal 1D, day post-
infection and tissue. Complementary DNA (cDNA) obtained after library preparation is reported in
nanomolar concentration (nM).

sample ID number of sorted cells cDNA (nM)
0047 naive BAL 64,646 9.82
R144 naive BAL 82,773 143.81
G132 7dpi BAL 6,000 10.54
R140 7dpi BAL 11,000 29.82
P345 7dpi BAL 7,549 21.97
73 21dpi BAL 15,500 27.06
74 21dpi BAL 6,500 4.56
76 21dpi BAL 5,000 16.74
73 21dpi TBLN 1,650 1.43
74 21dpi TBLN 1,600 0.17
76 21dpi TBLN 600 0.98
73 21dpi NT 2,283 0.73
74 21dpi NT 1,077 0.24
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76 21dpi NT 2,283 0.72
82 63dpi BAL 245 1.83
84 63dpi BAL 5,567 5.14
85 63dpi BAL 500 7.55

cDNA library preparation, sequencing and part of the RNA-seq analysis were conducted in collaboration

with Prof, Timothy Connelley at the Roslin Institute and Edinburgh Genomics.

Unfortunately, a limited amount of cDNA was obtained from TBLN and NT, and therefore not

sequenced, limiting the analysis to the BAL.

Multidimensional scaling (MSD) of 31,909 genes revealed that gene expression in DFE* cells in BAL
at 7 dpi was distinct from 21 dpi and 63 dpi, with the latter two time points being more closely related.
Total CD8 T cells from BAL of the two naive animals presented high variability due to small sample

size, so were not taken forward in the analysis.
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Figure 3.14 Multidimensional representation of all genes in the sequenced samples

Differential gene expression analysis was applied to compare 7, 21 and 63 dpi samples. We identified
4666 different genes significantly (pagj value < 0.05 and [log, fold change| > 1) expressed in 7 dpi versus
(vs) 21 dpi comparison while 1198 were differentially expressed in 7 dpi vs 63 dpi and only 560 in 21

dpi vs 63 dpi (Figure 3.15).

7 dpi vs 21 dpi 21 dpi vs 63 dpi
23
4562 218
25
56 294
823
63 dpi vs 7 dpi

Figure 3.15 Differential gene expression comparison. Venn diagram shows the number of significant
differentially expressed genes (q value < 0.05 and |log> fold change| > 1) between 7 dpi versus (vs) 21
dpi, 21 dpi vs 63 dpi, and 63 dpi vs 7 dpi comparison. The graph was generated using R.
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At 7 dpi upregulated genes were involved in cell growth, movement (Igfbp2) and proliferation (Ctla4,
Kifll, Kifl8a, Shmtl) while at 21 dpi genes linked with T cell activation (Tagap, IL2ra, Csf2, Dgkg)
and adhesion (L1cam, Cass4) were highly expressed (Figure 3.16 A). Interestingly, the comparison
between 7 and 63 dpi revealed differential expression of genes involved in (Jazfl, Atp8b4, 1gf2bp3),

transcription factors (Litaf), T cell development and proliferation (Ccnd3, Shcbpl).

I then assessed differentially expressed genes in each pair-wise comparison for the enrichment of
associated pathways. Upregulated pathways at 21 dpi, compared to 7 dpi, were linked to the control of
Th1/Th2 differentiation, cytokines secretion, antigen processing, and presentation (Figure 3.16 B and
Table 3.3). TGFp signalling pathway, known to be involved in mucosal residency, was also upregulated
at 21 dpi. No significantly regulated pathways were identified in the comparison between 63 dpi and the

other time points.
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Figure 3.16 Differentially expressed genes in DFE" cells in BAL at 7, 21 and 63 dpi. (A) Volcano
plot showing upregulated genes in 21 days post infection (dpi) vs 7 and 63 dpi vs 21 comparison. (B)
Heatmap of selected genes from KEGG Pathway analysis related to cytokine production, T cell
differentiation and TGFf pathway (enrichment score of 0.76, 0.88 and 0.83 respectively).
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Table 3.3 Relevant significant (FDR<0.05) KEGG pathways upregulated in 21 dpi vs 7 dpi comparison.

Gene Set Pathway Normalised P Value FDR
enrichment score
$5¢04640 Hematopoietic 0.90817 0 0
cell lineage
ssc04010 MAPK signalling 0.77936 0 0
pathway
ssc04658 Thl and Th2 cell 0.88885 0 0
differentiation
ssc05164 Influenza A 0.82988 0 0
ssc04668 TNF signalling 0.85347 0.0014388 0.0014388
pathway
ssc04060 Cytokine- 0.75969 0 0
cytokine receptor
interaction
ssc04612 Antigen 0.88222 0 0

processing and
presentation

ssc04350 TGFp signalling 0.83065 0.0014925 0.0014925
pathway

I next examined the presence of gene expression features of tissue resident memory T cells (TRM),
previously identified in the human lung, in these samples (Snyder et al. 2019; Kumar et al. 2017,
Schoettler et al. 2019) (Figure 3.17). BAL cells from 63 dpi upregulated a gene related to integrins

(Itgal), the TRM transcription regulator gene Znf683 and downregulated genes involved in migration
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(Sell, S1prl) as in humans. In addition, at the earlier timepoint of 7 dpi DFE* T cells expressed more
cytotoxicity related genes (GzmA, GzmH, Prfl and Ccl5) while starting from 21 dpi genes involved in
cytokine signalling and secretion were upregulated (Ifng, Tnf, 1113, Tgfbl and Tnfsf13b) (Figure 3.17).
Interestingly, Cd69 expression changed with time and peaked at 21 dpi, similarly to CD103 gene (Itgae),

which had its peak at 7 dpi.

[ 7dpi 21dpi 63 dpi

PRF1
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ITGAE
SELL
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CCL5
~ IFNG
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TGFB1
TNFSF13B
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1 TNF
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2
-1
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Figure 3.17 Gene expression of tissue resident memory T cells features. (A) Heatmap of selected
genes related to tissue resident memory T cells.

Despite the similar phenotype, these data suggest that CD8 T cells at the site of infection change gene
expression over time, with genes involved in proliferation and migration upregulated at 7 dpi while

cytokine-related pathways are upregulated at 21 dpi.
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3.8 Differentiation states and functions of influenza-specific

T cells

RNA-seq analysis showed changes in CD69 gene expression with time, I, therefore, analysed and
modelled CD69 protein expression in BAL, TBLN and PBMC (Figure 3.18 A) (for gating strategy, see
Appendix Figure 7.2). CD69 protein levels decayed only slightly with time in BAL for all tetramers.
This also applied to AAV and VAY labelled T cells in TBLN while it decayed in DFE* T cells at a
higher rate (0.022/day for DFE, 0.003/day VAY and 0.001/day AAV) (Figure 3.18 A and Table 3.4).

As reported above, PBMC expressed minimal CD69.

Pathway analyses revealed upregulation of Th1/Th2 differentiation-related genes in BAL T cells at 21
dpi compared to 7 dpi. | validated these findings by analysing and modelling the expression of the
transcription factor T-bet, involved in Thl differentiation and homing to inflammatory sites, and
eomesodermin (Eomes), involved in the induction of memory and effector T-cell differentiation (Figure
3.18 B). Eomes was poorly expressed in BAL, only detectable at early time points and decayed rapidly
in all tetramer* cells (0.33/day decay rate) (Figure 3.18 B and Table 3.4). AAV* CD8 T cells presented
the highest expression of Eomes in TBLN (mean of 20.6%) followed by VAY and DFE while similar
expression was present in PBMC for all tetramers, with no decay (Figure 3.18 B and Table 3.4). In
contrast, T-bet expression differed significantly among tissues and tetramers. T-bet was highly
expressed in TBLN and PBMC, where it decayed more slowly than in TBLN, for all tetramers. In TBLN
T-bet decayed more slowly in AAV than DFE or VAY responding T cells (Figure 3.18 B and Table
3.4). Low levels of T-bet were present in BAL at early times in all tetramers, but its expression declined

rapidly and was undetectable at later time points (Figure 3.18 B and Table 3.4).
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Figure 3.18 Activation state and transcription factors expression in tetramer™ CD8 T cells (A) Top:
Histograms show the expression of CD69 by DFE (black), VAY (red) and AAV (blue) tetramer™ T cells
in PBMC (left), TBLN (centre) and BAL (left) at 21 DPI. Bottom: Frequencies of tetramer+ cells
expressing CD69 in PBMC, TBLN and BAL. (B) Top: Expression of T-bet and Eomes by AAV (left,
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blue), DFE (centre, black) and VAY (right, red) tetramer* (coloured dots) and total CD8 T cells (in grey)
isolated at 21 dpi from TBLN, representative plots for one individual. Bottom: Frequencies of tetramer+
cells expressing T-bet and Eomes in PBMC, TBLN and BAL. (C) Proportion of AAV, DFE and VAY
tetramer * expressing Ki67 in PBMC, TBLN and BAL. In each plot the solid line is the fitted curve
describing the dynamics and the points are the observed proportions for individual pigs at each time
point

Table 3.4 Estimated decay rates (d; /day) in the proportion of tetramer specific T cells expressing
different markers in different tissues.

Marker Tissue* Tetramer
AAV DFE VAY
Ki67 PBMC 0.027 0.128 0.036
TBLN 0.049 0.226 0.127
BAL 0.050 0.186 0.038
T-bet PBMC 0.017 0.027 0.013
TBLN 0.019 0.067 0.057
BAL 0 0.196 0.044
Eomest PBMC 0
TBLN 0
BAL 0.33
CD69 PBMC 0.012 0.006 0.006
TBLN 0.001 0.022 0.003
BAL 0.004 0.003 0.007

* BAL - broncho-alveolar lavage; TBLN - tracheo-bronchial lymph node,  decay rate is the same for
each of the tetramers

These data suggested that BAL TRM may have already switched off Eomes and T-bet protein expression

and are no longer undergoing active Th1/Th2 differentiation.

Ki67 expression was analysed as a proxy for cell proliferation which is typically linked to

differentiation. Whereas high frequencies of Ki67* tetramer binding cells were found in PBMC and
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TBLN at early time points, only 14% of BAL cells were Ki67" at 6 dpi and Ki67 expression was barely

detectable at 63 dpi (1.8%) (Figure 3.18 C).

The RNA-seq data showed changes in expression of genes related to cytokine production over time.
Lymphocytes isolated from PBMC, TBLN and BAL were therefore stimulated with HIN1pdm09 and
the production of IFNy, TNF and IL-2 by tetramer binding cells was assayed by intracellular cytokine
staining. | compared the responses of the dominant responding AAV population with DFE cells which
decline more rapidly. Despite high expression of T-bet, PBMC tetramer® cells produced a limited
amount of IFNy (5.9% in DFE", 4,3% AAV*at 7 dpi), which was almost undetectable after 21 dpi
(Figure 3.19). Similar kinetics were present in TBLN, with IFNy and IFNy/TNF co-producer being the
most abundant in both DFE and AAV* CD8 T cells. The highest responses were detected in BAL, with
consistent production of cytokines (predominately IFNy and TNF) even at 63 dpi. No significant
difference was observed between DFE* and AAV* populations, but there was a trend toward a higher
proportion of triple producers (INFy*TNF*IL-2%) at later time points in AAV* cells compared to DFE*

(Figure 3.19).
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Figure 3.19 Cytokine secretion after ex vivo virus stimulation of AAV and DFE tetramer™ cells (A)
Lymphocytes isolated at different time points from blood, TBLN and BAL were stimulated with
H1N1pdm09 MOI=1. Following 18 h of stimulation, cells were labelled using tetramers and cytokines
quantified using intracellular cytokine staining. Representative plots of AAV* (on left) and DFE™ (right)
T cells secreting IFNy, TNF and IL-2 cytokines, from lymphocytes isolated 14 DPI. (B) Mean frequency
(= SEM) of tetramer™ cells secreting IFNy, TNF and IL-2 from PBMC (top panels), TBLN (in the
middle) and BAL (bottom). On the right Y axes is reported the mean frequency of AAV™* (in blue, left
panels) and DFE" (in black, right panels) within CD8 T cells is reported. Data shown are mean of 3/ 4
individuals per timepoint. Two-way ANOVA was used for comparison of each cytokine population
between DFE* and AAV® cells.

In conclusion, despite differences at the transcription level of CD69 and T cell differentiation genes, |
did not find corresponding differences in their protein level expression in BAL, while TBLN and PBMC
expressed T-bet and Ki67 at early time points, while Eomes up to 63 dpi. Ex vivo incubation with

H1N1pdmO09 resulted in IFNy and TNF cytokine secretion by 7 dpi, despite upregulation of related genes
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being highest at 21 dpi. These data suggest that BAL TRMs are a stable, largely non-dividing population

able to produce abundant cytokines for at least 63 dpi.

3.9 Pilot study on T cell migration

TRM in mice are independently maintained from T cells in circulation and do not egress from mucosal

sites (Turner et al. 2014) although this theory has been recently challenged (Fonseca et al. 2020).

In order to establish the methodology to determine whether circulating T cell contribute to protection or
TRM are solely responsible for heterosubtypic protection, | tested FTY720 in pigs. FTY720 inhibits the
recirculation of lymphocytes and monocytes from the LN by modulating sphingosine-1-phosphate-
dependent lymphocyte egress (Brinkmann et al. 2002). Despite its wide use in human and mice, the
drug was never administered to pigs. | therefore tested oral administration of FTY720 at 1mg/kg both

as a solution and in the solid form of a capsule as a proof of concept ( Figure 3.20).

FTY720 oral solution
FTY720 oral capsule

control
7h 24h 48h 72h 96h
1 | ] | |
I ¢ & ¢ é '

bleeds

Samples collected:
PBMC, spleen, lung,
BAL, TBLN,
submandibular LN

Figure 3.20 FTY720 experimental design. Babraham pigs were administered 1mg/kg of FTY720 in a
capsule (n=2) or in a solution squirted into the mouth (n=2). A control pig was untreated. Pigs were bled
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at: 7, 24, 48, 72 and 96 h post-administration. Five days after treatment (96h), all pigs were culled and
PBMC, spleen, lung, TBLN and submandibular lymph nodes (LN) were collected.

Blood was monitored from 7 to 96 h post-administration for leukopenia. Level of granulocytes,
monocytes, T cells, natural killer (NK) cells and mature B cells (CD21*) were measured and compared
to the baseline levels of each population prior to administration (Figure 3.21 A). At 7 h post-treatment,
both FTY720 groups showed a marked reduction in T cells (to 13.1% and 15.23% of the baseline levels
in the oral solution and oral capsule group, respectively), with naive CD4 (CD4*CD8a.") being the most
affected population (Figure 3.21 B and C). B cells were also markedly reduced (to < 25% of the baseline
in both groups) from 7 h while granulocytes and monocytes were at their lowest after 48 h. NK
population was variable during all measurements so that no reliable conclusions can be drawn. From 48
h, pigs that received FTY720 by oral solution showed increased granulocyte and T cells levels compared
to the oral capsule group, although their level did not reach baseline in blood (Figure 3.21 C). Five days
post-administration (96 h), the lymphopenic effect persisted in the FTY720 oral capsule group. At the
same time, most of the subsets studied reached around 50% of the baseline level in the oral solution

group.

In BAL at 96h, | did not observe marked differences between the groups, suggesting that the cells
isolated by lavage are resident. In the lung, y6 and CD8 T cells levels were more than fivefold lower in
the oral capsule group compared to untreated control. On the other hand, leukocytes accumulated in LN.
Monocytes and CD8 T cells were three times more abundant after FTY720 administration via capsule
than oral solution or control, and overall leukocytes levels were increased by twofold in submandibular
LN. A similar effect was observed in TBLN, while in the spleen the differences were marginal (Figure

3.22).
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Figure 3.21 Gating strategy and leukocytes levels in the blood. (A) Gating strategy based on pre bleed
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Figure 3.22 Lymphocytes presence in tissues. Tissues were weighed before lymphocytes isolation and
counts adjusted per mg of tissue. BAL cells were isolated with 200ml of media and cell counts expressed

per ml. gd indicates yo T cells.

These data indicate that oral administration of FTY720 in capsule induced sustained leukopenia and can
be used in the future experiments to establish the contribution of circulating T cells and TRM in

protection.
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3.10 Discussion

This chapter described the phenotype of porcine 1AV-specific CD8 T cells in lymphoid and non-
lymphoid tissues and showed that antibodies to CD45RA and CCRY7 identify four subsets: naive, TCM,
TEM and TDE. The identity of these subsets was confirmed by additional staining for CD27 and perforin
and by assessing their ability to secrete effector cytokines. As expected, in LN, the predominant
population was naive cells with few TEM and TDE. Like humans, most CD8 T cells in the lung were

TEM and TDE (Snyder et al. 2019), while in BAL, TEMs predominate (~80%).

Previous studies in pigs showed that most TBLN, BAL, and, to a lesser extent, lung T cells are
inaccessible to intravenous anti-CD3 mAb (Holzer et al. 2018; Martini et al. 2021); it was interesting to
examine the expression of CD69, designated as a marker of early activation and tissue residence, on
these cells. As in other species, CD69 was minimally expressed on blood T cells, although it can be
upregulated upon activation with a mitogen (data not shown). In BAL, CD69 was present on a high
proportion of cells, while a small proportion of CD69* T cells was found in the lung. CD8 T cells in
TBLN and spleen also expressed this marker, perhaps reflecting that cells in these organs may have
been recently activated. In the context of IAV infection, a high proportion of NP-specific T cells in
TBLN expressed CD69 from 6 until 63 dpi, and CD69*tetramer™” cells in BAL reached 80% in all three
tetramer® populations examined. Because CD69 is also a marker of early activation, future studies will
be needed to investigate its coexpression with other activation markers such as CD25, CD38, and SLA-
DR. In addition, the development of an anti-porcine CD103 will further confirm the role of CD69 as a

residency marker in mucosal tissues.
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This chapter compared the distribution, phenotype and gene expression of different antigen-specific
cells during 1AV infection. Intriguingly, the modelled kinetics of the responses to the three epitopes
were very different, with DFE being the most abundant in PBMC and spleen early on but peaking in all
other tissues at similar times to VAY. The response to the third epitope AAV appeared later, but by 20-
30 dpi it was dominant in all tissues and persisted for longer. Others have reported marked differences
in the hierarchy of the responses to immunodominant epitopes of 1AV in mice (Wiley et al. 2001; Belz
et al. 2000). Pizzolla and colleagues showed that T cells specific for immunodominant epitopes in NP,
PA and PB proteins of IAV in the nasal mucosa shared a similar hierarchy with systemic responses,
while in the lung all immunodominant epitopes were equally represented (Pizzolla et al. 2017b). In the
present study, despite an initial peak of DFE* T cells, at the memory stage, the AAV epitope dominates
in all tissues, with no marked difference between the organs. Furthermore, the response does not decline
more rapidly in the lung or BAL than blood or spleen, although in mice both of these have been
postulated to be hostile environments inducing transcriptional and epigenetic changes that promote
apoptosis (Hayward et al. 2020). Further studies are required to understand why AAV responses are
immunodominant compared to DFE and VAY. Immunodominance may be linked to peptide-MHC
affinity and it has also been reported that early IFNy production can provide an advantage to a given
antigen-specific population (Jenkins et al. 2006; Liu, Whitton, and Slifka 2004). However, | did not

observe significant differences in cytokine production between AAV* and DFE* CD8 T cells.

The reported results indicate that an airway population of TRM, recoverable by BAL, is established
following 1AV infections with a peak at 10-30 dpi. Early on, these cells were proliferative (5-22% Ki67*
at 7 dpi), though Ki67 expression was much more prominent in tetramer binding cells in TBLN and
PBMC, suggesting that the bulk of the BAL population arises by cell division before entry into the
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airways. BAL Ki67 expression declined over time and, and so did the tetramer-binding population,
indicating that cell division did not maintain this population. This finding is in line with recent studies
on SARS-CoV-2 infection, revealing that despite a high number of lung resident T cells, these lacked
Ki67 expression in humans (Szabo et al. 2021). Interestingly, the expression of the transcription factors
T-bet and Eomes shared similar kinetics. In mice, T-box transcription factor downregulation and the
consequent expression of CD103 on CD8 T cells are essential for TRM formation (Mackay et al 2015).
In addition, DFE* T cells upregulated genes implicated in TGF( pathway at 21 compared to 7 dpi. TGF
plays a critical role in tissue retention and signaling differentiation into TRM (Zhang and Bevan 2013;
Mohammed et al. 2016; Ma and Zhang 2015), suggesting that tetramer binding cells at 21 dpi already
present TRM features. In addition, other genes characteristic of TRMs in humans were also upregulated

at each of these time points.

Interestingly, GzmA, GzmH, Prfl genes were upregulated at 7 dpi, while Ifn and Tnf were highly
expressed only at 21 dpi. A possible explanation for this difference lies in the kinetic of death mediated
by these molecules. Cytotoxicity mediated by granzymes and perforin is a fast event, fundamental early
on during infection when many infected cells are present. On the other hand, receptor-induced killing,

such as the one promoted by TNF, is slow and could be beneficial at later time points, such as 21 dpi.

Others have reported marked differences in gene expression between CD8 T cells specific for different
epitopes (Yoshizawa et al. 2018) which should be investigated in the future to understand the prevalence

of AAV* CD8 T cells.

Treatment with FTY720, a drug that impairs leukocytes' egress from LN, and caused systemic

leukopenia in pigs while the cells in the BAL were unaffected in this short-term experiment, confirming
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that these are TRM. Future studies will investigate the protective role of pre-existing TRMs in the

respiratory tract after heterotypic influenza challenge, post FTY720 treatment.

In summary, these data suggest that in this natural host model of IAV infection, CD8 TRM are
established in the airways after clonal expansion in draining TBLN and migration to the lungs via the
blood. Modelling of the kinetics of the responses to three different NP epitopes over time in different
tissues highlights the importance of studying and modelling the response to different epitopes within the
same protein, often oversimplified in mouse studies, where one immunodominant epitope is normally
used. | demonstrate that antigen specific CD8 cells do not decline faster in the lung compared to other
tissues, in contrast to previous literature. | demonstrate differences in gene expression over time in NP-
specific TRM cells in BAL, linked to cytokine production and differentiation, indicating that TRM are
not a completely stable population but continue to differentiate during their tissue residence.
Nevertheless no difference in phenotype or functions between different tetramers-binding T cells was
observed, so it remains unclear why AAV dominates over the other epitopes. This data revealed that

although porcine TRM have a stable phenotype they exhibited major changes in gene expression.
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Chapter 4
Distribution of droplets after aerosol and intranasal
delivery to the porcine respiratory tract

4.1 Introduction

For decades, LRT infections have been in the top three causes of mortality in adults and children (Forum
of International Respiratory Society 2017). Only a handful of pathogens are mainly responsible for these
infections: influenza virus, respiratory syncytial virus, M. tuberculosis, and, more recently, SARS-CoV-

2.

Vaccines are the most cost-efficient strategy to prevent infections, and much research aims to improve
their efficacy against respiratory viruses. The effectiveness of a vaccines is measured by its ability to
elicit good humoral and/or cellular responses in the periphery. The systemic immune responses were
considered to mediate protection at the mucosal sites, where infections occur. Recently, several studies
have shown that lung, skin, gut, and the reproductive tract's immune responses are distinct from those
found in circulation and fundamental for protection (Beverley et al. 2014; Jin and Subbarao 2014; Jiang
et al. 2012; Mueller et al. 2013). Despite evidence for the critical role of local immunity, only a handful
of vaccines have been approved for mucosal delivery (Miquel-Clopes et al. 2019). Mucosal vaccination
offers several advantages: it is needle-free, does not require trained personnel, delivers the antigens at
the site of infection, eliciting mucosal immunity and can be an easy immunisation tool for a large
population. Furthermore, mucosal immunisation is the most efficient way to elicit B and T tissue resident

memory cells in the lung, as antigen encounter in the respiratory tract is thought to be important for their
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formation (Pizzolla et al. 2017a; Allie et al. 2019). While systemic immunisation is characterised by
serum IgG, IgA can only be generated at the immunisation site and in circulation when the vaccine is
delivered locally. IgA are actively secreted across the epithelium in the RT as a dimer, a configuration
shown to be more efficient in neutralising influenza, human immunodeficiency virus (HIV), and SARS-
CoV-2 (Liew et al. 1984; Devito et al. 2000; Asahi-Ozaki et al. 2004; Sterlin et al. 2021). An advantage
of respiratory immunisation is the enormous epithelial surface (more than 140 m?) which facilitates
absorption with its thin alveolar vasculature (Gehr, Bachofen, and Weibel 1978). Despite these
advantages, only one vaccine (live attenuated influenza vaccine, LAIV) has been licensed to be
delivered mucosally against respiratory infections in humans (Food and Drug Administration 2020;
European Medical Agency 2013). Only seven of nearly 100 vaccine candidates in clinical trials against

COVID19 are delivered intranasally (Lund and Randall 2021).

One obstacle in the preclinical development of respiratory vaccines is selecting which part of the
respiratory tract to target: URT or LRT. Two different vaccination strategies have been tested: nasal
spray (limited to URT) and small droplets aerosol (which also targets the lung). Both routes have been
tested in humans, with aerosol measles vaccine delivered to children in Mexico in clinical trials and
LAIV administered routinely i.n. in the US, UK and Europe (Jin and Subbarao 2014; Low et al. 2015).
However, delivery to the nose or LRT may have significant immunological and safety consequences
(Bolton et al. 2017). In fact, when comparing URT and lung targeting, different immune responses have
been described for measles (de Swart et al. 2017), Mycoplasma pulmonis (Hodge and Simecka 2002),
tuberculosis (Tb) (Ronan et al. 2010), and influenza (Lau et al. 2011; Smith et al. 2012; Hemmink et al.
2016; Minne et al. 2007). These findings suggest the need to study how to optimally deliver a new

vaccine candidate to different RT areas.
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A second challenge in developing mucosal vaccines against respiratory infections are the animal models
available to study accurately vaccine delivery and immune responses. Rodents are widely used for
preclinical vaccine evaluation; however, anaesthesia is often required for i.n. administration and
challenge, changing their breathing pattern to deep and slow breaths that facilitate lung deposition.
Therefore, immune responses obtained in these conditions may be misleading and reflect pulmonary
delivery instead. This problem can be circumvented by limiting the administered volume to 10 pl in
mice (Eyles et al. 1998). However, differences in the physiology of rodents, such as bronchus-associated
lymphoid tissue (BALT) organisation and lack of tonsils in mice, may have an impact on the responses
shown in these models (reviewed in (Davis 2001)). The pig is physiologically, immunologically, and
anatomically more similar to humans and, therefore, an excellent model to study vaccine and immune
responses in the RT (Rajao and Vincent 2015; Janke 2014). Porcine lung anatomy, epithelial structure,
and submucosal glands resemble those in humans (Judge et al. 2014). In addition, pigs are a natural host
for influenza, representing a great model to study immune responses to novel vaccines and influenza

infection.

I.n. delivery by MAD, i.t. instillation and aer. delivery to the porcine RT using nebulisers have been
previously tested to deliver vaccines or challenge with 1AV (Vincent et al. 2012; Masic et al. 2013;
Hemmink et al. 2016; Morgan et al. 2016; Holzer et al. 2018; Talker et al. 2016). While our group has
routinely used both MAD and nebulisers, it is unclear where the delivered virus or vaccine is deposited.
Different in vitro techniques have been used to address this question, such as measurement of vaccine-
specific-RNA by RT-qPCR of the lung regions after delivery (Dr. Barbara Holzer, personal
communication). To visually assess deposition, Evans Blue dye was aerosolised or delivered i.n. to pigs
just before sacrifice (Hemmink et al. 2016). Unfortunately, none of these methods have provided a clear
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characterisation or quantification of the distribution of the aerosol generated by the different delivery

routes.

This chapter evaluates the properties of droplets and devices used to target the porcine RT. Here, |

addressed the following primary objectives:

1. To compare in vitro the droplet size of aerosols generated by the MAD device and VMNSs
2. To model in vitro the deposition of aerosols in the porcine RT using a breathing head model.

3. Toassess in vivo the deposition following MAD or VMNs delivery by gamma scintigraphy.

The data presented in this chapter have been adapted from published work (Martini et al. 2020).

4.2 In vitro aerosol characterisation

A key aspect of targeted delivery to the RT is the device, which needs to reliably and reproducibly deliver
the vaccine to the desired area. The deposition site is influenced by the droplet size of the aerosol, anatomy,
and breathing rate. Large droplets (> 10 um diameter) normally accumulate in the nose by inertial
impaction, while small droplets (< 5 um) can deposit in the trachea, bronchi, as well as alveoli (Québec
1994; Cheng 2014). It is unclear if, in pigs, very small aerosol (<3 pum) can deliver to the lung a higher
dose, more successfully than aerosol with particles of 5 um diameter. Two VMNs generating different
droplet sizes were therefore compared. In order to do so, albuterol sulphate, a standard drug for aerosol
studies, was used as a tracer. Two methods were used for the analysis of droplet size, in accordance with
international regulatory standards: laser diffraction and cascade impaction (International Organization for
Standardization 2013). During laser diffraction measurements, a collimated laser light illuminates the

aerosol generated by the device. The scattered light is recorded by a series of detector lenses from which
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the size of the droplets is estimated (named volume mean diameter (VMD)). Cascade impactors consist of
several stages of different thicknesses placed in series. Aerosolised droplets with a small aerodynamic
diameter will follow the flow of the air and reach the stages at the end of the series, while bigger droplets
will be deposited on the first stages. Each stage is then washed, and the deposited droplets measured in

each stage, allowing the calculation of the mass median aerodynamic diameter (MMAD).

The analysis of the two VMNs showed that one VMN, named "small VMN", produced droplets with a
VMD of 3.5 um and MMAD of 2.5 um while the droplets of the second one, termed "medium VMN",
had VMD of 4.5 um and MMAD 3.5 um (Figure 4.1 A). These are two fundamentally different techniques
used in the measurement of droplet diameter, and a difference in readings is expected. The fine particle
fraction, droplets of less than 5 um, was greater in the small VMN compared to the medium one (Figure

4.1B).
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Figure 4.1 In vitro aerosol characterization. (A) The volume median diameter (VMD) and mass
median aerodynamic diameter (MMAD) were measured for aerosols generated by small VMN and
medium VMN using albuterol. (B) The fine particle fraction (droplets with diameter smaller than 5
um) of the two VMNSs. (C) The VMDs of aerosols generated using small and medium VMNs with
albuterol, S-FLU and *™Tc-DTPA were compared. (D) The VMDs of aerosols generated using small
and medium VMNSs and i.n. MAD with S-FLU and *®™Tc-DTPA were analysed. Here are presented
the mean of three different experiments. Unpaired t-test was used for VMD, MMAD, fine particle
fraction comparisons. Two-way ANOVA with Tukey post hoc test was used to compare small and
medium VMNSs and i.n. MAD with S-FLU and ®™Tc-DTPA. Asterisks denote *p < 0.05, **p < 0.01,
*4%p <0.001 and ****p < 0.0001.

In order to assess in vivo the distribution of droplets generated by the two nebulisers or the MAD device,
| performed a scintigraphy study using the radionuclide technetium (**"Tc) complexed with
diethylenetriaminepentaacetic acid (DTPA) (*™Tc-DTPA). This complex was chosen as it is routinely
used in lung scintigraphy studies in humans. | then tested if **™Tc-DTPA could be used as a surrogate
of both albuterol and influenza virus particles by analysing the droplet size of the aerosol generated by

these three different preparations (Figure 4.1 C). S-FLU is an attenuated influenza virus vaccine, with a
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single replication cycle, making it safer than influenza virus to use in these experiments. It is identical
in structure to wild-type influenza and, therefore, a useful surrogate for studying its aerosolization
properties (Powell et al. 2012). The VMD of droplets produced by the two VMNSs, determined by laser
diffraction, was comparable for albuterol, S-FLU and *"Tc-DTPA, with minimal differences (0.4 pm)

acceptable for the methodology (Figure 4.1 C).

The droplets of S-FLU and *™Tc-DTPA, generated using the MAD device, were then characterised. In
the MAD, a syringe containing the preparation is fitted to a nozzle, which atomises the formulation.
Both S-FLU and ®*™T¢-DTPA formulations generated a much larger droplet size with the MAD (average
of 86 pum) compared to the VMNSs. In addition, there was higher variability with the MAD (SD =10)

compared to 0.02 for the nebulizers (Figure 4.1 D).

In conclusion, small and medium VMNs produced aerosols with different size distributions. In addition,
these data indicated that aerosol of **"Tc-DTPA albuterol and S-FLU shared similar droplet sizes,
therefore both albuterol and ®™Tc-DTPA can be used as a surrogate to study the deposition of influenza
virus particles. MAD generated a larger droplet compared to the VMNs, which could influence the

distribution in the porcine airways.
4.3 In vitro aerosol deposition in a 3D printed pig head

model

I next developed an in vitro model with the aim to quantify the dose delivered to the lung. These studies
were performed at Aerogen Itd. as part of my industrial placement. The model aimed to reflect the

breathing rate and anatomical features of the porcine URT and trachea. A 3D printed pig head was
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connected to a breathing simulator via a collection filter positioned at the end of the trachea. Albuterol
was delivered using a custom-made mask, similar to the one used for the in vivo study, and the drug
collected in the filter was measured as an estimate of lung deposition. Body weights greatly influence
lung volume in mammals, | here modelled the breathing patterns of 15 kg and 20 kg pigs, weight range
of the pigs used in the scintigraphy study described below. | used a 7.7 ml/kg body weight to tidal
volume (amount of air inhaled and exhaled in each respiratory cycle) conversion, therefore using 115ml
and 150 ml to mimic the breath of a 15kg and 20kg pig (Stahl 1967). The small VMN was superior in
the deposition of albuterol on the filter (18.1% for 15 kg and 22.3% for 20 kg pigs) compared to medium

VMN (15.9% and 20.5%, respectively) (Figure 4.2 A).
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Figure 4.2 3D printed pig head model (A) A 3D printed pig head was used to assess potential lung

deposition in vitro. Settings of the breathing simulator mimicked a 15 kg pig (115 ml tidal volume
(Vt), 25 breaths per min (BPM), Inhale/Exhale ratio (I/E) 1/3) or a 20 kg pig (150 ml Vt, 25 BMP, I/E
ratio=1/3). Drug deposition on a filter, interposed between the trachea and breathing simulator, is
expressed as a % of the nominal dose (dose in the device before administration). (B) ®"Tc-DTPA was
delivered to the pig head using a medium VMN and images recorded under gamma camera. Counts
recorded in the face area, throat and lung filter were then calculated as a % of counts delivered. This
experiment was repeat three time with 4 days interval as washout period. Two-way ANOVA with
Sidak post hoc test was used to compare albuterol aerosol deposition. Asterisks denote *p < 0.05.
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| next adopted this model to quantify by scintigraphy the deposition of *"Tc-DTPA in the different
areas of the 3D pig head model: face/nose, throat, and lung/filter. 115 ml tidal volume was chosed as it
was the closest to that of the pigs used for the in vivo experiment. Due to the half-life of *™Tc-DTPA, |
could test its delivery at four days interval to allow all remaining radioactivity in the model to fully
decay, thus limiting the study to only the medium VMN, with three replicate experiments. The nebuliser
delivered 10.8% of the counts to the face, 2.2 % to the throat and 27.5% to the filter/lung, while the
majority was deposited in the mask or exhaled (Figure 4.2 B). This slightly higher deposition measured
by gamma camera compared to the one obtained with albuterol (15.9%) might be explained by the

difference in the quantification techniques used.

These data indicate that small VMN has the potential to deliver a higher dose to the lung compared to

medium VMN.
4.4 Scintigraphy study

Experimental design

I next administered ®™Tc-DTPA to three sedated pigs by aer., using small and medium VMNSs, or i.n.,
using MAD, in a randomised crossover experimental design (Figure 4.3 A). A four days interval
between each administration allowed complete radioactive decay of the previous dose of ®"Tc-DTPA,
while sedation was required for optimal image recording and it is routinely used when administering
aer. to pigs. The total dose delivered i.n. was 10 mega becquerel (MBQ), divided equally between both
nostrils (1ml per nostril). A higher dose was administered via aer. (30MBq dose in 1 ml). This different
dose was chosen to account for a bigger dispersion of the radioactivity in the entire lung when using

VMNs, which could otherwise limit the detection of small quantities of radioactive material. Instantly
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after *™Tc-DTPA administration, scintigraphic images of the animals were recorded, allowing
visualisation and quantification of the delivered dose. Three regions of interest (ROIs) were
investigated: face area (including both nasal cavities and facial skin), throat (comprising both trachea
and oesophagus), and lung (Figure 4.3 B). A fourth region, the stomach, was included to detect any
radioactivity present below the lung. Deposition in the stomach was recorded in 2 animals after MAD

administration, probably because of swallowing nasal aspirate. The quantification in each ROl was
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corrected for background and radioactive decay (see Chapter 2). The devices were imaged, using a

gamma camera, before and after administration to quantify any residual *"Tc-DTPA (Figure 4.3 C).

A 4 days 4 days 4 days
Pilot
1. small VMN 1.i.n. MAD 1. small VMN 1. medium VMN
2. medium VMN 2. small VMN 2. medium VMN 2.i.n. MAD
3.i.n. MAD 3. medium VMN 3.i.n. MAD 3. small VMN

small VMN before ) small VMN after

//\[—T) administration ( administration
& S D
)~/
y,
/ (
NS ¢4

/N
/ \
/

BY

. medium VMN before medium VMN after
administration 4 ( administration
)

Figure 4.3 Experimental design (A) Schematic representation of the cross over
experimental design for the in vivo scintigraphy study. ™ Tc-DTPA was administered to
three sedated pigs (indicated with numbers 1,2 and 3) using small and medium VMNSs
nebulisers or intranasally with the MAD (i.n. MAD). Each pig received the three different
treatments sequentially at 4 days intervals, after the pilot study, conducted to test dose and
equipment. (B) Diagram indicating the regions of interest analysed — face, throat, and lung.
(C) Images of VMN devices before and after administration.
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Deposition in the respiratory tract after aerosol and intranasal delivery

Images of the devices before and after delivery to the pigs showed a residual dose of 11% in the MAD
compared to approximately 50% present in the nebulisers attached to the mask, concentrated mainly in
the filter present on the masks designed to capture exhaled air for small VMN (Figure 4.3). As standard
practice in scintigraphy investigations, | calculated the deposited radioactivity in each ROI as a
percentage of the total amount of radioactivity detected in the animal, rather than as a fraction of the
nominal dose. As reported in Table 4.1, a greater proportion was recovered in pigs after aer.
administration with the VMNs (79.5% and 83.1%) compared to i.n. MAD delivery (62.1%) representing

37.8% and 55.1% of the dose present in the devices.

Table 4.1 Dose administered and recovered in pigs (mean * SD)

Device Dose of radioactivity Amount of Amount of
administered as % of | radioactivity detected | radioactivity detected
dose loaded into the | in the pig as % of dose | in the pig as % of dose

device administered loaded into device
Small VMN 49.2+5.8 79.5+23.3 37.8+6.3
Medium 52.4+105 83.1+14.0 420+25
VMN
i.n. MAD 88.8+0.5 643124 57.1+24

In the face area, | recorded a significantly higher amount of ®™Tc-DTPA using medium VMN (56%)
compared to MAD device (31.2%) (Figure 4.4 and Figure 4.5). The proportion of *™Tc-DTPA in the
throat were slightly higher when using MAD (35.9%) or small VMN (31.5%) than medium VMN
(18.7%) although this difference did not reach significance. MAD was significantly more efficient than
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medium VMN in delivery to the lung, with 51.9% of the administered dose present in this ROl compared
to 25.4% of medium VMN. Small VMN delivered a slightly higher dose to the lung (32.8%) compared
to the medium VMN, but this difference was not significant (p=0.16). In the stomach of two of the pigs
dosed with MAD, I recorded a small proportion of the radioactivity (7 and 10.1%), more obvious from

lateral images (Figure 4.5 A).
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Figure 4.4 In vivo scintigraphy images. Superimposed frontal scintigraphic images of each pig after
aer. delivery with small and medium VMN and i.n. MAD delivery. Radioactive anatomical markers

(visible as a circle in the two images) were positioned around the ears and thorax of the pig to enable
post hoc image reconstruction.
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Gamma camera images of the three modalities indicated that a high proportion of the VMN delivered
counts remained in the face area, which includes both nasal cavities and facial skin. In an attempt to
estimate the deposited dose on the skin, | used skin wipes to try to remove the radioactivity deposited
there. Although wipes might not recover 100% of the radioactivity, this showed a great proportion of
technetium present on the facial skin, more so for the VMNSs than after i.n. delivery (Figure 4.5). On the

other hand, MAD's deposition appeared more distal and associated with the nasal cavities.

In the lung, the distribution was substantially different between the devices. I.n. MAD delivery
concentrated **™Tc-DTPA in a small area. This relatively small area was found in 2 of the three pigs in
the right lung, probably due to the asymmetrical bifurcation of the trachea, which favours the right lung.
In contrast, the radioactivity was homogeneously distributed in the entire area of the lung with VMNSs

(Figure 4.4 and Figure 4.5).

Together these results suggest that MAD delivers a higher but variable dose to both URT and the lung,
although in 2/3 animals | detected radioactivity also in the stomach. Despite a smaller proportion of the
label reached the lung, VMNs homogenously target the lung with high deposition also recorded in the

nose and trachea.
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Figure 4.5 Deposition and quantification of ®*™Tc-DTPA. (A) Lateral images taken after dosing. (B)
The counts in each region of interest were expressed as percent of total counts in the animal. (C) After
recording of all images, the face area of the pigs was wiped. Images of the pig face area and wipe were
then recorded. Background corrected wipe counts were expressed as a % of the counts present in the face
area before it was wiped. Two-way ANOVA was used for statistical analysis of the deposition in the
different region of interest. Kruskal-Wallis test was conducted for the comparison of the face wipes’
radioactivity, using GraphPad Prism (8.3.0). *p<0.05, and *** p<0.001.

Reproducibility

To assess the reproducibility of scintigraphy, counts from the pilot study were compared to those from
the second leg study, where the same animals were dosed with the same devices. Although this
comparison included only one animal per device, MAD showed high variability. Aer. administration
was instead more reproducible, with consistent deposition in the lung for both small and medium VMN

(Figure 4.6).

These data indicate that VMNSs are reproducible, while MAD showed a greater degree of variability in

lung deposition.
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Figure 4.6 Reproducibility. The reproducibility of scintigraphy was assessed by comparing the pilot
study with the second leg where each animal had the same treatment as in the pilot. Counts in each
region of interest for the two experiments are represented as % of total counts in the animal.
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4.5 Potential translation to human

To translate our findings in pigs to humans, | tested in vitro the delivery of albuterol to a human phantom.
The human head was connected to a breathing simulator via a collection filter, simulating the deposition
to the lung. The aerosol produced by VMNs was delivered to the phantom using the Ultra facemask
(Aerogen). Similarly to the pig head model, small VMN was superior to medium VMN in delivering

albuterol to the 'lung' (34.3% versus 26.8%) (Figure 4.7).
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Figure 4.7 In vitro human model. An adult human phantom was connected to medium and small
VMNs using Ultra (Aerogen), a human aerosol mask, with 2 L/min oxygen flow. The phantom human
head was attached to a respiratory pump using a lung/filter and the amount of albuterol delivered was
quantified. The symbols represent a replicate of the test. Unpaired t-test was used for statistical
analysis. Asterisks denote **p<0.01.

These results are in line with previous work in a human model (Bennett et al. 2019). VMNSs’ deposition
has been recently tested in humans with a similar setup as our human phantom. VMNs deposited 34.1%
in the LRT with 39.7% loss in the mask and device (Dugernier et al. 2017). A smaller tidal volume and

a more complicated anatomy of the URT may explain the lower deposition in pigs compared to humans.
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4.6 Discussion

This chapter presented the in vitro and in vivo deposition of droplets generated by three different devices:
MAD, small VMN and medium VMN. Small VMN generated the smallest droplet (3.5 um VMD)

followed by medium VMN (4.5 um), with MAD generating the largest droplets (86 pum).

In vivo, MAD delivered a consistently high percentage of the loaded dose (88.8%, SD 0.5). A relatively
low proportion (mean £ SD: 13 + 6%) of the administered dose was observed in the nasal cavities while
MAD was superior to medium VMN in lung deposition. However, the MAD deposition in the LRT
showed a very uneven distribution, localised in one region of the lung. | also observed a small fraction
of the dose in the stomach (mean *+ SD: 6 + 5%), probably due to drainage from the nasal cavities, via
the oesophagus. This deposition pattern is most probably a consequence of the large volume
administered i.n. (1 ml) and the sedation process. Unfortunately, sedation was required for optimal
imaging and can be avoided during vaccination or challenge experiments. In this study I delivered 1 ml
per nostril, in an attempt to compensate for the larger swine nasal cavities. Adjusting the volume to
200ul (volume used for the FluMist, the commercially available human LAIV) could limit the
deposition of the formulation to the URT, although studies will need to confirm this (Food and Drug

Administration 2020; European Medical Agency 2013).

Dose administration via the nebulisers was more variable; a SD of 10.5 was obtained for the medium
VMN compared to 5.8 for small VMN. These differences are probably related to the method of
administration and in particular the effect that the animal’s breathing pattern (i.e. rate and depth of
breathing) has on the administration method. I.n. delivery is an active process (the solution is sprayed

into the nasal cavity) occurring over a relatively short period (several seconds). Thus, is less prone to be
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influenced by the animal’s breathing pattern. In contrast, aer. administration using VMNSs is a passive

process and takes several minutes, therefore it is more dependent on the animals’ breath rate.

After aerosolisation, | detected differences in the residual dose present in the mask and the counts
recorded on the facial skins of the pigs. Approximately 3% of the residual dose after medium VMN
administration was on the mask’s top filter, intent to confine any exhaled particles (Figure 4.3). On the
other hand, around 70% of the residual dose in the small VMN apparatus was found on the filter. In
addition, medium VMN delivered a significantly higher proportion of the dose in the face area compared
to small VMN (Figure 4.5). Thus, small droplets are more easily delivered to the porcine airways but
can also be exhaled and deposited in the mask filter while bigger droplets of 4.5 um, generated by

medium VMN, are found in the face area as surface contamination of the skin.

Aer. administration with small VMN was highly reproducible (mean + SD: 32.9 £+ 1.60%). Deposition
in the lung using the medium VMN 4.5 um was somewhat more variable (mean + SD: 25.4 + 6.83%).
As mentioned above, these differences could perhaps be attributed to the different particle size
distribution between the two nebulisers with the smaller particle size promoting better delivery and more
consistent lung deposition. However, there was no significant difference in terms of total lung deposition
between the two nebulisers. Although VMNs delivered a lower proportion of the dose to the lung, this
was much more evenly distributed compared to MAD. VMNs were also superior to MAD for

reproducibility within the same animal.

Two-dimensional planar scintigraphy enabled us for the first time to quantify the delivered dose to the
different areas of the RT, but it has some limitations. Due to its two-dimensional nature, the distinction

of anatomical structures of interest, such as lateral wall and septum of the nasal cavity or different parts
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of the LRT, cannot be made. Also, the technique is not fully quantitative since radioactivity scatter, the
distance of the radioactive source from the camera head and tissue attenuation will affect the data.
However, planar scintigraphy is a widely accepted method for investigating the regional deposition of

pharmaceutical dosage forms especially following administration to the respiratory tract.

Whether the differences in deposition between MAD and VMNSs will influence the immune responses
to vaccines remains to be investigated. Our group has recently compared MAD delivery of an influenza
vaccine candidate (ChAdOx NPM1 NA) with VMN, in a pre-exposure model (Vatzia et al. 2021).
Thanks to the findings presented in this chapter, i.n. vaccination volume was adjusted to 300 ul to limit
the delivery to the URT. Pigs were first challenged with HLIN1pdmO09 and 4 weeks later were immunised
by aer. or i.n.. A third group received the vaccine i.m. while the control group was not vaccinated. Aer.
immunised pigs showed a significantly higher level of IgG and IgA in the BAL and increased systemic
humoral response compared to the i.n. group. Local T cell responses were also superior in this group.
These results indicate that targeting the lung with VMNSs elicits strong T cell and B cell responses even
in animals previously infected locally. Future studies will need to confirm these findings in naive
animals and test whether aer. immunisation is superior to MAD delivery in generating TRMs. The
homogenous aerosol deposition in the lung would, in theory, translate into homogenous TRM
distribution and patrolling of the entire LRT, thus better protection. Although this hypothesis needs
validation, one can speculate that a localised vaccine deposition, such as the one obtained with MAD,
supports antigen-specific T cells' migration to a small area, where local inflammation occurred.
Takamura and colleagues confirmed that local pulmonary inflammation drives T cell migration and
differentiation into TRM via Repair-Associated Memory Depots (RAMD), populated by antigen-
presenting cells (Takamura et al. 2016). The absence of RAMD in areas of the RT might imply limited
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T cell recruitment right where viral particles will replicate in subsequent infection. Therefore, a

homogeneous vaccine distribution, such as the one obtained with VMN, may be preferable.

Studies in mice and ferrets showed that optimal heterotypic protection is achieved when the LRT is
targeted (Powell et al. 2012; Lau et al. 2011; Tannock, Paul, and Barry 1984). However, LAIV retains
some potential for replication and it includes a viable HA, with risk for recombination in case of a
concurrent infection, therefore it is not safe for pulmonary delivery (Ambrose and Coelingh 2012). On
the other hand, novel vaccine candidates, such as S-FLU (see Chapter 5), single-cycle influenza vaccine
lacking a functional HA gene, can be delivered safely to the LRT. Therefore, the findings here illustrated

are invaluable for pre-clinical vaccine testing of such vaccine candidates.

This chapter illustrates the in vitro properties and in vivo deposition of the aerosols obtained using small
VMN, medium VMN and the MAD device. Despite the fact that MAD showed a higher lung deposition,

VMNSs offered homogenous distribution in the porcine RT, which could be important for vaccination.
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Chapter 5
New influenza vaccine candidates and the effect of route of
administration on immune responses and protection

5.1 Introduction

S-FLU is a candidate 1AV vaccine obtained by deleting the signal sequence of HA, therefore limiting
its replication to a single cycle (Powell et al. 2012). The functional HA, necessary for the entry of the
virus into the cells, is provided by pseudotyping. This vaccine has been tested in IAV challenge
experiments in mice, ferrets, and pigs previously, with different degrees of protection. In the mouse
model, S-FLU delivered i.n. was protective against lethal heterotypic challenge, thanks to the generation
of cross-reactive CD8 T cells in the lung, while Ab responses against HA were detected only when the
vaccine was given i.p (Powell et al. 2012; Powell et al. 2019). I.n. S-FLU protected ferrets from
homologous and heterologous challenges, similarly to cold-adapted LAIV, and prevented transmission
(Baz et al. 2015; Holzer et al. 2018). The pig is anatomically more similar to humans and offers the
advantage of testing different routes of respiratory administration, such as i.n., i.t. and aer., more easily
than in mice and ferrets. S-FLU i.n., i.t. and aer. administration routes were compared in pigs with aer.
administration showing consistently reduced viral load in the nose and lung when partially matched to
the challenge virus, correlating with a local lung T cell immune response (Morgan et al. 2016). In a
heterologous challenge experiment, S-FLU by aer. reduced pathology but failed to stop viral replication
in the porcine URT (Holzer et al. 2018). These findings are in contrast to what was demonstrated by

Baz et al. in ferrets, the gold standard model for 1AV research, where S-FLU stopped transmission and
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reduced viral load (Baz et al. 2015). Consistent with studies in mice (after i.n. delivery) and ferrets, pigs

immunised by aer. failed to generate neutralising antibodies against HA.

These data showed the importance of testing influenza vaccine candidates in pigs, a natural host of IAV
and with a similar distribution of sialic acid receptors to humans (Trebbien, Larsen, and Viuff 2011).
Aiming to improve the efficacy of S-FLU vaccine in pigs, two different strategies have been tested and

described in this chapter:

1. Insertion of an HA expression cassette in S-FLU, generating the so-called CLEARFLU vaccine.

2. Administration of S-FLU by different routes: i.m. and a combination of aer. and i.m.

CLEARFLU

This second generation of S-FLU vaccine was designed by Alain Townsend and Holly Sadler (Figure
5.1). In CLEARFLU, the HA signal sequence is still present therefore the protein can be expressed in
infected cells. However, its sequence contains several independent inactivating mutations. CLEARFLU

was designed with the following 8 characteristics:

Cleavage resistance

Locked by inter-monomer disulphide bonds

Egg adaptations avoided

Antigenicity maintained

Receptor binding abolished

Fusion peptide inhibited

Loop inactivation by proline residues (not present in CLEARFLU’s version tested in pigs)
Universal platform for all strains
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Individual mutations and rationale are indicated in Table 5.1.CLEARFLU inactivating mutations in
different locations of the HA ensure that compensatory mutations, able to re-generate a functional HA,
will be unlikely but antigenic activity is conserved. Similarly to S-FLU, the functioning HA,
indispensable for vaccine entry into target cells, is provided by pseudotyping. The presence of HA gene
in CLEARFLU enables infected cells to express this protein on the surface, with the aim of improving
neutralising Ab responses and immunogenicity. When tested i.n. in mice, H1 CLEARFLU generated
strong neutralizing antibodies towards H1 in the sera (50% neutralisation titre of ~1:2000) (H. Sadler,

thesis, 2021).

CLEARFLU

pseudotyped HA

CLEARFLU
mutated HA

NA

-2 =

Figure 5.1 S-FLU and CLEARFLU. Representative diagram of S-FLU vaccine (on the left) and
CLEARFLU (on the right). HA gene in S-FLU is coloured in green as an indication of the presence of
eGFP sequence instead of HA. Mutations in the HA sequence of CLEARFLU are indicated with a green
circle and exampled mutations are reported in the zoomed oval.
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Table 5.1 Mutations in HA protein in CLEARFLU vaccine candidate (credit to Dr. Holly Sadler)

Mutation Mutation Rationale
type Position
(H3 numbering
system- see
Burke & Smith,
2014)

Cleavage HAIL-R329Q Cleavage of the precursor HAO into HAland HA2 by

resistance trypsin is necessary for conformational changes
required for cell entry. Viruses with mutations at the
cleavage site cannot replicate due to changes in
protease sensitivity.

Locked by Head: HAL-212C The introduction of inter-chain disulphide bridges
between head regions prevents membrane fusion
for cell entry.

inter- & HAL-216C

monomer

disulphidebonds Disulphide bridges between stem regions increase the

Stem: HAL- stability of the HA trimer and may prevent fusion.
HA2-

Receptor binding| HAL- The change from tyrosine to

abolished phenylalanine prevents the formation of a hydrogen
bond with sialic acid residues necessary, for the
binding, and attenuatates IAV in mice, but has a high
rate of back mutation

Fusion HA2-GIQ, Mutations in the fusion peptide abolishfusion. The

peptide HA2- residues which are most highly conserved are most

inhibited HA2-160, likely toblock function when mutated.
HA2-G8A
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Different routes of administration

Studies in mice showed that S-FLU delivered i.p. generated the highest neutralising Ab titre in blood,
suggesting that systemic administration can lead to higher Ab responses compare to local delivery
(Powell et al. 2019). On the other hand, local immune responses are fundamental for heterotypic
protection (reviewed in (Sridhar 2016)). Strategies that combine both local and systemic immunisation
have been explored in Th. Parenteral BCG priming and a subsequent i.n. boost with an adenovirus
vectored vaccine expressing antigen 85A (Ad85A) improved protection in mice (Santosuosso et al.
2006). BCG alone or in combination with Ad85A enhanced protection when administered
simultaneously systemically and to the respiratory tract in mice and cattle (Dean et al. 2015; Tchilian et
al. 2011). Uddback et al. have adapted this strategy using an adenoviral vector expressing influenza
nucleoprotein (NP) and demonstrated greatly improved efficacy and long-lasting protection against

heterosubtypic influenza challenge in the mouse model (Uddback et al. 2020; Uddback et al. 2016).

This chapter describes immune responses after administration of CLEARFLU and S-FLU using

different administration routes, and it addresses the following specific aims:

1. Comparison of cellular and humoral responses after S-FLU and CLEARFLU aer. immunisation
2. Evaluation of systemic immune responses following S-FLU i.m. administration
3. Comparison of protection induced by i.m., aer. and SIM regimes, using S-FLU. The work

presented in this section has been adapted from a published manuscript (Martini et al. 2021).
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5.2 Pilot study: S-FLU and CLEARFLU immunisation by

aerosol

In mice, CLEARFLU expressing H1 (A/England/195/2009) and H3 (A/Hong Kong/5738/2014),
delivered i.n., induced neutralising Ab responses against the expressed HA (1:2000 dilution of pooled
sera) (Figure 5.2 and Figure 5.3). In contrast, sera of mice immunised i.n. with S-FLU, pseudotyped

with H1/PR8 or H3 (A/Hong Kong/5738/2014), were not neutralising. Both vaccines generated

inhibitory Ab against NA.
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i.n. i.p.

1. H1 S-FLU 6. H1 S-FLU
2. H1 CLEARFLU 7. H1 CLEARFLU
3. H3 S-FLU 8. H3 S-FLU
4. H3 CLEARFLU 9. H3 CLEARFLU
5. control 10. control
boost
28 days | 14 days

Samples collected:

serum
Route of Number of Vaccine used Titre
administration  animals (TCID50)
1. H1 S-FLU Intranasal 5 [eGFP/N1(A/England/195/2009 N/A
)] coatingH1
(A/England/195/2009)
2.H1 Intranasal 5 [H1CFv2(A/England/195/2009)/ <3. x 104
CLEARFLU N1(PR8)] coating H1(PR8)
3. H3 S-FLU Intranasal 5 [S-eGFP/N2(NYMC X-217)] 1.2 x 106
coating H3(A/Hong
Kong/5738/2014)
4, H3 Intranasal [ [H3CFv2(A/Hong 6.9 x 10°
CLEARFLU Kong/5738/2014)/N1(PR8))
coating H1(PR8)
5. Medium Intranasal 4 Unimmunised N/A
Control
6. H1 S-FLU Intraperitoneal 5 [eGFP/N1(A/England/195/2009 N/A
)] coatingH1
(A/England/195/2009)
7.H1 Intraperitoneal 5 [H1CFv2(A/England/195/2009)/ <3.x10%
CLEARFLU N1(PR8)] coating H1(PR8)
8. H3 S-FLU Intraperitoneal 5 [S-eGFP/N2(NYMC X-217)] 1.2 x 108
coating H3(A/Hong
Kong/5738/2014)
9. H3 Intraperitoneal 5 [H3CFv2(A/Hong 6.9 x 10°
CLEARFLU Kong/5738/2014)/N1(PR8)]
coating H1(PR8)
10. Medium Intraperitoneal 4 Unimmunised N/A
Control

Figure 5.2 CLEARFLU and S-FLU experimental design in mice. 6-8 weeks old BALB/c female mice
were immunised as indicated using CLEARFLU or S-FLU or media, as a control, and sera collected 14
days post boost. The table reports the details of the immunisation regimes of this study. Holly Sadler
and Alain Townsend performed this experiment.
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Assay Samples used Viruses used
1. [eGFP/N1(PR8)] coating H1(PR8) S-FLU
" 2. [eGFP/N1(A/England/195/2009)] coating
u H1(England/195/2009) S-FLU
(")
< MN Pooled serum 1, | cro/N2(NYMC X-217)] coating H3(A/Hong
% Kong/5738/2014) S-FLU
v 4. [eGFP/N2(NYMC X-217)] coating H3(X-31) S-FLU
= 1. [eGFP/N2(NYMC X-217)] coating
’5 H3(A/Switzerland/9715293/2013) S-FLU
E 2. [eGFP/N1(A/Puerto Rico/8/1934)] coating
2 ELLA Pooled serum H7(A/Netherlands/219/2003) S-FLU
3. [S-eGFP/N1(A/England/195/2009)] coating
H7(A/Netherlands/219/2003) S-FLU
B MN C ELLA
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Figure 5.3 Ab responses after CLEARFLU and S-FLU immunisation in mice. (A) The table details
the viruses used for the assays in B and C. Pooled sera of four/five animals were used for MN assay
against H1 and H3 viruses (B) or inhibitory assay against the vaccines’ neuraminidases N1 and N2 NAs
(ELLA) (C) (starting dilution 1:40, viruses used are reported in the table). MEDI8852 and Z2B3 mAbs
were used as positive controls for MN and ELLA assays respectively. The assays were repeated twice
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and the mean is shown. Credit to Holly Sadler for this work.
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Because of these promising results, | tested CLEARFLU in pigs and compared it with S-FLU. Babraham
pigs were chosen for this study as they share identical SLA, allowing the study of CD8 T cell responses
using previously identified immunodominant epitopes in the NP protein of the PR8 backbone of both
S-FLU and CLEARFLU (Tungatt et al. 2018). H7 (A/Netherlands/219/2003) S-FLU was administered
by aer. to 5-6 weeks old pigs (n=3) (Figure 5.4). A second group of three pigs received CLEARFLU,
coated with the same H7 and expressing the pandemic H1 (A/England/195/2009), by aer.. Three
unimmunised pigs were used as a control, but unfortunately, prior to the start of the study, one pig died,
reducing the number of control animals to two. Three weeks post priming, immunised animals received
a second dose of the vaccines by aer.. All animals were culled 21 days post boost, 10 min after receiving
i.v. Img/kg of purified mouse anti porcine CD3 mAb (clone PPT3, produced in house). The
administration of anti CD3 mAbs aimed to distinguish between resident T cells in the RT (TRM, CD3
i.v.) from T cells in circulation (CD3 i.v.*), as previously described (Holzer et al. 2018). Humoral
responses against H7 and H1 HAs were then assessed: no neutralising antibodies were detected (starting
serum dilution 1:20) in any of the groups (Figure 5.5). As in serum, no neutralising antibodies were

found in BAL (starting dilution 1:2, data not shown).
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S-FLU

CLEARFLU
contlrol 21 days D:OSt 21 days |
l ¢ & &

weekly bleeds

Samples collected:
serum, PBMC,
spleen, lung, BAL,
TBLN

Group Route of Number of Vaccine used Titre
administration animals (TCID50)
S-FLU Aerosol 3 [eGFP/N1(PR8)] 2.4. x 108
coating
H7(Netherlands/219/2
003)
CLEARFLU Aerosol 3 [H1CFv2(England/195/ 1.3. x 108

2009)/N1(PR8] coating
H7t(Netherlands/219/

2003)
Control N/A 2 Unimmunised N/A
Assay Samples used Viruses used
[eGFP/N1 (PR8)] coating
T3 ELLA serum H5(A/Vietnam/1203/2004) S-FLU
g g 1. [eGFP/N1(PR8)] coating
o H7(Netherlands/219/2003) S-FLU
=]
2 § MN serum b HINT

(A/swine/England/1353/2009)
1. [eGFP/N1(PR8)] coating

§ ELISpot PBMC, spleen, BAL X :Z:“Nletherlandslz19/2003) S-FLU
2] .

g_ (A/swine/England/1353/2009)

2 Tetramer

=

- taining:

& StINING: 1 op\c, spleen, BAL,

E] enumeration IN/A

= lung, TBLN

3 and

phenotyping

Figure 5.4 CLEARFLU and SFLU comparison: experimental design and assays performed. 5-6-
week-old Babraham pigs were immunised as indicated using CLEARFLU or S-FLU or left untreated,
and blood samples collected every week after boost. The tables show the details of the immunisation
regimes and the assays performed.
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Figure 5.5 CLEARFLU and S-FLU comparison: neutralising antibodies against viruses. (A) Serum
from 7 days post-boost was tested for its ability to neutralise H7 (A/Netherlands/219/2003) using MN
assay. S-FLU expressing eGFP was used and fluorence measured as readout. MEDI8852 mADb is a
positive control. (B) MN of sera at 7 days post boost with HIN1pdmQ9 virus. Viral NP protein was



detected using AAH5 mAb and serum from a pig infected with HIN1pdm09 was used as positive
control.

Anti-NA activity was present in sera of 2/3 S-FLU immunised animals at all days after boost (peak
response at 7 days post-boost (dpb), 161 mean inhibitory concentration 50 (IC50)) while CLEARFLU
did not generate an anti-NA responses measured by ELLA (Figure 5.6). As for HA, BAL failed to

neutralise N1 from PR8 (data not shown).

ELLA
b ° ® S-FLU
2861 * CLEARFLU
- — O Control
8 4 .
Qo detection °
threshold|, . v 0uen v evnnrosnnsnnronsvonns
164
4 [ == ° = =] L EH

7 14 21
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Figure 5.6 CLEARFLU and S-FLU comparison: inhibitory antibodies against NA. serum
neuraminidase inhibitory Ab concentration (IC50) was measured weekly post boost. Symbols represent
each animal and the mean is shown as line.

Cellular responses were assayed using IFNy ELISpot. Ex vivo stimulation with S-FLU, CLEARFLU
and H1IN1pdmO09, revealed low number of IFNy secreting cells in PBMC and spleen. In contrast, |
detected 2,165 and 2,170 SFU/10° cells against HLIN1pdmO09 in BAL of immunised animals with S-FLU
and CLEARFLU respectively, and similar responses towards their respective vaccine viruses (Figure
5.7 A). Next, | evaluted CD8 T cells response using the four NP tetramers: DFE, EFE, IAY and NGK
(Tungatt et al. 2018). Tetramer staining confirmed that the highest responses were in BAL, where almost
50% of CD8 T cells were specific for NP (22.6% DFE®, 0.11% EFE", 10.7%NGK" and 21.3%IAY" in

S-FLU group) (Figure 5.7 B and C).
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Figure 5.7 T cell responses. (A) IFNy secretion measured by ELISpot of lymphocytes isolated from
BAL, PBMC 2 weeks post boost and spleen postmortem. Cells were stimulated with S-FLU,
CLEARFLU or HIN1pdmQ9 (MOI=1) in triplicate wells. Here is shown the mean subtracted from the
medium control. Spot forming units (SFU) were then scaled to 10° cells (B) Cyropreserved lymphocytes
postmortem were stained with live/dead marker, CD3 and CD8p as well as SLA tetramers specific for
the epitopes DFE, EFE, NGK and IAY. Percentages of tetramer™ cells relative to CD8p are here shown,
each symbol represents one animal and line indicates the mean. (C) Representative plots for S-FLU
immunised (top) and control pig (bottom) of DFE* CD8 T cells in each tissue analysed.

The responses in lung mirrored the one in BAL, with DFE being the highest responding tetramer,
followed by IAY, NGK and only marginal responses were detected against EFE. Three weeks post
boost, CD8 T cells specific for the vaccines were present in the local LN at low frequencies and were
mainly specific for DFE (0.27% in S-FLU group and 0.24% in CLEARFLU) and IAY (0.37% and
0.20% respectively). In the periphery, I could not detect significant numbers of tetramers®™ cells

compared to control group.

I next investigated whether tetramer® cells present at the mucosal sites were resident or present in
circulation with the infusion of an anti-porcine CD3 mADb prior to sacrifice. The inability to saturate all
CD3 molecules on the surface of T cells with the infused Ab means that circulating CD3* cells were
labeled with both ex vivo and i.v. mAb. Cells isolated from BAL and many in lung were inaccessible to
the infused Ab and therefore resident (Figure 5.8 A). On the other hand, the majority of cells in spleen
were labeled with both the infused and the ex vivo anti CD3 mADb, indicating that these cells were in
circulation. 1 then studied the phenotype of DFE* cells isolated from various organs of S-FLU
immunised animals. As for DFE* cells generated after HIN1pdmO09 infection, tetramer* cells in BAL
shared a TEM (CD45RA" CCRT") phenotype. The majority of DFE* cells in TBLN, spleen and blood
also lacked CD45RA and CCRY7, while a small proportion presented a TCM phenotype. Due to very

small frequencies of tetramer* cells in circulation, their phenotype was less certain and | detected a low
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proportion of DFE® cells with naive phenotype (Figure 5.8 B). To study the proliferative and
differentiation state of TRM, | investigated the expression of Ki67, T-Bet and Eomes. In all tissues
analysed, DFE" cells were not proliferative. T-Bet, which promotes Th1l differentiation, was detected

only in PBMC and Eomes, was downregulated in all tissues (Figure 5.8 C).
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Figure 5.8 Localisation and phenotype of DFE* T cells. (A) Pigs were infused i.v. a mouse anti-
porcine CD3 mAb (clone PPT3) 10 mins prior to sacrifice. Isolated lymphocytes were then labeled with
anti-mouse 1gG1 Ab linked to PerCP Cy5.5 and, after blocking with mouse serum, with anti-porcine
CD3 mADb (clone PPT3) conjugated with APC. In gray is reported the staining of all lymphocytes while
black dots indicate DFE™ cells. (B) CD45RA and CCR7 expression of DFE* CD8 T cells in tissues (C)
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Expression of Ki67 (top), T-Bet (center) and Eomes (bottom) of total CD8 (gray) and tetramer™ T cells
(black).

Overall, these results indicate that CLEARFLU i.n. immunisation in mice generated neutralising Ab
against HA and NA. However, when tested by aer. in the pig model, CLEARFLU failed to elicit strong
Ab response. Both S-FLU and CLEARFLU recruited T cells in lung and BAL, with up to 50% of CD8
T cells specific for the vaccine’s NP and they presented a TRM phenotype. At three-weeks post boost
the response in the blood was barely detectable above the background staining, as previously reported

(Tungatt et al. 2018).

5.3 Pilot experiment: S-FLU intramuscular immunisation

Although the sample size was small and results should be confirmed with more animals, the lack of Ab
response after CLEARFLU immunisation led us to investigate a different strategy for vaccine
administration in pigs: i.m. injection of S-FLU vaccine. As previously shown in mice, systemic
administration of the vaccine induced a high level of neutralising Ab in blood at 14 days post boost
(Figure 5.3). I therefore tested whether the same was true in pigs. Five to eight weeks old Babraham
pigs (n=4) were immunised i.m. with [eGFP/N1(Engl195/2009)] S-FLU pseudotyped with
H7(A/Netherland/219/2003). Three weeks later, pigs recieved a second injection of the vaccine and the
animals were culled at 21 days post boost (Figure 5.9). For this study, sample collection was limited to

blood samples prior to immunisation and each week post boost.

To determine the breadth of the humoral response within subtype, | studied neutralisation of different

H7 HAs and inhibition of N1 NAs as indicated in Figure 5.9. Serum from 7 days post boost has a high
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titre of neutralising antibodies against the vaccine HA (A/Neth/219/2003 1:2,880 mean 50% inhibition
titre (50%IT)) (Figure 5.10). | next assessed neutralising responses to other low or high pathogenic H7
avian 1AV responsible for several outbreaks in humans. With only 82% protein identity to the vaccine
HA and A/New York/107/2003, sera from 7 days post boost showed a reduced mean 50%IT of 664
(Figure 5.10 A) towards this HA. Since the outbreak of H7N9 avian influenza A virus in China in spring
2013 (Gao et al. 2013), the virus has been responsable for five outbreak waves, infecting more than
1,500 people (Wang et al. 2017). A/Anhui/1/2013 was the predominant virus present during the first
wave outbreak in China, in the spring of 2013, and, with 97% protein sequence identity with the HA of
A/Netherland/219/2003, was well neutralised by the porcine sera (1:2279 mean 50%IT). Similalry to
AJANnhui/1/2013, A/Shangai/1/2013, also isolated during the first wave, is a low pathogenic virus and
was strongly neutralised (1:4795). After the first wave, surface genes of H7N9 viruses have developed
into two linages, distinguished by the region of outbreak, either the Yangtze River Delta or the Pearl
River Delta (Wang et al. 2016). | next studied the serum neutralisation against the high pathogenic
viruses of the Yangtze River Delta lineage, which arose during the fifth and most contagious wave:
AJ/Guangdong/17SF003/2016, A/Guangdong/THO005/2017, A/Guangdong/8H324/2017, A/Hong
Kong/125/2017 and A/Taiwan/1/2017. While for A/Guangdong/17SF003/2016 the neutralising titre
was comparable to the vaccine’s HA one (1:2819), more recent viruses were less neutralised
(A/Guangdong/TH005/2017 1:993, A/Hong Kong/125/2017 1:643, A/Taiwan/1/2017 1:125 and

A/Guangdong/8H324/2017 1:111 50%IT) (Figure 5.10 A).

Inhibition of the NA was measured by ELLA assay. The high inhibition titre against the vaccine’s N1

A/England/195/2009 (1:8,577) was mantained against the closely related A/Bayern/69/2009 and the
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more recent A/Michigan/45/2015. However, serum of immunised pigs failed to inhibit the NA of

AJPuerto Rico/8/1934, probably because they share only 80% protein identity (Figure 5.10 B).

I next evaluated systemic cellular responses using tetramers (Tungatt et al. 2018). At 21 days post boost
NGK* CD8 T cells of all animals were higher than their level pre immunisation (0.92% of CD8 at 21
days post boost, 0.16% pre immunisation) while DFE* and EFE* percentages were not altered after
immunisation (Figure 5.10 C). CD8 T cells specific for IAY were detected at high levels at the beginning
of the study (0.73% of CD8) and only one outlier pig presented increased number of IAY™ cells (Figure

5.10 C).
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7. [eGFP/N1(PR8)] coating H7
(A/Guangdong/TH005/2017) S-FLU
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(A/Guangdong/8H324/2017) S-FLU

9. [eGFP/N2] coating H7(A/Taiwan/1/2017) S-FLU

MN serum

Cellular Tetramer
responses staining: PBMC [N/A
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Figure 5.9 S-FLU i.m.: experimental design and assays performed. (A) Four 5-8 weeks old
Babraham pigs were immunized intramuscularly with S-FLU (details in the table below), boosted 3
weeks apart and sacrifice 3 weeks after. (B) The tables summarise the assays performed and the viruses

used for these tests.
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Figure 5.10 S-FLU i.m.: humoral and cellular responses in blood (A) Virus microneutralisation titre
in sera at 7 days post boost against different H7 subtypes (B) Neuraminidase inhibitory Ab concentration
(1C50) was measured 7 days post boost and cross reactivity tested to different N1 NAs (C) Enumeration
of tetramer™ CD8 T cells in PBMC 21 days post boost (dpb). Each symbol represents one animal and
the mean is shown as a bar. Pre-immunisation serum and PBMC were used as controls for the assays.
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In summary, S-FLU delivered i.m. induced high level of neutralising Ab to HAs and inhibitory Ab to
NAs of the same sub-type. CD8 T cells responses, identified by tetramer staining, were detected

consistently against the NGK epitope.

Whether these levels of neutralising Ab are sufficient to provide protection was not investigated. This
study was limited to the evaluation of the immune responses in the periphery, but it is not known whether
neutralising antibodies were also present at mucosal sites or whether tissue resident memory T cells

were generated.
5.4 Simultaneous aerosol and intramuscular S-FLU

immunisation and challenge

Previous studies had demonstrated that S-FLU delivered by aer. reduces pathology and viral load in the
lung and this was associated with a high level of local vaccine specific T cells (Morgan et al. 2016;
Holzer et al. 2018; Morgan 2016). However, this vaccination regime did not consistently limit shedding
from the URT, probably due to lack of neutralising Ab. | have shown that S-FLU delivered i.m. elicits
high level of neutralising Ab in the serum but whether this is sufficient to confer protection is yet to be
established. Uddback and colleagues tested an adenovirus vector expressing influenza NP systemically,
locally and delivered with both routes simultaneously in mice and shown greatly improved and durable
protection only when the vaccine was administered simultaneously (Uddback et al. 2016; Uddback et
al. 2020). S-FLU vaccine was therefore tested by Alain Townsend’s group in mice, comparing the
immune responses generated after systemic administration, local delivery and a combination of the two

(simultaneous i.n. and i.m., SIM) (Figure 5.11 A and B). 68 dpb, SIM immunised mice strongly
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neutralised the vaccine HA, slightly lower titres were found in serum of mice immunised i.m. while i.n.

delivery failed to produce neutralising Ab (Figure 5.11 C).

Taken together all these data prompted me to compare S-FLU SIM and i.m. (alongside aer. only) in pigs
and study their protective potential in a challenge experiment. Three groups of 6 inbred Babraham pigs
were immunised with HIN1 S-FLU (S-FLU) expressing HA and NA from A/England/295/2009
(HIN1pmdQ9): i.m. alone or by aer. alone or simultaneously by aer. and i.m. (SIM). The SIM group
received the same total dose of the vaccine as the other groups but divided between the two sites. A
fourth group of control animals was left untreated. The vaccinated groups were boosted three weeks
later and all pigs were challenged i.n. with HIN1pdmO09 four days prior to the end of the study (Figure
5.12). Before the end of the experiment two animals were culled due to underlying health conditions,

leaving 5 pigs in the i.m. and control groups.
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A 1. S-FLU i.n.

2.S-FLU i.p.
3. S-FLU SIM
4. control
boost
14 days | 68 days

Samples collected:

serum
Route of Number of Vaccine used Titre
administration  animals (TCID50)
1. 5-FLU i.n. Intranasal 4 [eGFP/N1(PR8] coating 10°
H7(A/Hong Kong/125/2017)
2.5-FLU i.p. Intraperitoneal 4 [eGFP/N1(PR8] coating 106
H7(A/Hong Kong/125/2017)
3.5-FLU SIM Intranasal and 4 [eGFP/N1(PR8] coating i.n. 10°
intraperitoneal H7(A/Hong Kong/125/2017) i.p. 106
4. Media Intra nasal and 4 Unimmunised N/A
Control Intraperitoneal

Assay Samples used Viruses used

[eGFP/N1(PR8)] coating H7(A/Hong

MN Serum kong/125/2017)

Humoral
response

5124

256

1281 .
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.
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threshold
32

Figure 5.11 S-FLU SIM in mice. (A) 6-8 weeks old BALB/c female mice were immunised as indicated
using S-FLU or medium, as a control, and sera collected 68 days post boost. (B) The table shows the

155



details of the immunisation regimes. (C) Neutralisation titre against H7 (A/Hong Kong/125/2017)
obtained from sera at 68 days post boost. Holly Sadler and Alain Townsend performed this experiment.

S-FLU aer.
S-FLUi.m. HINT  CD3mAbiv.
S-FLU SIM
boost
contro| 21 days I 21 days 14 days |
weekly bleeds
Samples collected:
serum, PBMC,
spleen, lung, BAL,
TBLN, NT, trachea
Group Route of Number of Vaccine used Titre (TCID50)
administration  animals
1. S-FLU Aer. Aerosol 6 [eGFP/N1(A/Eng/ 7 x 107
195/2009)] coating
H1(A/Eng/195/2009)
2.S-FLU i.m. Intramuscular 5 [eGFP/N1(A/Eng/ 7 x 107
195/2009)] coating
H1(A/Eng/195/2009)
3. 5-FLU SIM Aerosol and 6 [eGFP/N1(A/Eng/ 3.5 x 107 via aer.
intramuscular 195/2009)] coating 3.5 x 107 via i.m.
H1{A/Eng/195/2009)
4. Control N/A 5 Unimmunised N/A
Assay Samples used Viruses used
ELLA serum [eGFP/N1 (PR8)] coating

H5(A/Vietnam/1203/2004) S-FLU

1. [eGFP/N1(PR8)] coating
H7(Netherlands/219/2003) S-FLU

2. HIN1
(A/swine/England/1353/2009)

1. [eGFP/N1(PR8)] coating

Humoral
responses

MN serum

§ ELISpot PBMC, spleen, BAL , :IkNletherlands/219/2003) S-FLU
§_ (A/swine/England/1353/2009)
§ Tetramer
s Staining: | papic spleen, BAL,
3 enumeration lung, TBLN N/A
3 and ’

phenotyping

Figure 5.12 S-FLU SIM in pigs: experimental design and assays performed. Babraham pigs were
immunized with S-FLU by aerosol (aer.), intramuscularly (i.m.) or simultaneously by Aer and IM (SIM)
and boosted 3 weeks later while a fourth group of control animals was left untreated. All groups were
then challenged with HIN1pdmO09. Swabs were taken daily post challenge and all pigs were culled 4
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days post challenge. Half of the pigs were infused intravenously with anti-porcine CD3 mAb 10 min
prior to sacrifice. Tables shows the details of the immunisation (top) and the assays performed to
evaluate the immune responses (bottom)

Protection

To assess protection, viral load in nasal swabs and BAL was measured and pathology in the lung
evaluated. The viral load in the nasal swabs was significantly reduced in the SIM group on all days post

challenge (dpc), except for 3dpc Figure 5.13 A).
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Figure 5.13 S-FLU SIM viral shedding. (A) Virus titre in nasal swabs measured by plaque assay at 1,
2, 3and 4 dpc. (B) Area under the curve (AUC) of viral titre in the nasal swabs over time. (C) Viral titre
in the broncho-alveolar lavage (BAL) 4 dpc. The data are the average of 2 separate assays, each symbol
indicates an individual animal and the horizontal line the mean of the group. Data were analysed using
the Kruskal-Wallis test. Asterisks indicate significant difference from the control group *p<0.05,
**p<0.01 *** p<0.001.

In i.m. group viral load was significantly reduced only on 1 dpc, with two individuals consistently
shedding virus throughout the experiment. Aer. did not stop viral replication in the nose, showing only
a trend towards reduced viral shedding on 4 dpc (Figure 5.13 A). Overall, i.m. and SIM reduced
significantly the viral replication in the nose, with an area under the viral load/time curve of 3.46 and
2.23, while the aer. and control groups showed greater shedding for longer (9.53 and 11.46 area under
the curve respectively) (Figure 5.13 B). No virus was detected in BAL at 4 dpc in any immunised

animals (Figure 5.13 C).

These results indicate that simultaneous SIM regime conferred protection with significant reduction in
virus shedding. I.m. immunisation impaired viral replication in the nose in half of the animals, while

aer. alone only showed a trend in reducing viral replication by 4 dpc.
Pathology

Bronchial and alveolar exudation with lymphoplasmatic infiltration, typical of influenza infection, was
present in naive animals and slightly reduced in the aer. group but almost absent in i.m. and SIM (Figure
5.14 A). In particular, a significant reduction in the severity of the lesions was observed in the i.m. and
SIM groups (p=0.02 and p=0.005 respectively). IAV NP immunohistochemistry (NP-IHC) detection
revealed a lower, although not significant (p=0.55), reduction in infected cells in the aer. compared to
unimmunised animals, which showed abundant labelling (Figure 5.14 B). In the i.m. and SIM vaccinated

group viral NP was detected in only one and two animals, respectively. Despite a reduction in gross
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pathology and labelling of virus infected cells, no significant difference was found when histopathology
and NP-IHC were combined (lowa score) in all three vaccination regimes compared to control (Figure
5.14 B). In conclusion, despite absent viral load in the lung in all immunised animals, only pigs that

received the vaccine both by both routes showed significantly lower lung gross lesions and NP-IHC.
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Figure 5.14 S-FLU SIM: Pathology (A) Representative lung gross pathology, histopathology
(Hematoxylin and eosin (H&E) staining; original magnification x100), and immunohistochemical NP
staining (original magnification x200) for each group are shown. Mild lymphoplasmacytic infiltration
in peribronchiolar areas and expansion of alveolar septa are present in groups aer., i.m., and SIM (2),
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whereas bronchioles (X) and alveolar spaces (Y) remain free of cellular exudation (white spaces). There
is a marked virus replication (brown labelling) in bronchiolar epithelial cells. (B) The gross and
histopathological scores for each animal in a group and the group means are shown, including the
percentage of lung surface with lesions, the lesion scores, and the histopathological scores (lowa
includes the NP staining). Pathology scores were analysed using one-way nonparametric ANOVA with
the Kruskal-Wallis test. Asterisks denote significant differences: *p < 0.05, **p < 0.01, compared with
control.

Ab responses

I next evaluated the Ab responses generated by the different immunisation regimes. Pre boost, both i.m.
and SIM group already had low levels of neutralising Ab in the sera (average of 44 and 20.4 50%IT
respectively) (Figure 5.15 A). At 7 dpb, the neutralising Ab titre increased 50-fold in both groups
(average 50%IT of 1,920 for i.m. and 1,088 for aer.), levels which were maintained pre-challenge (832
and 413.3, respectively). For the first time | could detect neutralising Ab after aer. immunisation,
although at very low level, with a peak at 14 dpb of 53.5 (50%IT) which rapidly decreased to an average
of 7.3 pre-challenge. ELLA was then used to detect inhibitory antibodies to NA present at 4 dpc. I.m.
immunised pigs developed the highest 1C50 of 1,408 followed by SIM (453.3 1C50) while aer. showed
minimal inhibition (average 14.2 IC50) (Figure 5.15 A). In contrast to what was observed in the serum,
the neutralising Ab response in the lung was highest in the aer. group (13.3 50%IT) and detectable only
in 3 out of 6 SIM animals while absent in i.m. group (Figure 5.15). As neutralising Ab could not be
detected locally in the i.m. group, | asked whether we could detect any anti HA Ab in the BAL 4 dpc.
A significantly high level of anti-HA 1gG was found in both i.m. and SIM group (119.2 and 167
respectively) while 1gA were significantly higher only when the vaccine was delivered locally (18.6 for
aer. group and 46.6 for SIM) (Figure 5.15 B). Inhibitory activity towards NA was much lower in the
BAL compared to serum and only significantly different from the control in the SIM animals (Figure

5.15 B). I next evaluated the number of HA-specific IgG and IgA B cells, in blood pre-challenge and in
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spleen and TBLN 4 dpc. Despite the high neutralising titre in the serum of both i.m. and SIM pigs, no
significant difference in Ab secreting cells (ASC) was found in blood and spleen (Figure 5.15 C). A
significant number of HA-specific 1gG secreting B cells were found in TBLN in the aer. group (mean
47.6 ASC/10°%) with a lower number in the SIM group (25.1 ASC/10°). A similar trend was found for
IgA HA-specific B cells, with aer. showing the highest proportion (22,8 ASC/10°) followed by SIM (8.5

ASC/10°%). Only 2 out of 5 i.m. pigs showed HA-specific IgG and IgA ASC in TBLN (Figure 5.15 C).
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Figure 5.15 S-FLU SIM: Systemic and local Ab responses. (A) MN assay was used to
determine serum-neutralising titres over time (shown as mean and SEM of two independent
assays). NA inhibition activity was assessed in sera by ELLA at 4 dpc. (B) BAL at 4 dpc was
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tested for its ability to neutralise (MN, left). ELISA titre of HA-specific 1gG and IgA (centre),
and NA inhibitory activity by ELLA (right) were assayed at 4 dpc in BAL. (C) HA-specific
memory B cells were detected by ELISpot in PBMC (pre-challenge), spleen, and TBLN 4 dpc.
Each animal is represented by a symbol, and the mean is shown as a bar. Serum neutralization
was analysed with two-way ANOVA, whereas Kruskal-Wallis test was used for the analysis
of NA inhibition in serum, BAL samples, and ELISpot data. Asterisks denote significance
compared with control group (*p < 0.05, **p <0.01, ***p < 0.001).

In summary, i.m. immunisation generated high neutralising Ab titre in blood but a limited Ab response
in BAL. In contrast, aer. delivery generated the highest response in the local tissues (BAL and TBLN).
The SIM grouped showed a one-fold decrease in virus neutralising activity compared to the i.m. group
at all time points. In addition, SIM pig had half the number of HA-specific B cells in the TBLN

compared to aer., showing the potential benefit of combining both immunisation strategies.

T cell responses in BAL

T cell responses in BAL were measured by intracellular cytokine staining. Following ex vivo stimulation
with HIN1pdmO09, no T cells responses were detected in the i.m. group (Figure 5.16). In contrast, aer.
and SIM generated strong local T cell responses. CD8 T cells of aer. immunised pigs secreted mainly
IFNy (7.2% of CD8) followed by TNF (3.6%) and a similar trend was seen for the SIM group (4.5%

IFNy and 2.8% TNF) (Figure 5.16 A).
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Figure 5.16 S-FLU SIM: Cytokine secretion in BAL. BAL was stimulated with HIN1pdmO09
(MOI = 1) and IFNy, and IL-2 and TNF production was measured in CD8 (A) and CD4 (B)
cells by intracellular staining. Each symbol represents an individual animal, and the mean is
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shown as a bar. The pie chart shows the mean proportion of single, double, and triple cytokine-
secreting CD8 T cells for IFNy (), TNF (T), and IL-2 (L). Representative plots show the
cytokine-secreting cells within the CD8 (A) and CD4 (B) populations. Kruskal-Wallis test was
used to compare responses between groups, and asterisks indicate significant differences (*p <
0.05, **p < 0.01, ***p < 0.001).

The CD8 response in both groups was dominated by single producer IFNy (51.1% of total cytokine
secreting cells) followed by double producing IFNy-TNF (36.2%) and a smaller proportion of triple
secreting IFNy-TNF-IL-2 cells (6.5%) (Figure 5.16 A). The CD4 response in the aer. and SIM group
consisted mainly of IFNy secreting cells (0.80% and 0.66% of CD4, respectively) with few double and

triple cytokine producers (Figure 5.16 B).

Overall, aer. produced the strongest T cell response, followed by SIM, with a high proportion of IFNy

secreting cells. I.m. did not generate virus-specific T cells in the BAL.

Specificity of systemic and local CD8 T cell responses

I next sought to enumerate the S-FLU-specific CD8 T cells present in the local tissues as well as in
circulation, using four different NP CD8 tetramers (Tungatt et al. 2018). As shown earlier in this chapter,
responses to EFE were negligible with only CD8 cells in TBLN of aer. immunised animals showing a
statistically significant difference from the control (Figure 5.17). In the NT, IAY" cells were the most
abundant (4.95% of CD8 in aer., 1.36% in i.m., and 3.36% in SIM) followed by DFE* and NGK* (DFE:
2.45% aer., 0.66% i.m., 1.36% SIM; NGK: 2.19% aer., 0.18% i.m., 1.46% SIM) (Figure 5.18). The
trachea showed similar specificity. The strongest response was observed in BAL for aer. and SIM groups
while no response was detected in the i.m. group, supporting the results obtained by intracellular
cytokine staining. Interestingly in BAL the hierarchy of the response differed from that in the NT. In

particular, NGK dominated (13.38% aer., 13.81% SIM) followed by IAY (12.71% aer., 9.36% SIM)
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and a smaller DFE response was found (5.96% and 4.70%). In the lung, | detected similar but lower

responses (Figure 5.18).
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Figure 5.17 S-FLU SIM: tetramer staining. (A) Gating strategy for tetramer staining of BAL cells.
(B) Representative FACS plots showing DFE, NGK, EFE and IAY tetramers binding cells (in red)
among the CD8 T cells in BAL in the different groups.
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Figure 5.18 S-FLU SIM: Percentages of DFE, EFE, NGK, IAY tetramer+ CD8 T cells in the
respiratory tract and PBMC. Each symbol represents an individual animal, and the mean is shown as
a bar. Kruskal-Wallis test was used to compare responses between groups (*p < 0.05, **p < 0.01).

Surprisingly, in TBLN, I detected a limited number of NGK* cells (0.11% in aer.) while the majority of
tetramer™ cells recognised DFE (1.08% aer.) and IAY (1.64% aer.). Tonsil presented a similar trend
although the responses were much lower (Figure 5.18). On the other hand, the biggest population found
in the circulation at 4 dpc recognised NGK (3.91% aer. and 2.85% SIM) although there was still a
significant presence of DFE and IAY™ cells. Strikingly, no significant difference from the control group
was found in the PBMC for the i.m. group. The dominance of NGK found in PBMC was not present in
spleen, however due to high background staining in the control group, it is not clear which tetramer is

dominant.

In order to understand the hierarchy of the tetramers in different tissues, | calculated the proportion of
each tetramer in the totality of tetramer® CD8 T. A significantly higher proportion of DFE was found
in NT (p=0.01) and trachea (p=0.005) compared to PBMC in the aer. group. In addition, throughout the
entire RT, the proportion of IAY was significantly higher than in the blood (p <0.002). NGK showed a
opposite trend, with 84.22% of the total tetramers* cells in PBMC recognising this epitope while in the
local tissue the proportion was significantly lower. These trends were also observed for the SIM group

but where less pronounced in the i.m. animals, where the response was overall much lower.
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Figure 5.19 S-FLU SIM: proportion of each tetramer among total tetramer® CD8 T cells in
different tissues. A dotted histogram for BAL of the i.m. group indicates the absence of response. The
data represent the average of two separate assays. Two-way ANOVA to compare the proportions of
tetramers in the different tissues of each group of animals.

Next, | evaluated the numbers of TRM in the RT identified by i.v. infusion of anti-porcine CD3 mADb
(Figure 5.20 A). Most BAL cells were tissues resident and inaccessible to the inflused mAb (82.4%
CD3i.v.). In the URT a smaller porportion of cells were not bound by the i.v. mAb (11.6 and 38.8% in
NT and trachea respectively), whereas 95% of lung T cells were positive for the infused and ex vivo
CD3 mADbs, as a consequence of the known difficulties in isolating TRM and high blood contamination
(Steinert et al. 2015). Tetramer™* cells were found in both CD3 i.v.” (TRM) and CD3 i.v." CD3 ex vivo
* (circulating) populations. When analysing the phenotype of DFE™ cells in different compartments we

confirmed that in BAL, cells were almost exclusively TEM like after natural infection and post S-FLU
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aer. boost (Figure 5.20 B). In TBLN and PBMC, TCM were predominant (77% in TBLN and 46% in
PBMC). At 3 weeks post boost, few BAL CD8 were proliferating. | therefore examined whether DFE*
T cells expressed Ki67 early after challenge. Ki67 was only marginally expressed in tetramer™ cells
(2.7%), following the general trend of BAL CD8 T cells. In contrast 42.2% of DFE* TBLN cells and
45.4% of DFE* PBMC expressed Ki67 (Figure 5.20 C), showing a higher median fluorecent intensity
compared to the totality of CD8 T cells . As during influenza infection, in S-FLU immunised pigs DFE*
BAL cells lacked T-bet and Eomes while these transcription factors were expressed in TBLN. T-bet
expression reached 30.6% 4 dpc while Eomes was only slightly upregulated (7.9%). Tetramer* T cells

in PBMC expressed T-bet (55.9%) but minimal levels of Eomes (6.7%) (Figure 5.20 C).
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Figure 5.20 S-FLU SIM: TRM and phenotypic characterisation of DFE" cells. (A) Half of the pigs
in each group were infused i.v. with CD3 mAb and culled 10 min later. Lymphocytes were then stained
ex vivo with the same clone of CD3 Ab labelled with FITC. As the infused CD3 does not saturate all
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CD3 sites, some cells isolated from the respiratory tract and all splenocytes are double positive
(intravascular cells). The top row shows representative FACS plots of infused animal. The bottom row
shows staining in animals not infused with CD3 mAb and stained ex vivo. The reported proportion of
ex vivo™ and ex vivo*i.v.* CD3 were calculated from total CD3+. (B) CD45RA and CCR7 expression
was assessed in BAL, TBLN and PBMC DFE* T cells and proportion of naive (CD45RA™ CCR7Y),
TDE (CD45RA* CCR7), TCM (CD45RACCR7*) and TEM(CD45RACCR7) reported. (C)
histograms showing the fluorescence intensity of CD8 (grey) and DFE™ cells (black) for Ki67, T-bet
and Eomes.

55 Discussion

This chapter investigated different strategies to improve the efficacy of S-FLU vaccine in pigs. | aimed
to enhance the local and systemic humoral response, since S-FLU administered locally did not induce
detectable neutralising Ab in both mice and pigs and does not induce sterile immunity against

homologous virus challenge (Morgan et al. 2016; Holzer et al. 2018).

The first approach involved the addition of an HA expressing cassette in the S-FLU backbone, in the
form of CLEARFLU. | compared the immune responses generated after S-FLU and CLEARFLU aer.
administration in pigs as this delivery route offers several advantages. Pulmonary delivery has been
shown to generate cross-reactive T cells and mucosal Ab, associated with protection (Krammer 2019;
Lau, Wright, and Subbarao 2012). In addition, local administration has not been linked with vaccine-
associated enhanced respiratory diseases (VAERD) as reported for parenterally administered vaccines
in pigs (Rajao et al. 2016). Previous studies conducted in our group compared two forms of pulmonary

delivery (aer. and i.t.) and showed that aer. delivery was superior to i.t. (Hemmink et al. 2016).

CLEARFLU administered by aer. failed to produce neutralising Ab against HA and inhibitor Ab against
NA in pigs, while in mice it elicits high neutralising titres. The lack of neutralising Ab was consistently
observed in blood and in the BAL. The high number of tetramers* T cells in the lung of pigs immunised

with CLEARFLU indicated that the vaccine administration was successful and low Ab responses could
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not be linked to low dosage. Possible causes of the lack of humoral responses might lie in poor
immunogenicity of CLEARFLU or weak cell surface expression of HA. The absence of anti-NA
neutralising antibodies in pigs could be explained by the reduced abundance of NA on the surface of
CLEARFLU. In fact, due to the expression of two different HAs, CLEARFLU has shown a reduced
number of NA molecules on its surface (Alain Townsend, personal communication). However, the lack
of inhibitory Ab in serum was not observed in mice. In addition, | showed a high frequency of variation
within S-FLU immunised group, with 1 animal lacking inhibitory Ab against NA. Increasing the animal
numbers might answer the question whether S-FLU is indeed superior to CLEARFLU in generating an

anti-NA response.

A second approach adopted to improve immunogenicity was delivering S-FLU systemically by i.m.
injection. This route of administration is routinely used in humans and pigs for seasonal influenza
vaccines. In previous mouse studies, H7 S-FLU i.p. generated high titre of neutralising Ab in serum
(Powell et al. 2019). | therefore studied Ab responses after H7 (A/Netherlands/219/2003) S-FLU
administered i.m. H7N9 viruses have been recently classified by the U.S. Centres for Disease Control
and Prevention as the highest pandemic potential risk among several other zoonotic influenza viruses

(https://www.cdc.gov/flu/pandemic-resources/monitoring/irat-virus-summaries.htm), and the scientific

community was urged to develop new vaccines against these viruses. In particular, | chose H7 from
A/Netherland/219/2003 as this HA induced the broadest cross reactivity in mice (Powell et al. 2019). In
this pig model, H7 S-FLU stimulated a high and cross-reactive Ab response to different H7s and NAs.
On the other hand, | detected few tetramer* T cells in circulation. Future work will need to assess in
more detail the T cell responses as systemic immunisation might not share the same immunodominant

specificity as local immunisation. Furthermore, this study was limited to the investigation of systemic
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responses, and it remains unclear whether i.m. delivery of S-FLU can generate local humoral and
cellular responses and if the responses in the periphery are protective. A challenge studies will also be

needed to investigate the potential risk for VAERD.

As mentioned above, local immune responses are fundamental in heterotypic protection while an
hemagglutinin inhibitory (HAI) titre >40 in serum is considered protective by the regulatory agencies
(Cox 2013). The pilot study reported here showed that S-FLU i.m. generates strong systemic
neutralising responses while when delivered by aer. it elicits high level of antigen-specific T cells
locally. How best to achieve both local immune responses and high systemic neutralising titre? To
answer this question, | tested a third strategy including simultaneous local (aer.) and systemic (i.m.)
immunisation (SIM), previously shown in several model to be protective and induce long lasting
immune responses (Uddback et al. 2020; Uddback et al. 2016; Dean et al. 2015; Ronan et al. 2009). |

compared, in a challenge experiment, S-FLU administered by aer., i.m. and SIM.

The i.m. group showed a powerful neutralizing Ab response and reduced the viral load and lung
pathology. However, cellular responses were weak in this group and strikingly absent in BAL at 4 dpc.
Neutralizing antibodies were also absent in BAL, although it is important to note that BAL harvesting
causes considerable dilution, so low titres of Ab remain undetected. This indicates that immunisation
by i.m. injection fails to develop local responses, as previously reported in mice immunised with the
seasonal human inactivated vaccine (Zens, Chen, and Farber 2016b). After challenge, i.m. group did not

show signs of VAERD, indicating that S-FLU i.m. administration is safe.

Aer. immunised animals displayed low titres of neutralising Ab in blood and BAL, which did not prevent

viral replication in the URT. Gross and histopathology were slightly reduced although not significantly,
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while no virus was detected in BAL. | detected powerful CD8 and CD4 responses in BAL and showed
that these cells were inaccessible to the circulating Ab. Previous studies using H3N2 S-FLU in pigs
administered by aer. showed reduced lung pathology 5 days post heterologous challenge with
H1N1pdmO09 (Holzer et al. 2018). In the mouse model TRM mediated protection against heterologous
influenza challenge (Teijaro et al. 2011; Wu et al. 2014; McMaster et al. 2015). These slightly
conflicting data may indicate that, although TRM play a role in protection, in pigs this is not enough to
reduce viral replication or abolish lung pathology. It is important to note that in the present study I used
Babraham pigs as opposed to the outbred pigs used by Holzer et al, which might have had an effect on

the outcome.

The SIM group benefited from the properties of the two immunisations. High serum neutralising Ab
were generating in serum together with neutralising Ab in BAL but, in contrast to the i.m. group, high
cellular responses were also detected. The SIM pigs had greatly reduced viral replication in the URT
and LRT together with reduced lung pathology. T cells isolated from BAL showed high frequencies of

cytokine secreting cells and strong cellular responses were recorded in URT and TBLN.

As previously described, SIM regimes have already been investigated in the context of other respiratory
diseases. A second strategy, aiming to achieve long lasting local and systemic immunity, has been
developed preclinically: prime and pull immunisation. A first dose is administered systemically
(“prime”) followed by the local administration of an inflammatory or secondary vaccine (‘“pull”), pulling
all circulating T and B cells to the site of infection, where the second immunisation is administered.
Prime and pull immunisation was successful for skin or reproductive tract infection, generating
protective TRM in these tissues (Mackay et al. 2012; Shin and Iwasaki 2012). On the other hand,

systemic administration followed by lung “pull” was less successful in enhancing protection against
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respiratory infections (Woodworth et al. 2019; Roces et al. 2019; Britton et al. 2015).. This might be
explained by the lack of cognate antigen recognition, fundamental for TRMs generation in the lung
(Wakim et al. 2015; McMaster et al. 2018; Uddback et al. 2020). Our SIM strategy may circumvent this
issue by administering the antigen to the entire respiratory tract, twice, however future work will need
to assess the duration of these protective responses. Uddback and collegues, using an adenovirus
expressing influenza nucleoprotein, have demonstrated that SIM immunisation achieved protection

lasting up to 8 months in mice (Uddback et al. 2016), showing great potential for this strategy.

Another interesting aspect to consider when choosing different administration routes is the T cell
specificity. S-FLU aer. delivery promotes strong local T cells responses, with 2/3 of the NP
immunodominant epitopes in common with those generated after infection with the more recent
H1N1pdmO09. | have shown here that i.m. immunisation failed to produce CD8 T cells specific for the
four immunodominant epitopes of S-FLU’s NP. Whether this route generates CD8 T cells with different
specificity in CD8 T cells or a more dominant CD4 response remains unclear. In an attempt to answer
this question, | have stimulated lymphocytes isolated from BAL, spleen PBMC and TBLN with
overlapping peptides from HA, NA, NP and M1 and detected the responses by IFNy ELISpot (data not
shown). Due to great variability within each group, it was impossible to identify significant differences
in the responses to peptide pools between the different routes. However, it was clear that overall the i.m.
route generated weak T cell responses both systemically and locally. | can therefore speculate that for
S-FLU the “prime and pull” strategy will be less efficient in eliciting local T cell responses in pigs, due
to limited systemic cellular responses in the i.m. group. Another interesting aspect in the dynamic of T
cells responses is the different hierarchy of the responses in different tissues. NGK* cells dominated in
the blood of aer. and SIM animals while being almost absent in TBLN, perhaps indicating a migration
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of these cells from local LN to the circulation prior entering to the site of infection. In the RT however
IAY® CD8 T cells represented the biggest population amongst tetramer® cells. These findings
demonstrate the different dynamic of the T cells responses in various tissues and with different
immunisation regimes, highlighting the importance of studying the immune responses in local tissues

and not only in blood.

In this chapter | have also analysed the generation of TRM after S-FLU aer. immunisation and challenge.
Due to limited sample availability and aiming to compare our findings with HIN1pdmO09 infection, |
focused on studying DFE* CD8 T cells, as the DFE epitope is 100% conserved between S-FLU and
HIN1pdmO09 NP. I have shown that T cells in BAL are inaccessible to the infused anti-CD3 mADb
consistently in the two experiments, while it was more difficult to identify reliably a TRM population
in lung tissues due to its high vasculature and long enzymatic digestion needed for tissue processing. As
a positive control, spleen and PBMC were labelled with the infused CD3 Ab as well as ex vivo.
Interestingly in BAL, three weeks post aer. boost 22.6% of CD8 T cells were DFE* but only 5% 4 dpc.
Conversely, there were higher numbers of TBLN and PBMC DFE" cells 4 dpc compared to 3 weeks
post boost. The expansion of these cells in PBMC and TBLN is tied up with increase expression of
Ki67, while this maker was absent in BAL. The phenotype in BAL was stable pre and post challenge,
lacking expression of CD45RA and CCR7. There was a rapid increase in the proportion of TCM in
TBLN and PBMC after challenge, though the small number of DFE* cells in PBMC indicates that this
observation should be interpreted with caution. As during 1AV infection, in S-FLU immunised pigs
DFE* BAL cells lacked T-bet and Eomes while these transcription factors were expressed in TBLN.
Tetramer™ T cells in PBMC expressed T-bet at 3 weeks post boost and it increased after challenge (from

23% to 55.9%) with no changes in Eomes expression. Taken together these results suggest that S-FLU
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immunisation by aer. elicited a stronger T cell response in BAL compared to influenza infection but the

responding T cells had a similar differentiated, non-proliferating phenotype.

In summary, these results suggest that simultaneous aer. and i.m immunisation with S-FLU offers
advantages in protection against influenza viruses in pigs. SIM is the best strategy to elicit an excellent
systemic Ab response, a correlate of homotypic protection, together with strong local TRM response,

indispensable for protection against heterologous challenge.
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Chapter 6
General discussion

Although the protective role of TRM against infectious disease has been demonstrated in mice, little is
known about their properties in a large animal. This thesis describes the phenotype, generation and
transcriptional profile of IAV-specific CD8 TRM in the porcine RT. Inbred Babraham pigs were chosen
because of their identifical SLA, which enabled the identification of two novel CD8 epitopes in the NP
of HIN1pdmOQ9. Data reported in Chapter 3 showed that NP-specific CD8 T cells can be found in the
BAL and lung as early as 6 dpi, presenting a stable phenotype: CD45RA CCR7-CD69*. On the other
hand, DFE* BAL cells from 7 dpi significantly differed in gene expression compared to 21 dpi. Although
some of the cells at the early time points expressed Ki67, at later time points this proportion is very low
and the cells declined in number but not more rapidly than other tissues, indicating that the rate of cell

death exceed that of cell division.

The generation of a stable TRM population in the lung is believed to be dependent on local antigen
encounter, ensured by local immunisation (Takamura et al. 2016; Zens, Chen, and Farber 2016a).
Therefore, vaccine delivery in the RT is likely to be important for the establishment of this protective T
cell subset. I studied how best to administer antigen to the RT to generate a TRM population. To do this
| characterised the deposition of particles in the RT administered by two different devices targeting the
URT (MAD) or able to reach also the LRT (VMNSs) (see Chapter 4). Scintigraphic experiments showed
that VMNSs could homogeneously distribute the formulation to the lung and these results were highly

reproducible. 1.n. administration with MAD device delivered a significantly high proportion of the dose
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to the lung compared to VMN but concentrated to one side of the lung, suggesting that VMN might

generate better responses and ultimately more TRM than MAD.

Single-cycle 1AV vaccines are safe to be delivered to the lung, where protective TRM can be generated,
and represent an alternative to the commercially available LAIV. The single-cycle vaccine candidate S-
FLU was previously tested in mice and ferrets, where it protected against lethal challenge and impaired
transmission. However, pigs immunised by aer. with S-FLU failed to develop neutralising Ab and stop
nasal viral shedding. Therefore, a second generation of S-FLU vaccine, CLEARFLU, was designed to
induce the expression of a non-functional HA and broaden the Ab response. As shown in Chapter 5,
CLEARFLU delivered by aer. did not generate systemic or local neutralising Ab, despite comparable T
cell responses to S-FLU. As a second strategy to improve immunogenicity, | compared aer. delivery of
S-FLU, using VMN:S, to i.m. injection and a combination of the two (SIM). SIM reduced significantly
viral shedding and elicited both local and systemic B and T cell responses, representing the best delivery

strategy for S-FLU vaccine.

6.1 T cell responses to influenza

| established for the first time the phenotype of porcine CD8 T cells using similar markers to those used
in humans. The distribution of different CD8 T cells subsets across tissues resembles that in humans,
validating the translational potential of the pig model. Babraham pigs were chosen to study the responses
to HIN1pdmO9 because of their identical SLA. The use of inbred animals for IAV research was justified
by the finding that Babraham's responses were comparable to those of outbred pigs, (Edmans et al.

2020).
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To understand immune responses to AV it is important that the method of challenge gives similar
responses to natural infection. Previous studies in pigs by Khatri et al. combined i.n. and i.t. inoculation
while pigs were challenged i.t. by Talker and colleagues (Khatri et al. 2010; Talker et al. 2016). I.t.
installation circumvents the URT, site of early viral replication, and Ab and cellular responses. In
addition, Talker et al. delivered a high dose (10" TCID50/ml) of HINZ2 in 15 ml i.t. which resulted in
the detection of cellular responses in the lung as early as 4 dpi. Our group has recently compared the
immune responses after i.n. HIN1pdmO9 experimental challenge with IAV infection acquired after co-
housing with experimentally infected pigs (in-contact) (Edmans et al. 2020). I.n. shared similar
magnitude and kinetics of viral replication and cellular responses to the in-contact group. In both
challenge conditions, T cells responses were first developed at 6 dpi in BAL (Edmans et al. 2020). This
showed that i.n. challenge with 10" PFU, as performed in Chapter 3, resembles natural in-contact
infection. Therefore, the features of porcine TRM described in this chapter are most likely very similar
to TRM established during natural infection. It will be interesting to investigate the duration of 1AV-
specific TRM after natural transmission of the virus and monitor their development after multiple
encounters with 1AV, as is likely to occur on farms, to prove whether sequential exposures to the virus

increases the persistence of this population (VVan Braeckel-Budimir et al. 2018).

As shown in Chapter 3, IAV-specific T cells present in the BAL have a TRM phenotype throughout the
study. Nevertheless, gene expression changed with genes involved in cytokine production, Thl/Th2
differentiation and the TGFp pathway highly upregulated at 21 compared to 7 dpi and expression
declining at 63 dpi. Future work will need to address the lifespan of porcine TRM beyond 63 dpi. Studies
in mice reported that influenza-specific T cells in the lung decayed below the threshold 7 months after
infection, leaving mice suceptible to reinfection (Wu et al. 2014). Repeated exposure to influenza viruses
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complicates the investigation of the lifespan of human influenza-specific TRM. In addition,
asymptomatic infections make it almost impossible to identify reliably the time of last infection. It is
also important to note that turnover of memory T cells is different in mice and humans, as shown in vivo
after deuterium labelling (Akondy et al. 2017), Our group has recently established a protocol for
labelling cells in vivo using deuterium-rich sugar or water in pigs to analyse turnover of the different
porcine T cell subsets, including TRM, and will confirm if these cells are not proliferating at the later

time points, as | have shown by the lack of Ki67 expression after 7 dpi.

The study presented in Chapter 3 was limited to CD8 T cells but future work will need to establish if
other memory populations (CD4 and B cells) decline with similar kinetics. Neither have | established,
as have others in the mouse, whether TRM in mucosal sites contribute to the recirculating pool of
memory cells (Fonseca et al. 2020). The data imply but do not prove, that the cells are generated in
TBLN and migrate via the blood to mucosal sites in the RT, where a delayed peak response is observed.
Murine studies have proved the protective role of TRM against IAV reinfection, however my study was
limited to the investigation of the dynamic changes in phenotype and transcriptome of procine TRM.
As a proof of concept, FTY720 was administered orally to pigs and leukopenia was found in blood 24
h post-administration and persisted for 4 days. FTY720 treatment of pigs previously exposed with IAV,
could be used to prove the contribution of porcine TRM in protection against heterotypic challenge, in
the absence of circulating T cells and matching Ab. Such studies will also need to investigate differences
in the protection of porcine TRM at different times post IAV first exposure. High numbers of TRM and
their activation state correlated with age and a better prognosis after SARS-CoV-2 infection in humans
(Szabo et al. 2021). It will also be important to study the phenotype of the T cells in the lung after

rechallenge to investigate whether phenotypic features of lung TRM predict the disease outcome in pigs.
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Evaluation of protective immune responses in the lung is crucial as severe influenza is caused by viral

infection in the LRT and highly pathogenic influenza viruses replicate best in the lung.

The identification of new NP epitopes showed different kinetics for AAV* CD8 T cells, peaking at 28
dpi in BAL compared to DFE* and VAY™, which reached their highest percentages at 9 dpi. These
findings apparently contrast with parabiosis experiments in mice. Murine studies showed that the
successful recruitment of partner CD8 TRM in lung niches occurs when parabiosis is performed early
after i.n. 1AV infection of both parabiotic animals (6 dpi), suggesting that early migration of circulating
IAV-specific CD8 T cells helps establish lung TRM (Takamura et al. 2016). At later time points,
circulating CD8 T cells failed to generate TRM. However, it is important to note that this study is limited
to CD8 T cells recognising the NPsgs.375 epitope, therefore it does not exclude the possibility that T cells
with different epitope-specificity are recruited to the lung with different kinetics. In addition, no
difference in phenotype, T-bet and Eomes expression, or proliferative state could justify these dynamics.
Future studies on transcriptome and TCR clonality might help further to dissect the differences between
the tetramer populations across tissues. Studies in mice demonstrated a change in the immunodominant
hierarchy between epitopes of the internal proteins during heterosubtypic challenge (Jenkins et al. 2006;
Crowe et al. 2003; La Gruta, Turner, and Doherty 2004; La Gruta et al. 2006; Belz et al. 2000). It will
be interesting to study if such differences can also be found between AAV, DFE and VAY epitopes
after a second exposure toa different IAV strain. As my work was limited to epitope isolated from NP,

future work will need to evaluate other CD8 T cell epitopes to different internal proteins.
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6.2 Aerosol and intranasal delivery

Optimal delivery to the RT, essential for lung TRM, is influenced by the device used. Here | have
compared the deposition achieved after i.n. instillation using the MAD device and after aer. delivery
with two distinct VMNSs. This study will inform a future pre-clinical evaluation of novel vaccines
candidates, and it contributes to the increasing evidence that the pig is a useful model for human

influenza virus research.

Despite generating the largest droplet size (86 um), the MAD device delivered the highest dose of ®™Tc-
DTPA to the lung, used as a surrogate of IAV. This observation can be explained by the high volume
administered (1 ml) and the sedation used to image the pigs. Interestingly, pigs challenged with 4 ml
containing 10’ PFU of HIN1pdmO09 showed similar viral shedding and immune responses to naturally
infected (in-contact) pigs (Edmans et al. 2020). This observation supports the use of the MAD device

for AV administration.

VMNs generated aer. of 3.5 and 4.5 um diameter, ideal droplet size for lung deposition. Both devices
uniformly targeted the lung but deposited a smaller proportion compared to MAD. However, they
showed high reproducibility, an ideal characteristic for a vaccine delivery system. It is important to note
that 50% of the dose was captured in the masks after aer. delivery (see Chapter 4). Therefore, adjusting
the vaccine dose may be required, taking into account the amount not delivered. This implies higher
costs, in addition to the price of VMNSs, which are expensive devices. An alternative option, currently
under development (Dr. Ronan MacLoughlin, personal communication), is to insert a sensor in the

VMNs capable of stopping the delivery when the individual is exhaling, limiting the waste of product.
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This approach can overcome differences in breathing patterns between individuals and ensure equal

delivery of the dose to everyone.

VMNSs can deliver 1ml of formulation in around 3 minutes and do not require the assistance of medical
personnel. Nevertheless, these devices may need to administer vaccines to a wide range of categories,
from infants to children to the elderly. Optimal masks and VMNs combinations will be developed for
different age groups, considering that infants are obligatory nose breathers with high breathing
frequencies. The study presented in this thesis was performed using piglets of 5 weeks of age, with
variable breathing patterns. Nevertheless, VMNs delivered between 25 and 32% of **"T¢c-DTPA to the
lung, demonstrating high applicability. In a similar study in humans, six adults received ®*™Tc-DTPA
by aer. using the same VMN described in this thesis and 33.3 + 10.4% of the delivered ®*™Tc-DTPA
dose reached the lung (Dugernier et al. 2017). These results further confirm the value of the pig model;

however it will be also important to evaluate the deposition in adult pigs.

I have described the deposition of particles administered by MAD and VMNSs devices, but follow-up
head-to-head studies are required to assess the immune responses generated by these delivery systems.
Early studies in pigs compared the responses generated after i.n. and aer. administration of HIN1pdm09
to those obtained after natural infection (in-contact) (Hemmink et al. 2016). HIN1pmO09 delivered by
aer. generated stronger systemic responses compared to i.n. administration. It is important to note that
this study utilised jet-neb, notoriously less efficient than VMNSs. A more recent study compared aer.,
using VMNSs, and i.n. delivery of ChAdOx1 vaccine expressing NP, M1 and NA (Vatzia et al. 2021).
Although this comparison was performed after exposure to HIN1pdmO09 infection, it showed that aer.

was superior to i.n. in boosting the immune responses locally and systemically.
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Both i.n. and aer. immunistaion offer several advantages. I.n. delivery is cheap, fast and requires a small
volume. On the other hand, aer. administration using VMNSs is more expensive, slower and may require
a bigger volume. However aer. delivered formulation can more easily reach the circulation, with
systemic effects. Mucosal delivery of vaccines may also overcome preexisting immunity to the
vaccine’s vector (Belyakov et al. 1999). This is highly relevant for widely used viral vectors such as
vaccinia virus and adenovirus where pre-existing immunity diminishes their immunogenicity (Saxena
et al. 2013). In addition, the existence of a common mucosal immune system comprising
gastrointestinal, reproductive, and respiratory mucosa allows the use of MAD and VMNSs beyond their
application for vaccines for respiratory pathogens., as leukocytes activated in one mucosal barrier
disseminate to other mucosal sites. Nasal immunisation generated high level of IgA and IgG Ab in the
female reproductive tract mucosa, and this route of administration has been investigated for sexually
transmitted pathogens (Rudin et al. 1998). A chlamydia vaccine showed promising results in humans in
a prime and pull regime, with i.m. injections followed by i.n. delivery of a subunit vaccines (Abraham
et al. 2019). Evaluation of the immunogenicity of aer. delivery of such vaccines should also be
performed. Mucosal administration may also be useful when developing vaccines against intracellular
pathogens such as HIV, human papilloma virus (HPV), herpes viruses and M. tuberculosis which require

the activation of multiple arms of the immune system.

6.3 Improving S-FLU immunogenicity

Chapter 5 presented two strategies to enhance Ab response after S-FLU vaccination and ultimately

improve protection: CLEARFLU and simultaneous local and systemic administration of S-FLU.
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CLEARFLU delivered i.n. and i.p. in mice provided non-sterile immunity to several 1AV strains and
improved strain-specific neutralising Ab titres for months after vaccination (Holly Sadler, thesis, 2021).
However, CLEARFLU delivered by aer. in pigs did not differ from S-FLU, with similar T cell responses
and undetectable neutralising Ab levels. Non-neutralising Ab were not evaluated in this study
nevertheless, they play an important role in protection. Both human and murine HA-specific non-
neutralising mADb protected mice from heterotypic infection by antibody-dependent cellular cytotoxicity
and antibody-dependent cellular phagocytosis (Dunand et al. 2016; Ko et al. 2021). Therefore, future
studies will need to evaluate the protective efficacy of CLEARFLU in pigs after homologous and
heterologous challenge. S-FLU delivered by SIM and i.m, only was able to generate high level of
neutralising Ab. Therefore, CLEARFLU should be tested in the future using these different routes. In
addition, the presence of 2 different HAs on its surface might improve and broaden the Ab responses to

CLEARFLU.

S-FLU delivered i.m. and SIM induced high neutralising Ab titres, however, only pigs immunised by
SIM or aer. developed strong T cell responses, detectable both locally and systemically. Most likely
differences in antigen presentation between the i.m. and aer. routes are responsible for the differences
in the responses. Cellular responses were studied mainly using SLA monomers loaded with CD8 NP
epitopes identified previously in S-FLU aer. immunised animals (Tungatt et al. 2018). It is possible that
i.m. immunisation induces different specificities, not evaluated by tetramer staining. However, IAV-
specific CD8 T cells from i.m. immunised pigs failed to reach the lung and secrete IFNy, TNF or IL-2
4 dpc, further corroborating the hypothesis that local antigen recognition is essential for the formation

of TRM after immunisation.
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Similarly, to what was observed after HIN1pdmO09 challenge in Chapter 1, the hierarchy of the response
to the NP epitopes was different between tissues. Studies of NP-specific CD8 T cells in 8 tissues,
highlighted differences in the mucosal tissues compared to LN and blood. TBLN mainly contained DFE*
and IAV™ T cells, while the biggest tetramer® population in blood recognised the NGK epitope. These
results indicate the importance of investigating local responses in more detail in the future, in pigs as
well as in humans. Human IAV epitopes are normally identified from T cells present in PBMC which
may not reflect the abundance present in the lung. In addition, Szabo et al. demonstrated that blood

sampling is not indicative of the responses at the site of SARS-CoV-2 infection (Szabo et al. 2021).

Despite increasing evidence on the role of T cells in heterotypic protection, a T cell correlate of
protection has not be universally defined. Establishing such a correlate will be indispensable for the pre-
clinical evaluation of novel T cell-based vaccine candidates, such as S-FLU. However, where should T
cell responses be measured? Protection after LAIV immunisation, from clinical manifestation during a
subsequent infection, was reported in infants and young adults when > 100 SFU in 108 cells were
measured by IFNy ELISpot in the blood (Forrest et al. 2008). However, mucosal vaccines might elicit
local responses without stimulating corresponding detectable systemic T and B cells. My findings align
with other human studies suggesting the importance of local immunity and local sampling to best
evaluate vaccine efficacy. Nevertheless, sampling the lung is challenging and invasive in humans,
therefore, pre-clinical studies in pigs might be essential to assess mucosal responses. Future work will
need to define correlates of protection in the pig model. From the pre-clinical testing of S-FLU SIM, it
appears that the protection mediated by SIM benefitted from both systemic Ab and local T cells, but a
more detailed study of the CD4 T cells and Ab response, including the role of non-neutralising Ab, is

required.
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During the current COVID-19 pandemic, it has become clear that vaccines against respiratory diseases
should reduce viral transmission to naive individuals and limit lung pathology, responsible for
hospitalisations. Recently, S-FLU by aer. was evaluated for its ability to block transmission after
heterologous challenge in pigs (Everett et al. 2021). S-FLU immunised animals did not reduce viral
shedding and in-contact animals started shedding the virus as early as 2 days post-contact with
vaccinated individuals. Interestingly, i.m. immunisation with 11V homologous to the challenge virus
reduced viral replication in the vaccinated animals but did not stop transmission to naive individuals. It
is important to note that in this study viral replication was evaluated by quantifying viral RNA by PCR
and may not correspond to actual replicating viral particles. Future studies will need to address the

heterosubtypic protective potential of S-FLU by SIM and its ability to block transmission.

In conclusion, | have defined the spatial, temporal and molecular dynamics of influenza virus specific
CD8 TRM. The porcine RT is anatomically similar and | have demonstrated that the deposition in the
lung after aer. delivery was comparable to that in humans. Broadly protective vaccines able to induce
long-lasting cross-reactive T cells and Ab responses remain of great interest (Elbahesh et al. 2019). |
have established that S-FLU delivered simultaneously i.m. and by aer. conferred the best protection with
a high level of local T cell responses, showing promise as a broadly protective vaccine. These results,
together with the comparable size of pigs and humans, indicate that the pig is a powerful model for

understanding how best to apply vaccines and generate TRM.
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6.4 Future perspectives

The tools | established in this thesis will determine the duration of mucosal immunity, the lifespan of
TRM, and the role of TRM in protection using FTY720 or cell transfers. In addition, future work will
need to explore the differences in the hierarchy of the CD8 responses to the newly identified
H1N1pdmO09 epitopes. In particular, antigen presentation, MHC affinity, TCR affinity, and clonality
should be further investigated as possible critical regulators of the expanded AAV responses. Moreover,
it remains unknown if the observed differences in the hierarchy of responses are common to other

influenza proteins.

S-FLU by aer. failed to reduce viral shedding in the URT after homologous challenge. Chapter 4 of this
thesis highlighted the loss of aerosolised vaccine in the device; therefore increasing the dose will be
essential for future vaccination studies. As presented in Chapter 5, pigs received a variable S-FLU
nominal dose (10° - 10" TCID50) depending on vaccine availability. A systematic dose-response

analysis will be beneficial for the identification of the optimal dose for S-FLU administration.
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Chapter 7 Appendix

Tables

Table 7.1 list of peptides present in each pool of HIN1pmd09 NP tested

P1 MASQGTKRSYEQMETGGE
KRSYEQMETGGERQDATE
METGGERQDATEIRASVG
RQDATEIRASVGRMIGGI

IRASVGRMIGGIGRFYIQ
RMIGGIGRFYIQMCTELK
GRFYIQMCTELKLSDYDG
MCTELKLSDYDGRLIQNS

LSDYDGRLIQNSITIERM

RLIQNSITIERMVLSAFD

P2 ITIERMVLSAFDERRNKY
VLSAFDERRNKYLEEHPS
ERRNKYLEEHPSAGKDPK
LEEHPSAGKDPKKTGGPI
AGKDPKKTGGPIYRRIGG
KTGGPIYRRIGGKWMREL
YRRIGGKWMRELILYDKE
KWMRELILYDKEEIRRVW
ILYDKEEIRRVWRQANNG
EIRRVWRQANNGEDATAG

P3 RQANNGEDATAGLTHIMI
EDATAGLTHIMIWHSNLN
LTHIMIWHSNLNDATYQR
WHSNLNDATYQRTRALVR
DATYQRTRALVRTGMDPR
TRALVRTGMDPRMCSLMQ
TGMDPRMCSLMQGSTLPR
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P4

P5

P6

MCSLMQGSTLPRRSGAAG
GSTLPRRSGAAGAAVKGV
RSGAAGAAVKGVGTIAME
AAVKGVGTIAMELIRMIK
GTIAMELIRMIKRGINDR
LIRMIKRGINDRNFWRGE
RGINDRNFWRGENGRRTR
NFWRGENGRRTRVAYERM
NGRRTRVAYERMCNILKG
VAYERMCNILKGKFQTAA
CNILKGKFQTAAQRAMMD
KFQTAAQRAMMDQVRESR
QRAMMDQVRESRNPGNAE
QVRESRNPGNAEIEDLIF
NPGNAEIEDLIFLARSAL
IEDLIFLARSALILRGSV
LARSALILRGSVAHKSCL
ILRGSVAHKSCLPACVYG
AHKSCLPACVYGLAVASG
PACVYGLAVASGHDFERE
LAVASGHDFEREGYSLVG
HDFEREGYSLVGVDPFKL
GYSLVGVDPFKLLQNSQV
VDPFKLLQNSQVVSLMRP
LQNSQVVSLMRPNENPAH
VSLMRPNENPAHKSQLVW
NENPAHKSQLVWMACHSA
KSQLVWMACHSAAFEDLR
MACHSAAFEDLRVSSFIR
AFEDLRVSSFIRGKKVIP
VSSFIRGKKVIPRGKLST
GKKVIPRGKLSTRGVQIA
RGKLSTRGVQIASNENVE
RGVQIASNENVETMDSNT
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P7

P38

SNENVETMDSNTLELRSR
TMDSNTLELRSRYWAIRT
LELRSRYWAIRTRSGGNT
YWAIRTRSGGNTNQQKAS
RSGGNTNQQKASAGQISV
NQQKASAGQISVQPTFSV
AGQISVQPTFSVQRNLPF
QPTFSVQRNLPFERATVM
QRNLPFERATVMAAFSGN
ERATVMAAFSGNNEGRTS
AAFSGNNEGRTSDMRTEV
NEGRTSDMRTEVIRMMES
DMRTEVIRMMESAKPEDL
IRMMESAKPEDLSFQGRG
AKPEDLSFQGRGVFELSD
SFQGRGVFELSDEKATNP
VFELSDEKATNPIVPSFD
EKATNPIVPSFDMSNEGS
IVPSFDMSNEGSYFFGDN
MSNEGSYFFGDNAEEYDS

Table 7.2 Average percentage of tetramer® CD8 T cells in naive animals (n=3).

tissue tetramer (% of CD8)
AAV DFE VAY
PBMC 0.03 0.03 0.10
TBLN 0.01 0.05 0.13
BAL 0.07 0.03 0.51
lung 0.01 0.12 0.11
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spleen 0.05 0.08 0.06
NT 0.09 0.03 0.10
Trachea 0.03 0.10 0.13
Figures
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Figure 7.1 Validation of AAV and VAY as CD8 epitopes. (A) Cells isolated from TBLN were
depleted, using a MS column, from CD4 (left) and CD8 (right) T cells. Representative FACS plot
showing the absence of CD4 and CD8 populations. (B) Depleted and undepleted fraction were then
inclubated with AAV and VAY peptides and responses assayed by IFNy ELISpot
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Figure 7.2 Gating strategy for Chapter 1 and controls. (A) Representative FACS plots (from PBMC)
showing the gating strategy for intranuclear staining (panels on the left) and surface marker staining (on
the right.) (B) Fluorescence minus one (FMO) controls for transcriptional factors in the different tissues
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