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Abstract

The respiratory epithelium is a major physical barrier to infections and provides a robust innate
defensive shield through the concerted actions of the mucociliary epithelial layer and its secreted
chemical components. Influenza A virus (IAV) is a major human pathogen that overcomes these
defences to cause disease. The mechanism that the virus uses to infect the airway remains to be
fully elucidated. We have employed primary airway cells grown in 3D cultures as models to
understanding the role of epithelial cells in homeostasis and infectious disease. In these cells
differentiation occurs when the confluent cell layer develops on the semi-permeable insert with
the cells fed with media underneath, termed an air liquid interface (ALI) condition. Studies using
mice tracheal epithelial cells (mTECs) at the ALl have recently shown that BPIFA1 (Bacterial
Permeability increasing fold containing Family A member 1), a respiratory tract secreted protein,
protects the airway from |AV infection. The mechanism for this remains unknown and it was

assumed that the infection was occurring through ciliated cells.

In this thesis | have established and validated mTECs grown at an ALl as a tool for infection
studies. | conducted a genome-wide transcriptional analysis to investigate global alterations in
gene expression as the cells transitioned from isolated cells, through a basal cell intermediate
phenotype, to full mucociliary differentiation. The cultures represent a model of the native
tracheal epithelium. This analysis identified multiple genes as being up regulated during this
process and serves as a resource for target gene identification. Using published single cell RNAseq
data we could show that Bpifal expression is seen in several cell types with by far the highest
expression being seen in the secretory cells. A comparative expression analysis showed that
Bpifal was the most highly expressed member of the larger Bpif gene family in mTECs and
confirmed that the closest murine paralog of the gene, Bpifa5, was not expressed in these cells,

and would not be likely to serve a similar function.

Using IF microscopy | confirmed that IAV did not infect BPIFA1 positive cells in mTEC cultures and
was not commonly associated with ciliated cells at the early stages of infection. To address issues
of cell specificity, | infected undifferentiated mTECs (lacking the mature epithelial phenotype)

and could show that these were infected, despite the absence of ciliated cells. Levels of infection
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were less than was seen in differentiated mTECs. A genome wide transcriptional study showed
cells of both phenotypes (basal cell intermediate, and full mucociliary differentiation
phenotypes) upregulated multiple interferons stimulated genes (ISGs), albeit with lower
response in the undifferentiated cells. | identified the gut antimicrobial protein gene Lypd8, as a
potential novel ISG. | employed this infection model to establish an assay for IAV infection of
undifferentiated mTECs, which can be utilized to examine the role of BPIFA1 in IAV anti-viral
responses. To investigate this further, | generated several recombinant BPIFA1 protein
expression constructs that exhibit sequence differences in a presumptive functional domain at
the N-terminus of the protein for use in this infection assay. Comparative analysis showed that
this repeat region is highly variable between species and is longer in rodents. | also generated a
series of short peptides corresponding to the repeat region in this domain. Both sets of BPIFA1-
derived reagents could be investigated for their ability to modulate IAV infection and to define
more fully the functional mechanism that BPIFA1 employs against IAV infection. My results show
that mTECs are a good model for studies investigating IAV infections. Undifferentiated mTECs can
be used in a simple quantitative infection assay to unravel the contributions of specific regions

of BPIFA1 in regulating IAV infection.
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1 Introduction

1.1 Respiratory System (RS)

The main function of the RS is gaseous exchange, wherein oxygen is inhaled, and carbon dioxide
(CO,) is exhaled. The respiratory tracts include an upper respiratory tract (URT) and lower
respiratory tract (LRT) (Figure 1.1). The URT includes the nasal passage, anterior nares, paranasal
sinuses, oropharynx and nasopharynx, while the LRT includes the larynx, trachea, bronchi,

bronchioles, and alveoli (Man, de Steenhuijsen Piters et al. 2017)

1.2 Upper Respiratory Tract (URT)

1.2.1 Nasal Cavity

The nasal cavity is mainly responsible for filtering inhaled air, preventing entrance of foreign
particles in the RS. Humans breathe mostly through their noses, while rodents are obligate nose
breathers. The olfactory receptors present in the nasal cavity allow the sense of smell. Two
different kinds of mucosal tissues line the nasal cavity: the respiratory mucosa and olfactory
mucosa. Olfactory receptors are present in the olfactory mucosa. Conversely, pseudostratified
ciliated columnar epithelia containing goblet cells constitute the respiratory mucosa. Mucus is
produced by the secretory glands, and host defence peptides and antibacterial enzymes are

found in this secretion (Youssef, Kassem et al. 2018).

1.2.2 Pharynx

The pharynx connects the mouth and nasal cavity to the oesophagus and larynx. It is shaped like
a funnel and is made up of three components: the nasopharynx, oropharynx and laryngopharynx
(Hennessy 2016). The nasopharynx is present at the back of the nasal cavity and serves as a
passageway for air. Pseudostratified ciliated epithelial cells are present in the nasopharynx, which
facilitate movement of mucus towards the throat (Dahl and Mygind 1998) (Martin 2017). Next to
the nasopharynx is the oropharynx, which works as a pipe for the passage of air and food. This
component is covered with a squamous epithelial layer. Finally, at the larynx (also known as the
voice box), the respiratory tract separates from the digestive tract (Deshmukh 2020) . Stratified

squamous epithelia line the larynx, which functions as a channel for air as well as food (Fritz
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2019), and are critically important for speech (Nocini, Molteni et al. 2020). The larynx allows the

execution of a switching mechanism that functions to ensure that food and air are transported

properly.

1.3 Lower Respiratory Tract (LRT)

1.3.1 Trachea

The trachea (or windpipe) is the part of the LRT that starts from the larynx and ends at the mid-
thorax as it divides into two bronchi. It protrudes from the cricoid cartilage, which serves as the
base for the larynx (Figure 1.1) (Davies 2014). The wall of the trachea is made up of three different
layers: the mucosa, submucosa, and adventitia. The trachea plays many roles including filtering,
humidifying and warming air prior to its entry into the lungs (Al-Qadi, Artenstein et al. 2013). The
length and diameter of the trachea are around 11 cm and 2.5 cm, respectively. The trachea
divides into two bronchi that enter the lungs (Raja 2019). The ciliated cells present in the trachea
regulate movement of ions and fluid and remove foreign particles. The goblet/secretory cells
present therein secrete mucins, giving rise to a protective boundary. Finally, the tracheal basal

cells serve as a stem cell population and are involved in healing following injury (Raja 2019).
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Figure 1.1. The Respiratory Tract
This figure illustrates the lower respiratory tract, which comprises trachea, bronchi and

peripheral lung, and the upper respiratory tract (Teirumnieks 2020)

https://creativecommons.org/licenses/by-sa/4.0/

1.3.2 Bronchi

The bronchi are divided into several branches: The primary, secondary and tertiary bronchi end
in the bronchioles. These air passages connect to the tiny sacs of the alveolar tissue (Frank 2014).
The LRT has a pseudostratified columnar epithelial layer containing goblet, basal and ciliated cells

(Berube, Prytherch et al. 2010).
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1.3.3 Alveoli

The alveoli are the regions of the peripheral lung where gaseous exchange occurs predominantly
(Figure 1.2). These bronchiolar ducts end in terminal clumps of alveoli called alveolar sacs. About
300 million gas-containing alveoli are present in the body (Rogers 2010). The alveolar walls are
extremely thin and are made up of simple of squamous epithelial cells. Pulmonary capillaries
cover the alveoli on their outer side. These capillaries contain blood and exchange gas through
alveolar type 1 (AT1) cells that they abut on one side (Yang, Hernandez et al. 2016). The alveoli
also contain cuboidal shaped type 2 cells. These cells are mainly responsible for generating a
fluid-containing surfactant, which coats the inside of the alveoli that is exposed to gas. The cells

also generate some host defence proteins (HDPs).

alveclus:
Deoxygenated
kiood coming Oxygenated
from heart kiood going to
hieairt

capllaries.

Figure 1.2. Alveolar Unit

The alveolar unit allows gas exchange of oxygen and carbon dioxide between blood and alveolar air. It
contains type | and type Il pneumocytes, fibroblasts, and macrophage ("Anannotated diagram of an
alveolus" by Katherinebutler1331 is licensed under CC BY-SA 4.0. To view a copy of this license, visit

https://creativecommons.org/licenses/by-sa/4.0/?ref=openverse.)

( https://creativecommons.org/licenses/by-sa/4.0/) .
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1.4 Structural Cells of the Respiratory Epithelium

The respiratory epithelium is pseudostratified and lines the tract from the nose to the terminal
bronchioles. Multiple cells within the epithelium contribute to its function and are a primary
means of lung defence. These cells include basal, supra-basal, goblet, club, and ciliated cells and
pulmonary ionocytes as shown in Figure 1.3. The lineage relationships between the airway cells
have been undergoing some revision in recent studies conducted with single-cell RNA sequencing
(scRNAseq). These studies have shown that basal cells first divide into club cells. Goblet cells arise
from club cells and then divide into multiciliated cells. When scRNAseq was undertaken in the
airways of humans, additional cells were also identified including deuterosomal cells (a type of
ciliated cell) and hybrid mucous—multiciliated cells (Guo, Du et al. 2019). In chronic respiratory
disorders, such as chronic obstructive pulmonary disease (COPD), asthma, and cystic fibrosis (CF),
the number of goblet cells is increased, while that of ciliated cells is decreased (Cohn 2006)
(Curran and Cohn 2010). The cells in the respiratory tract have long been thought to exist in a
defined classification, but some differences of opinion exist among authors concerning the usage
of different names and the precise division into distinct cell types. For example, (Schiller,
Montoro et al. 2019) Schiller et al. (2019) defined club cells as those that express SCGB1A1,
MUC5AC and MUC5B, whereas other authors consider cells to be club cells if they express only
SCGB1A1 (Schiller, Montoro et al. 2019). Another sub-type of club cell, which was seen to have
much higher levels of immune system regulatory genes, was also found (Zaragosi, Deprez et al.
2020). The use of scRNAseq has allowed some revision of the interrelationships between

different epithelial cell types as shown in Figure 1.4.
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(COLIAT+ - FBLNI1+)
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Goblet Deuterosomal Multiciliated Neuro- endocrine Mucous - Multiciliated Smooth Muscle
(MUCSACH) (DEUP1+ - FOX;j1+) (DEUPT+ - FOXJ1+) (CHRP+ - CHGA+) (FOXJ1+ - MUCSAC+) (ACTA2+ - MYH11+)

Figure 1.3. Types of Epithelial Cells in the Airways
This schematic diagram illustrates various types of epithelial cells along with rare epithelial and

stromal cells (Montoro, Haber et al. 2020) .

The respiratory epithelium outside of the alveolar space is pseudostratified. This means that all
epithelial cells directly sit on the basement membrane. These cells include large numbers of
ciliated, goblet, club/serous and basal cells as well as rarer brush and neuroendocrine cells (NECs)

and the recently identified ionocytes. These cell types are described below.

1.4.1 Basal Cells

Basal cells are found at the bottom of the epithelial layer and can generate all epithelial cells in
the airways (Figure 1.3). The transcription factor TP63 is expressed in basal cells and, along with
certain keratins, marks this cell population (Morimoto 2010) (Siebel 2017). The NOTCH signalling

pathway is needed for sustaining and differentiating basal cells (Rock 2009). This is verified by
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the fact that basal cells express NOTCH ligands such as JAG1 and JAG2. When NOTCH signalling
is activated in basal cells, these cells differentiate into secretory cells (Stupnikov, Yang et al.
2019). Conversely, in the absence of NOTCH signalling, ciliated cells are formed from basal cells

(Whitsett and Alenghat 2015).

1.4.2 Club Cells

Club cells are present within the bronchiolar and tracheal epithelia. Initially, they were known as
Clara cells, but this name is no longer used (Winkelmann and Noack 2010) (Lynch 2016) . These
cells are located next to ciliated cells, and their numbers vary depending on the exact location in
the airways (Figure 1.3). They play a considerable secretory role and are responsible for
generating pro-inflammatory cytokines and immune proteins that regulate innate immunity and
play homoeostatic function (Whitsett and Alenghat 2015). Club cells also produce
glycosaminoglycans, are a significant site of expression of xenobiotic-metabolising enzymes
including cytochrome p450s and play a role in the reduction of oxidative stress (Dean and
Snelgrove 2018) . The most established marker for these cells is SCGB1A1, which is identified in
part because of its ability to bind to polychlorinated biphenyls (Nordlund-Moller, Andersson et
al. 1990). Overall, club cells are involved in safeguarding the lining of the bronchioles (Whitsett

and Alenghat 2015).

1.4.3 Goblet (Mucous) Cells

Goblet cells situated within the conducting epithelium secrete mucin glycoproteins, principally
the gel-forming mucins MUC5AC and MUCSB, and lipids onto the epithelial wall (Rogers 2003)
(Taherali, Varum et al. 2018). These cells have mucin-containing granules and exhibit a
characteristic morphology that gave rise to the term ‘goblet cell’. Goblet cell products facilitate
the entrapment and clearance of inspired irritants, microorganisms and particles (lvanova,
Sotirova et al. 2022). A recent single-cell analysis has reclassified goblet cells into goblet, mucous
and serous cells based on specific gene signatures, and this distribution appears different
between mice and humans (Travaglini, Nabhan et al. 2020). This cell population is substantially

responsive to infection and allergy and has the capacity to alter its phenotype in diseases. If
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NOTCH signalling increases SAM-pointed domain Ets-like factor (SPDEF) levels, the production of
mucins is regulated, and mucous cell metaplasia, hyperplasia or dysplasia occurs (Chen,
Korfhagen et al. 2009) (Rajavelu, Chen et al. 2015) (Parekh, Nawroth et al. 2020). SPDEF is
therefore essential for differentiation of the goblet cell. Goblet cells and submucosal glands are
strongly influenced by environmental components such as allergens and bacterial contaminants.
If mucus overproduction is not controlled, lung inflammation can occur, consequently resulting

in airway obstruction and chronic lung disease (Whitsett and Alenghat 2015, Whitsett 2018).

1.4.4 Ciliated Cells

The ciliated cells present in the respiratory epithelium are typically elongated columnar cells, and
each cell has around 150-250 motile cilia on its apical surface (Ghanem, Laurent et al. 2020).
Ciliated cells are responsible for mucociliary clearance, which is the process by which airway
secretions are moved from the lungs into the pharynx and swallowed. The cilia present on the
cell surface move to propel particles and pathogens out of the airways through coordinated
beating (Bastola, Young et al. 2021). Geminin coiled-coil domain-containing protein 1 (GMNC),
multiciliate differentiation and DNA synthesis associated cell (MCIDAS) and forkhead box J1
(FOXJ1) are key transcription factors that regulate the development of cilia and deuterosomes
(organelles involved in multiciliated cell centriole expansion) (Whitsett 2018). Other genes
required for ciliogenesis include MYB, RFX2 and RFX3 (Arbi, Pefani et al. 2016, Campbell, Quigley
et al. 2016). Classical ciliated cells appear to be derived from basal cells through a range of

intermediate cells including deuterosomal and mucous—deuterostomal cells (Figure 1.4).

1.4.5 Neuroendocrine cells

The respiratory Neuroendocrine cells (NEC) are known to have both neural and endocrine
functions. They are known to play a role in the regulation of airway function, including epithelial
cell proliferation and differentiation (Klimov, Cherevko et al. 2022). After injury, these cells
stimulate other cells to initiate repair of the bronchial epithelium and appear to act as sensor

cells that control immune responses in the airways (Ouadah, Rojas et al. 2019, Croasdell Lucchini,
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Gachanja et al. 2021). Mutant mice deficient in NECs exhibit a poor response to allergy. They

express CGRP and ASCL1 as marker genes (Branchfield, Nantie et al. 2016).

1.4.6 Tuft Cells

Tuft cells, also known as brush cells, are rare and solitary chemosensory cells found in the
respiratory epithelium (Davis and Wypych 2021). They recently have come under examination
owing to the discovery of them having connections to type 2 immunity, mediating chemo-
sensing, modulating inflammation and producing acetylcholine (Branchfield, Nantie et al. 2016) .
Tuft cells appear to act as a conduit between ligands from the external space through taste-like
signalling pathways for the generation of output, which is a unique feature among airway

epithelial cells (Kotas, O'Leary et al. 2023).

1.4.7 lonocytes

Pulmonary ionocytes have been recently identified in several scRNAseq studies and shown to
express a higher level of cystic fibrosis transmembrane conductance regulator (CFTR), the
transporter protein for chloride ions, than other cells present in the airways. Therefore, these
cells seem to play a role in the physiology of regulating airway surface fluid and can be potential
players in the pathogenesis of CF. When Foxil, an ionocyte transcription factor, is eliminated
from ionocytes, the expression of cftris lost in mice (Montoro, Haber et al. 2018). lonocytes arise
from precursor basal cells, and Foxil is expressed in the basal cells of the airways after injury

(Hawkins and Kotton 2018, Plasschaert, Zilionis et al. 2018).
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Figure 1.4. Lineage Relationship of Cells from Human Airway Epithelia
This figure shows the lineage relationships of individual cell types found in the trachea and the
large airways in recent single-cell RNA sequencing studies. Adapted from (Zaragosi, Deprez et al.

2020).

1.4.8 Alveolar Type 1 (AT1) Cells

AT1 cells exhibit structural and anatomical characteristics needed to allow effective gaseous
exchange (Figure 1.2). The substantially thin membrane present between the pulmonary
capillaries and alveoli allows exchange of gas through passive diffusion (Saha and Chong 2021).
AT1 cells play a crucial role in maintaining homoeostasis of the alveoli, as they allow passage of
ions and water required by the epithelial layer of the alveoli (Agnese, Calvano et al. 2002). At the
molecular level, NK homeobox 2-1 (NXk2.1) is required for the formation and regulation of AT1

cells (Torre and Flores 2020).

1.4.9 Alveolar Type 2 (AT2) Cells

AT2 cells are found in the alveolar region of the lungs. They contribute to the maintenance and
repair of the alveolar epithelial barrier that separates the air spaces of the lungs from the blood
vessels (Olajuyin, Zhang et al. 2019). These cells substantially contribute to the production and
secretion of proteins and surfactant lipids (Mezoughi 2021). Infection and injury affect the

number and secretory potential of AT2 epithelial cells. The surfactant that these cells produce is
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involved in lowering the surface tension of the cell surface, thereby preventing alveolar collapse
in case of expiration atelectasis (Ghati, Dam et al. 2021). The role of AT2 cells in host defence
against pathogens has also been established. By secreting cytokines, they allow inflammatory
cells to initiate an immune response (Kumar, Zhang et al. 2004, Pasrija and Naime 2021). AT2

cells have also been identified as progenitors of the alveolar epithelium.

1.5 Cellular Differences between Human and Mouse Airway Cells

Recent scRNAseq studies have highlighted a potentially important difference in the airway
epithelial cells seen between mice and humans based on gene expression signatures (Travaglini,
Nabhan et al. 2020). Human cells could be classified into more distinct cell types with a noticeable
expansion of basal cell types as well as identification of two ciliated cell types. The division of
secretory cells into the goblet, serous and mucous cell types seen in humans could not be
detected in mice. This suggests that lung cells have undergone significant diversification during

mammalian evolution (Figure 1.5).

Mouse

Club Cil Bas Gob * * lon NE ATI AT2
4 5 6 7
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£ 1 2 3 Bas Bas-PX Bas-d P 8 9 10 n 12 13
I Clb cil - cil-px Gob Muc Ser on NE ATI AT2 - Al2-s

Figure 1.5. Non-Conservation of the Epithelial Cell Types between Humans and Mice

The molecular cell types in humans and mice defined by gene expression are aligned. Red text
shows the lineage related to specific expansions, while blue text shows the cells that are more
abundant in humans. The asterisk shows the cell types absent in mice. This image is modified

from that presented by (Travaglini, Nabhan et al. 2020).
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1.6 Immunity
Immunity is classified into four distinct types: physical and chemical barriers, intrinsic immunity,
innate immunity, and adaptive immunity (Figure 1.6). Any invading pathogen must overcome all

these barriers to establish an infection.

Pathogens
External Environment

Physical Barriers
Skin & Membranes

Innate
Immunity Physiological Barriers
pH
Antimicrobial Enzymes
Innate/ Adoptive

Immunity I Inflammation

Systom

Antiobody - & Cell-Based
Pathogen Destruction

B - Cell Activiation & Antibody
Production Cytokine/Chemokine Signaling

T-Cell Activation & Cytotoxic Activity

Figure 1.6. Barriers of Inmunity against Pathogens

Physical and chemical barriers, intrinsic immunity, innate immunity, and adaptive immunity are
the four branches of the human immune system. Initially, defence is initiated with the physical
barrier in the form of skin, hair within the nose and cilia within the respiratory tract. Thereafter,
different cells, such as macrophages and neutrophils activate the innate immune response.
Antigen-presenting cells then act as a link between innate immunity and adaptive immunity.
Finally, infections resolved by any of the previous barriers face adaptive immunity, in which
pathogen-specific immune responses are generated through the production of antibodies this

image adapt (arcr.niaaa.nih.gov).
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1.6.1 Barriers of the Epithelial Airways

1.6.1.1 Function of the Physical Barrier

The ciliated cells in the respiratory epithelium clear the mucus released by the goblet cells. The
loss or dysfunction of these cells can lead to various diseases, such as CF and COPD (Kusak 2018).
The contributors to mucus clearance are mucin proteins, periciliary fluids and cilia (via the
orchestrated action from ciliated cells) (Knowles and Boucher 2002, Vareille, Kieninger et al.
2011). The mucociliary escalator works by maintaining a flow of mucus gel in the airways, which
entraps pathogens and various other particles from the LRT and moves them to the pharynx from
where they are swallowed (Lever 2021). Two fluid layers constitute the airway surface layer: the
top mucus (gel) layer, which is interlinked with pathogens, and the second lower layer, known as
the periciliary layer (PCL) or sol layer, which surrounds the cilia. The PCL has a low viscosity to
enable beating to occur more easily. Clearance of mucus is achieved with the movement of cilia
in a metachronal wave form (Wanner, Salathe et al. 1996, Bustamante-Marin and Ostrowski
2017) (Figure 1.7).

The importance of the mucociliary escalator can be seen from the fact that it acts as a barrier
against infection and clears out about 100,000 bacteria per day in healthy lungs (Gozzi-Silva,
Teixeira et al. 2021). The loss of functionality of cilia causes disorders, such as CF, asthma, and
primary ciliary dyskinesia (Braiman and Priel 2008, Horani, Brody et al. 2014, Tilley, Walters et al.
2015). Airway cells synthesise and secrete mucins. MUC5B and MUCS5AC are the major proteins,
but others include MUC1, MUC4, MUC16, MUC20, MUC21 and MUC22 (Bonser and Erle 2017).
MUCSB is mostly expressed in submucosal gland goblet cells. Meanwhile, the production of
MUCS5AC (Okuda, Chen et al. 2019), a protein that is a major component of the gel-forming mucus
layer in the respiratory tract, is usually decreased in the airways of patients with COPD and CF

(Whitsett 2018).

1.6.1.2 Anatomical and Chemical Barriers as Frontline Defence Mechanisms
As outlined above, the respiratory epithelial cells are a significant component of the immune

response. When there are breaches of this natural barrier, pathogenic agents can gain entry
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to the epithelium. Respiratory epithelial cells secrete multiple innate defence proteins onto their
apical surface, thereby contributing to the formation of mucus.

Several specific immune cells collaborate in immune defence. Elie Metchnikoff was the first
individual to document the phagocytic ability of macrophages for maintaining natural or innate
immunity. Phagocytosis is employed by mononuclear phagocytes and neutrophils for the
absorption of microbes. Large particles are also cleared by this process, which means that
phagocytosis covers infective factors (viruses and bacteria) (Gordon, Crocker et al. 1986, Rosales

2020).
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Figure 1.7. Process of Mucociliary Clearance in the Respiratory Tract
Inhaled microbes are trapped in the gel-forming mucus layer by binding to lectins and are then
cleared from the body by the coordinated movement of cilia on multiciliated cells in the

pulmonary epithelium.

1.6.2 Non-Structural (Immune) Cells of the Airways

1.6.2.1 Dendritic cells

The dendritic cells (DCs) provide a functional connection between innate and adaptive immune
systems. DCs are produced from bone marrow progenitor cells and found in all tissues. After DCs
entrap an antigen, they become activated and start their migration to the lymphoid tissues of the
body (Zanna, Yasmin et al. 2021). Naive T cells are presented with the antigen protein on the

surface of DCs in collaboration with the major histocompatibility complex (MHC) peptide. T cell
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antigen receptors on T cells bind to the MHC—peptide complex on the surface of DCs, which are
known as antigen-presenting cells (Wu, Wei et al. 2020). This process is known as the DC-
mediated T-cell activation system (Banchereau and Steinman 1998). The activation of DCs leads
to the differentiation of T cells towards mature effector and memory T cells. Non-activated DCs
are capable of presenting antigens to T cells; however, without stimulatory signals, the likelihood
of DCs activating the immune response is reduced (Heath and Carbone 2001, Shahverdi,
Masoumi et al. 2022). Thus, DCs require activation to become fully functional and contribute to
the regulation of tolerance. The lungs contain a diverse population of DCs that regulate the
immune response to viral infections (Zanna, Yasmin et al. 2021). One sub-type — conventional
DCs — are responsible for capturing and processing antigens and consequently for presenting
them on their surface in a form that can be recognised by T cells. DCs in the lungs are also known
to interact with other immune cells such as macrophages and natural killer (NK) cells to promote
antiviral immunity. For instance, after capturing antigens, DCs migrate to the regional lymph
nodes where they present the antigens to T cells, which will consequently differentiate into

effector T cells, such as CD8+ T cells, which can recognise and kill virus-infected cells.

1.6.2.2 Mast cells

Mast cells express high-affinity immunoglobulin E receptors (FCER1) and are strategically located
in various compartments of the lungs. Their role is of importance in various disorders involving
inflammation and the immunoglobulin super antigens related to cancer. For example, in lung
cancer, mast cells can be found in high numbers in the tumour microenvironment and can
promote cancer progression (Cristinziano, Poto et al. 2021). The life cycle of mast cells begins in
the bone marrow where they evolve from pluripotent stem cells and circulate as immature cells
until they reach their destination and convert into mature cells (Ishizaka 1993, Cordes, Cante-

Barrett et al. 2022).

1.6.2.3 Alveolar and airway macrophages
Alveolar and airway macrophages (AMs) play a critical role in the immune defence by

phagocytosis of inhaled particles and microorganisms (Bissonnette 2020). Macrophages have a
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lifespan of months to years (Murphy 2016). They are resistant to apoptosis while residing in the
tissues (Gordon and Pluddemann 2018) and their density varies across various tissue types.
Certain stimuli can increase the tissue density of macrophages. They are the primary regulators
of innate immunity and are usually the first line of defence against pathogens entering the
tissues (Brubaker, Bonham et al. 2015).

AMs are found in the lung alveoli and protect against the pathogens entering the body through
breathing The AMs primarily protect against bacteria that are inhaled during inspiration. Once
the bacteria reach alveoli, their opsonization occurs. This is followed by a local migration of
macrophages, which attach to and engulf the bacteria. Once inside the macrophages, the
bacteria are quickly lysed by the hydrolytic enzymes and proteases found in the lysosomes
(Flannagan, Heit et al. 2016). AMs are considered to be critical for the removal of innocuous
particles silently and induction of the protective immune system to eliminate pathogens. They
are involved in reducing inflammatory responses and maintaining homoeostasis within the lungs.
Apoptotic cells along with inhaled particles are phagocytised by these cells. The immune
responses of AMs are controlled by the secretions of lung epithelial cells. CD200, secreted by
epithelial cells maintains the quiescent state of AMs (Bissonnette 2020) therefore, coordination
between epithelial cells and macrophages is critical for respiratory immune responses. In
contrast, neutrophils are the main leucocytes during respiratory immune response against viral
infections (Liu, Pang et al. 2017). Such infections result in a higher expression of chemokines,
which attract neutrophils to the site of inflammation. Similarly, viral infections are responsible
for increasing the expression of epithelium-binding proteins on the neutrophils surface (Haddad,
Gaudet et al. 2019). The binding of neutrophils to respiratory epithelial cells induces damage to

the surface, which is typically observed in viral infection.

1.6.2.4 Resident macrophages

Resident macrophages clean the tissues of invading pathogens and dead and apoptotic cells.
They also release certain chemicals to regulate the local inflammatory response. After ingesting
pathogen, macrophages trap it in phagosomes. In the next step, a fusion of phagosome with

lysosome occurs, which exposes the trapped pathogen to digestive enzymes. Thus, a slow death
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and digestion of the ingested pathogen occurs. They also train the adaptive immune response by
ensuring the delivery of bacterial peptides to helper T cells (He, Zhou et al. 2005). Further, they
release chemotactic molecules to recruit inflammatory and the other phagocytic cells (Fung,

Mangan et al. 2013).

1.6.2.5 Neutrophils

Neutrophils regulate phagocytosis and the immune response. They are highly abundant in the
blood, contain granules with digestive enzymes, and are among the first responders to a bacterial
infection (Mohamed and Alawna 2020). Neutrophils have a short lifespan with tactile properties
and constitutes more than two third of all white blood cells (Rosales 2018). They ingest and
hydrolyse bacteria by releasing reactive oxygen species (ROS). Various ROS generated by
neutrophils include nicotinamide adenine dinucleotide phosphate (NADPH), superoxide, and
related species (Brubaker, Bonham et al. 2015). Neutrophils have secretory granules, which
contain host defence peptides (HDPs) lactoferrin, cathelicidin (LL-37), defensin and lysozyme
(Kanashiro, Hiroki et al. 2020). They can also create anti-bacterial extracellular traps comprising
of hydrolytic proteins, histones, and decondensed chromatin (Sollberger, Choidas et al. 2018).
Endothelial activation is generally the first step required for recruiting neutrophils. This is
followed by the adhesion of the neutrophils to endothelium (Brubaker, Bonham et al. 2015).
Next, an extravasation or migration of neutrophils through the gaps in endothelial cells towards
extracellular tissues occur. The local chemotactic factors guide the neutrophils to invading
pathogens. Next, the neutrophils perform phagocytosis, which is governed by the
immunoglobulins deposition in the tissues and their subsequent recognition by the receptor
proteins (Brubaker, Bonham et al. 2015). Once the pathogen is trapped within the phagosome,
various hydrolytic enzymes and ROS are released to digest and kill the pathogen (Ulfig and
Leichert 2021).

1.6.2.6 Fibroblasts and smooth muscle cells
Fibroblasts and smooth muscle cells are also important cells in the lungs, playing a role in the

maintenance and repair of the lung structure via extracellular matrix-producing myofibroblasts
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and secretory matrix fibroblasts (Ushakumary 2021). Interstitial resident fibroblasts direct the
behaviour of the epithelial stem cell niche to perform repair function (Ushakumary 2021).
Furthermore, they undergo different stages of differentiation along with specific gene expression
during injury repair response. For example, Axin2 + PDGFRa* fibroblast sub-types greatly
contribute to regeneration (Zepp, Zacharias et al. 2017). Further, smooth muscle cells contribute
not only as contractile units but also towards remodelling of the epithelium by releasing
inflammatory cytokines, growth factors and proteases (Chung 2005). Both fibroblasts and
smooth muscle cells demonstrate immunomodulatory properties by producing a variety of
chemokines, cytokines, and growth factors that can influence the inflammatory response in the

lungs (Choreno-Parra, Thirunavukkarasu et al. 2020).

1.6.3 Submucosal Glands

The area from the trachea down to the bronchioles is rich in submucosal glands. These glands
secrete large quantities of mucins and proteins onto the airway surface, which boost the immune
response in the airways (Ostedgaard, Price et al. 2020). Multiple cell types are present in the
submucosal glands, including ciliated, serous, myoepithelial, basal and goblet cells (Whitsett and
Alenghat 2015). CFTR, a key protein that maintains balance between fluids and electrolytes and
movement of mucus gel by ciliary activity (Whitsett 2018), is produced by the submucosal gland.
MUCS5B is the most highly expressed gel-forming mucin (more so than MUC5AC). The glands also
produce a variety of innate immune and antimicrobial peptides including lysozyme, lactoferrin, B-

defensins and surfactant proteins (SP-A and SP-D).

1.6.4 Intrinsic Immunity as a Form of Innate Immunity

Innate immunity is the first line of defence after pathogens enters the body. It is considered a
non-specific type of the immune system, as it responds to all germs and foreign agents in a similar
fashion. Importantly, it rapidly acts against pathogens; therefore, it is vital to counter the spread
of pathogenic agents. Intrinsic antiviral immunity inhibits viral replication and assembly in cells,
thereby becoming a barrier against viruses. Although intrinsic immunity is attributed to the

restriction factors inherent in certain types of cells, the factors are prone to induction by viral
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infection (Goldstein and Scull 2022). Regarding their mechanism, intrinsic viral restriction factors
are able to recognise viral components in a way that is different from pattern-recognition
receptors (PRRs), which work by inhibiting viral infection via the induction of interferons (IFNs)
and different antiviral proteins (Giovannoni, Bosch et al. 2020). Intrinsic antiviral factors directly
and indirectly stop viral replication. (Yan and Chen 2012). IFNs are cytokines produced in
response to invading microbes. Type | and Ill IFNs are expressed in multiple cell types following
the recognition of viral particles. The expression of L-12 is reserved for immune cells, such as T
cells and NK cells (Fensterl and Sen 2009). The interferon-stimulated gene (ISG) PKR is an IFN-
induced kinase that regulates the innate immunity pathway for defence against influenza viral
infection (Fensterl and Sen 2009). Different factors achieve such function through different
fashions. For example, the E3 ubiquitin ligase tripartite motif (TRIM) 5a achieves this function by
uncoating the HIV capsid as it targets the incoming HIV coat. Meanwhile, the deaminase

APOBEC3G can inhibit viral replication by editing the viral genome (Wolf and Goff 2008).

1.6.5 Host defence peptides (HDPs)

HDPs, also known as AMPs antimicrobial peptides, prevent microbial growth and are secreted by
both epithelial and inflammatory cells (Nakashige 2015). Host defence peptides as proteins with
cationic properties were first described in the 1960s (Simmaco, Kreil et al. 2009) . In the 1980s,
several HDPs were identified, including cropin, defensins and magainin, which are small HDPs
found in various organisms. Cropin was first isolated from moths (Hultmark, Steiner et al. 1980),
defensin from human neutrophils (Ganz, Selsted et al. 1985) and magainin from amphibians
(Zasloff 1987). Since then, numerous other HDPs have been discovered.

The respiratory epithelial cells produce multiple HDPs with activities against bacterial, fungal, and
viral pathogens. Some of these proteins are generated from inactive pro-peptides, such as a-
defensins produced by neutrophils (Prasad, Fiedoruk et al. 2019). These pro-peptides, which are
approximately 90 amino acids in length, are processed by cell proteases (Thakur, Sharma et al.
2022). This processing results in the production and accumulation of the mature cationic defensin

protein in the primary granules of neutrophils. Examples of some HDPs are described below.
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1.6.5.1 Adaptive Immunity

The most common form of adaptive immunity is the production of antibodies. Antibodies are
produced by B cells, which require activation by helper T cells or CD4 T cells. Antibodies can
perform their function through different mechanisms. The most common mechanism is
neutralisation, in which binding of pathogenic elements such as bacteria and viruses to their
target cells is prevented (Webb, Bernshtein et al. 2021). Furthermore, antibodies can prevent the
entry of bacterial toxins into the host cells. As bacterial cells multiply outside the host cells,
antibodies activate different phagocyting cells, which can digest bacterial cells. The coating of
bacterial cells by specific antibodies is known as opsonisation. Phagocytic cells contain Fc
receptors, which recognise the antibodies bound to bacterial cells (Achkar and Casadevall 2013).
Alternatively, the complement system, in which a series of proteins are activated in a sequence,
can be activated when antibodies are bound on the surface of pathogens. This leads to the
binding of complement proteins to pathogens and subsequent binding of complement protein
receptors on phagocytes, resulting in phagocytosis of pathogens. Adaptive immunity
encompasses antibody-driven responses of B cells, helper T cells and cytotoxic T cells in four
phases: encounter, activation, attack, and memory (McCreary, Bariola et al. 2022). Both of them
play a crucial role in viral infections (lwasaki and Medzhitov 2010). T cells can identify infected
cells and eradicate them through cytolysis and the secretion of toxic substances. This T cell-
mediated toxicity contributes to mitigating viral infections and is a key aspect of adaptive
immunity. Moreover, adaptive immunity includes the process of memory, resulting in a quicker
and more effective response to pathogens upon subsequent exposure and thus providing better

protection against future infections (lwasaki and Medzhitov 2010, Maini and Burton 2019).

1.6.5.2 Cathelicidins/LL-37

Cathelicidins are small cationic peptides with antimicrobial properties that are found in a variety
of species (Kosciuczuk, Lisowski et al. 2012) . The first cathelicidin was isolated from a Hyalophora
cecropia moth and named cecropin (Hultmark, Steiner et al. 1980). Another cathelicidin —
magainin —was isolated from the skin of a Xenopus laevis frog (Zasloff 1987). Since then, multiple

cathelicidins have been identified from a range of species (Kosciuczuk, Lisowski et al. 2012),
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including high-activity cathelicidin from Bungarus fasciatus snakes (cathelicidin-BF) (Wang 2008,
Utkin, Siniavin et al. 2022). Human cathelicidin (also known as LL-37) is the sole cathelicidin with
both anti-inflammatory and antibacterial properties. Cathelicidins are produced as inactive pro-
peptides that are bound to domains before secretion. The highest concentration of cathelicidins
is found in the secondary granules within neutrophils, which are triggered by proteolytic cleavage
after merging with phagosomes and the action of the granulocyte neutrophil elastase (NE) (Dutta
and Das 2016).

LL-37 has antimicrobial activity against various types of pathogens. It works in several ways: by
directly killing pathogens by permeabilising their cell membranes and disrupting their internal
structures; by modulating the host immune response by recruiting and activating immune cells
and by acting as a chemoattractant to recruit immune cells to fight invading pathogens (Thakur,
Sharma et al. 2022). LL-37 also has anti-inflammatory properties, modulating the release of pro-
inflammatory cytokines and chemokines and promoting wound healing (Jiang, Liao et al. 2020).
It also plays a role in the host defence against cancer by inhibiting cancer cell growth and

promoting cancer cell apoptosis.

1.6.5.3 a-Defensins (Human Neutrophil Peptides (HNPs)

HNPs have bacteria-killing activity against both gram-positive and gram-negative bacteria. They
also modulate the immune response by stimulating both cytokines and chemokines (Nagaoka,
Suzuki et al. 2010). HNPs exhibit strong activity against several types of pathogens (influenza A
virus [IAV] and HIV).

1.6.5.4 B-Defensins

There are 33 different genes that code for B-defensin peptides in the human genome. However,
the airway epithelium expresses only B-defensins 1-4 (Rayner, Makena et al. 2019). B-defensins
exhibit a broad activity against bacteria, fungi, and enveloped viruses (Hosseiniyan Khatibi,
Kheyrolahzadeh et al. 2020). For example, B-defensins 1 and 2 have bactericidal activity against
Escherichia coli and Pseudomonas aeruginosa. In healthy individuals, B-defensins are not typically

present in airway secretions (Manicassamy, Manicassamy et al. 2010). However, in patients with
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respiratory illness or following infection, there is an increase in B-defensin levels in airway fluid.
This is because the presence of pathogens triggers the production and release of these peptides
by epithelial cells as a part of the host defence mechanism (Chen, Schaller-Bals et al. 2004, Cane,

Tregidgo et al. 2021).

1.6.5.5 Lactoferrin

Lactoferrin is a protein that binds to iron and is present in the circulation and mucosal secretions.
It can generate an iron-deficient environment that hampers the microbial growth. Lactoferrin has
a direct bactericidal effect on microorganisms and can cause an increase in immunoglobulin A
activity (Ellison 1994, Ward and Conneely 2004). The antimicrobial activity of lactoferrin has been

found to increase synergistically when integrated with lysozyme (Tavares, Antunes et al. 2020).

1.6.5.6 Lysozyme

Lysozyme is an antimicrobial enzyme that is involved in the host defence against pathogens in
various body secretions. It has proteolytic activity against the peptidoglycan found in the
bacterial cell walls, which causes cell death (Varela-Fernandez, Garcia-Otero et al. 2022). It acts
as a glycoside hydrolase and breaks down the B-1,4 linkages between N-acetylmuramic acid and
N-acetyl-D-glucosamine residues, which are key elements of gram-positive bacterial cell walls
(Nguyen 2018). Lysozyme found in the respiratory tract is released by epithelial cells and
submucosal glands, and the level directly correlate with bactericidal activity of the airways
(Widdicombe 2019, Kelly and McLoughlin 2020). Additionally, the combined effect of lysozyme
and human secretory leucocyte peptidase inhibitor (SLPI) has been shown to increase anti-
bacterial activity, demonstrating a synergistic function between these proteins (Zegels, Van

Raemdonck et al. 2010).

1.6.5.7 Whey Acidic Protein (WAP)/Whey Four-Disulphide Core (WFDC) Proteins
The major whey protein in milk is WAP, which is essential for regulating the production of
mammary epithelial cells (Bhat, Ahmad et al. 2020). WAP is a prototypic member of the FDC

domain-containing protein family; members of this family with a similar structure of disulphide
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bonds are referred to as WFDC proteins (Bingle and Vyakarnam 2008, Wegen, van Heek et al.
2022). The PI3 gene in humans encodes a protein called elafin or peptidase inhibitor 3, which is
an elastase-specific protease inhibitor with a single WFDC domain (Nugteren and Samsom 2021).
The SLPI is known for its antiprotease activities, and as a part of the innate immune response.
SLPI has antiprotease and antimicrobial activities against bacteria and fungi. It is an important
molecule in the functioning of the innate immune system that controls the proliferation,
differentiation, and cycle of myeloid cells. The primary physiological function of SLPI and elafin is
the blockage of NE, but they also act as potent inhibitors of various other proteinases (Scott,
Weldon et al. 2011). WFDC2 is another member of this family, which is highly expressed in the
trachea, lungs, and kidneys (Bingle, Cross et al. 2006); however, its function remains unclear.
Elafin and SLPI have antibacterial properties and can induce a macrophagic response to the
lipopolysaccharides (LPSs) of bacteria. Human lungs, nose, and trachea express both elafin and
WEFDC2 (Bingle, Cross et al. 2006). SLPI also promotes wound healing in mice skin (Ashcroft, Lei
et al. 2000, Farr, Ghosh et al. 2020). It has anti-inflammatory properties and has been reported
to obstruct macrophage/monocyte pro-inflammatory functions (Jin, Nathan et al. 1997). In the
lungs of LPS-treated mice, elafin has been found to block inflammatory responses (Vachon,

Bourbonnais et al. 2002).

1.7 Influenza Virus

The influenza virus was isolated in 1933 by British scientists Smith, Andrews, and Laidlaw. This
virus is related to the Orthomyxoviridae family of viruses and is an enveloped virus that includes
eight RNA segments in which the genetic material of the virus is encoded (Shtyrya, Mochalova et
al. 2009). Influenza has been a prominent part of history because of its involvement in pandemics
and various seasonal epidemics (Neumann, Noda et al. 2009). Once a person is infected, there is
rapid replication of the virus in the initial 7 days, which can lead to intense pulmonary distress.
The virus replicates until the immune responses are instigated (Baum and Paulson 1990, Imai,
Kuba et al. 2008). From the three genera of influenza viruses (A, B and C), human pathology is
predominantly associated with genera A and B (lwasaki and Pillai 2014, Neumann and Kawaoka

2015).
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Figure 1.8. Timeline History of the Influenza Virus Since the 1890s Elaborating Six Pandemics

(Francis et al., 2019)

The A genus of the virus has two different viral surface glycoproteins: haemagglutinin (HA) and
neuraminidase (NA). HA facilitates the early stage of the viral life cycle by facilitating the entry of
the virus into host target cells. It is synthesised in an inactive form, which is cleaved to become
active by proteases, a hallmark of all diseases (Bertram 2010). Conversely, NA is responsible for
releasing the virus from host cells and is an enzyme that cleaves sialic acid (SA) from the
glycoprotein group. There are 19 variations of HA (H1-H19) and nine types of NA (N1-N9) (Tong,
Li et al. 2012). The combination of these glycoprotein subgroups determines the ability of the
virus to be transmitted from one host species to another. They bind with host cells through
receptors with SA residues. HA protein sequence in humans has shown that HA specifically binds
to SA residues that end with a2,3-galactose B1,4-N-acetyl glucosamine (SAa2,3Gal) or SAa2,6Gal
(Slepushkin, Staber et al. 2001). SAa2,3Gal is present on the surface of goblet cells and SAa2,6Gal

on the surface of ciliated cells (Allen and Ross 2018).
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Figure 1.9. Structure and Composition of Influenza A Virus

Influenza A virus comprises HA and NA as well as M2, PB1, PB2, PA and NP (
https://upload.wikimedia.org/wikipedia/commons/0/04/Viruses-10-00497-g001.png) licence
("Viruses-10-00497-g001" by Ahmed Mostafa, Elsayed M. Abdelwhab, Thomas C. Mettenleiter, and
Stephan Pleschka is licensed under CC BY 4.0. To view a copy of this license, visit

https://creativecommons.org/licenses/by/4.0/?ref=openverse.).

IAV enters host cells through the HA protein, which binds to SA present on the cell surface
membrane. NA is a surface protein with glycoside hydrolase enzyme activity (Rogers, Paulson et
al. 1983, Nie, Stadtmuller et al. 2020) that acts as a receptor-damaging enzyme and helps in
removing viral particles from targeted cells. The name of HA derives from its ability to clump red
blood cells together, as noted by Hirst in 1942. The HA protein is the main target of neutralising

antibodies generated through vaccination and is considered a primary surface antigen of IAV.
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However, IAV often generates mutations of susceptible HA epitopes, leading to modifications in
its antigen structure, which can cause a lack of recognition by the non-specific immune system.
NA is therefore often targeted by therapeutic inhibitors for IAV, such as peramivir, oseltamivir
and zanamivir (Spanakis, Pitiriga et al. 2014).

The cell surface SA-terminating glycans act as receptors for HA on the surface of IAV (Byrd-Leotis,
Lasanajak et al. 2021). The linkage specificity of SA plays a critical role in IAV's cross-species
transmission, with avian viruses binding to a2,3-linked sialylated glycans and human viruses
preferring a2,6-linked sialylated glycans (Karakus, Pohl et al. 2020). Research has explored the
binding and structural properties of IAV and its glycan receptors as well as the effects of
mutations in HA. Historical data on IAV are based on its ability to cause agglutination of red blood
cells from different species, bind to carbohydrates and interact with other types of ligands. There
is a difference in the presence of SA among different species at the site of infection. For example,
a2,3 SAis found in mice, while a2,6 SA is found in humans (Byrd-Leotis, Jia et al. 2019).

Viruses that infect humans bind to host cell surface oligosaccharides that have the NeuAca2,6Gal
structure, while viruses that infect birds bind to those with the NeuAca2,3Gal structure (Rogers,
Paulson et al. 1983, Thompson, de Vries et al. 2019). Studies have shown that Sambucus nigra
and Maackia amurensis lectins can differentiate between NeuAca2,6Gal and NeuAcaGal, making
them important markers. It has been found that human viruses identify SA linked to galactose
through the a2,6 linkage (Rogers, Paulson et al. 1983), while avian viruses identify SA through
the a2,3Gal linkage (Suzuki 1994, Matrosovich, Gambaryan et al. 1997, Ayora-Talavera 2018).
This explains why humans can be infected by only a few viruses. The receptor-binding site of the
influenza virus consists of variable amino acids, and it is the differences in this region that
determine the preferential identification of the SA-Gal linkage and the host species the virus
infects. The HA protein limits the host range of the influenza virus. Ciliated epithelial cells are the
major target of infection for the influenza virus, but the virus can also infect alveolar cells and
macrophages (Shieh, Blau et al. 2010). The binding of HA to ciliated epithelial cells occurs through
the a2,3 linkage (Lewis 2022), while the a2,6 linkage is more commonly associated with non-
ciliated cells. Accordingly, viral replication can occur in non-ciliated cells in both the small and

large airways (Childs, Palma et al. 2009, Edwards, Tata et al. 2022).
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1.8 Viral Life Cycle

The IAV life cycle can be distinguished into various stages, including 1) the entry into the host
cell, 2) entry of viral ribonucleoprotein (VRNP) into the nucleus of the host cell, 3) transcription
and replication of the viral genome, 4) export of vVRNP from the host cell nucleus and budding
and assembly over the plasma membrane of the host cell (Figure 1.10). Spikes are created by the
HA homotrimer on the viral cell membrane, which then attach to the SA present on the cell

membrane of the host cell (Samji 2009, Kuhaudomlarp and Imberty 2022).
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Figure 1.10. Life Cycle of IAV in the Respiratory Tract
There are nine steps to complete the infection process: binding, fusion, reverse transcription,
integration, transcription, translation, assembly, binding, and release of the virus via membrane

airway proteases regulating viral infections (Londrigan, Short et al. 2015) .

In human airway epithelial cells (hAECs), influenza viral infection and replication requires

proteolytic activation at multiple stages by cellular proteases — HA-activating proteases.
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(Figure 1.11). HA connects with N-acetyl neuraminic acid-containing cell surface receptors to

trigger the infection.
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Figure 1.11. Airway Proteases Involved in IAV Infection

The influenza virus binds to surface receptors and is engulfed as an endosome. VRNPs are
transported into the host cell nucleus with active transcription and replication. Newly formed
viral proteins are processed in the Golgi apparatus. Finally, new viruses emerge from cells as
VRNPs and capsid proteins are packaged through exocytosis (Garten, Braden et al. 2015). During
viral replication, HA is involved in receptor-mediated endocytosis, which leads to the fusion of
endosomal and viral membranes in acidic pH, causing the discharge of vRNPs into the cytoplasm
(termed as uncoating). This allows VRNPs to enter the nucleus, resulting in the replication and
transcription of the viral genome. The cellular machinery then translates viral mRNAs. The HA,
NA and M2 proteins are accepted by the cellular endoplasmic reticulum and transported to the
plasma membrane. Internal viral proteins are synthesised at free ribosomes and then imported

into the nucleus to be combined as new VRNPs. These vVRNPs then exit the nucleus for
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transmission to the plasma membrane, where new virions are formed through the self-assembly
of viral proteins. NA helps to split N-acetyl neuraminic acid from carbohydrate moieties when
progeny virions are released. The proteolytic activation of HA occurs at specific time points during
viral replication, as represented by scissors in Figure 1.11 (closed scissor: enzymatically inactive
protease; open scissors: active protease; truncated scissor: soluble protease). Furin in the trans-
Golgi network (TGN) is used to cleave HA at a multi-basic cleavage site. During both attachment
and access to the cell and budding and assembly of progeny virus, the plasma membrane’s HAT
orthe TGN’s TMPRSS2 cleaves HA at a monobasic cleavage site (Bottcher-Friebertshauser, Garten

et al. 2014).

1.9 Innate Immune Defence System in the Presence of Influenza

The influenza virus invades the mucociliary layer of the respiratory tract through the oral or the
nasal route. The response against the virus by the immune system is initiated either by
macrophages or DCs (Perrone, Plowden et al. 2008, Garcia-Caballero, Rasmussen et al. 2009,
Manicassamy, Manicassamy et al. 2010). The host’s receptors contain some evolutionary
primitive proteins known as PRRs, which signal the immune response against the virus and
bacteria, and helps detect the molecules associated with tissue damage, also known as damage-
associated molecular patterns (DAMPs). The timely detection of these molecules is essential for
initiating and enhancing the inflammatory response (lwasaki and Medzhitov 2015) .

The innate immune response is triggered by active sensing of pathogen-associated molecular
patterns (PAMPs) by PRRs. A rapid initiation of complex signalling pathways follows, which
initiates the inflammatory response generated by triggering molecules. Together, these reactions
facilitate the apoptosis of pathogens. The Toll-like receptors (TLRs), including TLR1/2 and TLR4,
are classical example of RRRs (Lumb 2020). They are a part of the TLR family, which bind to
PAMPs, and are critical in the defence of innate immunity (Ward and Conneely 2004). The
different signalling molecules induced by PRRs include chemokines, eicosanoids and pro-
inflammatory and type | IFNs. Chemokines attract NK cells, monocytes, neutrophils, and other
immune cells to the infected site, where they work together with macrophages to degrade and

remove infected dead cells. Fever and anorexia associated with influenza are mainly caused by
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the actions of eicosanoids and pro-inflammatory cytokines (Kroes, Miranda-Bedate et al. 2022).
IFNs are released by various immune cells, such as plasmacytoid DCs and macrophages as well as
epithelial cells. These molecules cause the neighbouring cells to reduce protein synthesis, so that
they do not become infected with the rampaging virus (Jewell, Vaghefi et al. 2007, Hogner, Wolff
et al. 2013) . The role of ISGs is not fully understood, and the function of some remains unclear

(Jewell, Vaghefi et al. 2007, Schoggins 2019).
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Figure 1.12. Innate Immune Response Against IAV Infection
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The presence of IAV results in the release of type | and Il IFNs, which then activate the JAK/STAT
pathway, leading to the expression of more IFNs. Similarly, innate immune response requires an
increased synthesis of IFNs against viral infection can be induced by the presence of viral or
intermediate RNA. These RNA molecules form complexes with transcription factors such as NF-

kB, leading to the activation of IFN gene expression. Adapted from (Chen, Liu et al. 2018).

1.10 PRRs Involved in Respiratory Viral Infections

PRRs play a crucial role in detecting viral infections in the respiratory tract (Iwasaki and Medzhitov
2004). These receptors are expressed by various innate immune cells and are designed to identify
PAMPs (related to microbial pathogens) and DAMPs (related to cellular components). As a part
of the evolutionarily old immune system, PRRs develop before the adaptive immunity and can
induce effective antiviral responses (Zhang, Li et al. 2022). Type | IFNs (IFN-B and multiple IFN-a
molecules) are among the most crucial factors for antiviral responses triggered by PRRs (Takeda
2005).

The activation of PRRs also leads to the maturation of DCs, which enhances the expression of
CD80, CD86 and CD40, thereby regulating antigen-specific CD8+ T cell responses (Sakuragi, Liao
et al. 2022). Overall, PRRs play a vital role in the defence mechanism of the respiratory tract

against viral infections (Butler, Lager et al. 2014).

1.11 TLRs

TLRs are the most extensively studied family of conserved PRRs that give rise to innate immune
reactions. The TLR proteins that are most frequently associated with influenza are TLR2, 3, 4, 7
and 8. The glycoproteins in viral membranes can be identified by cell surface proteins, such as
TLR2 and TLR4 (Li and Wu 2021). Conversely, TLR3 and TLR7 are the intracellular proteins
responsive to double-stranded viral RNA (dsRNA) (Keynan 2011), while TLR8 can identify single-
stranded viral DNA (lwasaki and Pillai 2014). The viral activation of TLR4 leads to the expression
of inflammatory cytokines (Medzhitov, Preston-Hurlburt et al. 1997, Veloso, Fernandez et al.
2022). TLR4 also senses LPS molecules that are carried in the serum by LPS-binding protein (LBP).

LPS monomers are transferred by LBP to the GPI-linked cell surface protein, CD14, over the
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plasma membrane surface (Ulevitch and Tobias 1995, Richard 2023). The small MD-2 protein,
which is related to the extracellular domain of TLR4, is also required by the LPS recognition
complex (Shimazu 1999, Tam 2022). The TLR4, MD-2 and CD14 complexes directly bind to LPS
(Shimazu 1999, Poltorak 2000). B cells carry out LPS recognition via the RP105 cell surface
receptor that is associated with TLR4. The largest range of ligands is identified by TLR2 receptors,
such as bacterial lipoproteins and peptidoglycans (Takeuchi, Kawai et al. 2001, Narayanankutty,
Sasidharan et al. 2020). Downstream signals are generated following the binding of TLR2 to a
ligand, such as myeloid differentiation primary response gene 88 (MyD88) and MyD88 adaptor-

like protein (Bowie and Unterholzner 2008).

1.11.1 TLR2 and TLR4

According to Nelli et al. (2010), TLR4 on the cell surface may be capable of recognising viral
surface glycoproteins HA and/or NA. While TLR4 primarily responds to molecular signatures
produced by microbes such as LPS, studies have shown that viral infections can also trigger it
(Van Poucke, Nicholls et al. 2010). High replication of viral antigens may result in hyper-activation
of TLR4, leading to increased inflammation and oxidative damage to the lungs. An example of
such a case is H5N1 viral infection (Peiris, Cheung et al. 2009). However, pre-stimulation of TLR4
has been shown to provide protection against lethal highly pathogenic avian influenza (HPAI)
(Meraz 2014). The TLR2 and TLR4 pathways have also been found to be effective against different
strains of influenza viruses, as pre-stimulation of both pathways provides protection against the
PR8 virus (Barjesteh, O'Dowd et al. 2020), while pre-stimulation of TLR2 affects only the HA
molecule of the 1918 Spanish influenza, with no effect from a TLR4 agonist. Thus, TLR4-regulated
signalling targets HPAI viruses, while TLR2 is associated with protection against Spanish influenza
(Nicholls 2013). The complex innate signalling involved in reinforcing the response to different
strains of the influenza virus highlights the importance of further studies on the pathways
involved in controlling influenza infections and inducing pathogenesis. These studies may help in
developing effective strategies to prevent human infection with highly pathogenic influenza

viruses (Nicholls 2013).

52 | Page



1.11.2 TLR3

TLR3 can identify viral dsRNA that has been endocytosed, which can consequently be degraded
via phagocytosis (Alexopoulou, Holt et al. 2001, Schulz, Diebold et al. 2005). TLR3 initiates the
production of pro-inflammatory cytokines in respiratory epithelial, which are involved in the

action of CD4 and CD8 T cells to destroy the virus (Le Goffic, Balloy et al. 2006).

1.11.3 TLR7 and TLR8

Viral derived ssRNA is identified by TLR7 and TLR8. The MYD88 adaptor is involved in TLR7
response, which induces the regulatory transcription factor NF-kB or IFN7 (Tykalovad 2022),
through which type | IFNs are modulated, and pro-inflammatory cytokines are induced (Seo, Pritzl
et al. 2012) (Seo et al., 2012). TLR7 is involved in restricting influenza infection, inducing B cells
instead of T cells (Heer 2007). TLR8 in humans occurs in monocytes and macrophages and is

involved in the stimulation of IL-2 and, potentially, IFNa (Ablasser, Poeck et al. 2009).

1.12 Retinoic Acid-Inducible Gene 1 (RIG-1) Receptors

Viral nucleic acids are associated with another type of PRR, known as RIG-1-like receptors (RLRs).
This group of PRRs comprises cytoplasmic RNA helicases, including MDAS, RIG-1 and LGP2 (Meng,
Chanda et al. 2017). The specificity of the ligand encountered determines the connection
between MDAGS and RIG-I with viral RNA, which consequently triggers signalling and induction of
inflammatory cytokines and type | IFN (Pichlmair, Schulz et al. 2006, Kawai 2008). Like TLRs, RLRs

distinguish between host ‘self’ RNA and ‘non-self’ RNA of foreign pathogens.

1.13 IFN Signalling and Antiviral Action

The activation of PRRs and RLRs due to viral nucleic acids initiates downstream signalling leading
to the transcription of cytokines, IFNs and chemokines (Guy and Bowie 2022). These factors are
responsible for activating neutrophils, macrophages and maturing DCs. Type | IFNs (IFN-a and
IFN-B) are considered the most effective inducers in the innate immune system response
(Matsumiya and Stafforini 2010). In the case of influenza infection, type | IFNs mainly control viral

replication, while TNF-a, IL-1B and IL-8 mobilise immune cells to the infected area, causing
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inflammation. Type | IFNs impact IFNa/p receptors on both infected and adjacent cells, triggering
the antiviral signalling cascade of tyrosine kinase 2 and Janus kinase 1 and phosphorylating
STAT1/2, which initiates the transcription of ISGs (Fernandez-Sesma, Marukian et al. 2006, Picca,
Calvani et al. 2020). These IFN-activated genes induce further ISG proteins, including antiviral
proteins such as MxA, which inhibit AV replication; viperin, which stops virus budding in the host
and restricts replication; tetherin, which restricts virus assembly and OAS, which activates RNase
L to stop virus replication in the RNA (Garcia-Sastre 2011, Nicholls 2013). Taken together, IFNs

and ISGs are critical mediators in the host response to IAV.

1.14 Bactericidal/Permeability-Increasing (BPI) Protein Family

BPI was first identified as an antibacterial protein present in neutrophils. It is effective against
gram-negative bacteria (Weiss, Elsbach et al. 1978, Townsend, Dyer et al. 2020). In humans, there
are three other well characterised BPI-related proteins: LBP, cholesteryl ester transfer protein
(CETP) and phospholipid transfer protein (PLTP). BPI and LBP are involved in bacterial infection
and inflammation and CETP and PLTP in lipid transport in the bloodstream (Holweg, Schnare et
al. 2011). CETP, LBP and PLTP are found in the liver; however, BPI is principally released from the
primary granules of neutrophils. These proteins, which are sized from 55 to 60 kDa, conserve a
structural fold similar to a boomerang that is made up of two domains: N-terminal and C-terminal
domains (Beamer 2003). The N-terminal domain of BPI is considered the active area of the BPI
molecule, as it is the part involved in toxicity to gram-negative bacteria. This region of LBP binds
to LPS. In 1999, a protein related to BPI — palate, lung and nasal epithelial clone (PLUNC) — was
identified in the embryonic, palatal, tracheal and nasal epithelia of mice (Weston, LeClair et al.
1999, Liu, Wang et al. 2021) (Weston et al., 1999; Liu et al., 2021) and subsequently in the trachea
of humans (Bingle and Bingle 2000). Soon after, PLUNC was recognised as a member of a small

family of genes (Bingle and Craven 2002).
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1.14.1 PLUNC, Bacterial Permeability-Increasing Fold Containing Family Member A (BPIFA1)
and the BPIF Gene Family

PLUNC was first identified in a study aimed at discovering proteins involved in closure of the
palate during growth of mouse embryo (Weston, LeClair et al. 1999). At the time, two related
proteins were already known: the salivary-enriched parotid secretory protein (Madsen and
Hjorth 1985) and submandibular gland protein B (Mirels and Ball 1992). Later studies identified
multiple human PLUNC genes located on chromosome 20g11 (Bingle and Craven 2002, Mulero,
Boyle et al. 2002, Bingle, LeClair et al. 2004). The human genome has 11 PLUNC family members,
while the mouse genome has 14, but there are species-specific variations, including some
pseudogenes (Bingle 2011). The PLUNC gene locus evolved from the deletion and duplication
events (Bingle 2004). PLUNC genes are largely restricted to mammals, although some are present
in birds (LeClair, Nomellini et al. 2004, Chiang, Veldhuizen et al. 2011). There are two types of
PLUNC proteins: short PLUNC (SPLUNC) proteins with about 250 amino acids and long PLUNC
(LPLUNC) proteins with around 450 amino acids (Bingle, Singleton et al. 2002). SPLUNC proteins
are structurally like the N-terminal domain of BPI, while LPLUNC proteins have two domains that
share structural similarity with the domains of BPI. Based on these similarities, a nomenclature
was established: Single domain-containing proteins were renamed BPIFA, while two domain-
containing proteins became BPIFB proteins (Bingle, Bingle et al. 2011). The original (S)PLUNC

protein was renamed BPIFA1; this term will be used throughout this thesis.
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Figure 1.13. Staining of BPIFA1 in Mouse Trachea
The brown stain represents BPIFA1, while the blue stain indicates Alcian Blue. The image shows

that the protein is produced by secretory cells. Image from Maslinda Musa.
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1.14.2 Localisation of BPIFA1

Weston et al. (Weston, LeClair et al. 1999) described the expression of Bpifal in the nasal
epithelium and palate of an embryonic murine model as well as in the trachea. BPIFA1 is localised
in the respiratory epithelium and Bowman’s glands of the nasal passages and in the trachea in
the large airways of adult mice (Figure 1.13). It is produced by non-ciliated cells and found in the
serous glands of the posterior region of the tongue (Musa, Wilson et al. 2012). BPIFA1 has been
shown to strongly stain the epithelium of murine middle ear (Mulay, Chowdhury et al. 2021) and
is also found in human middle ear (Hadzhiev, Yordanov et al. 2017). In humans, BPIFA1 is localised
in non-ciliated epithelial cells and is also seen in submucosal ducts and submucosal gland serous
cells as well as in the small glands in the posterior part of the tongue (Bingle, Cross et al. 2005).
BPIFA1 is absent in the epithelium of the bronchioles, but there is a significant increase in BPIFA1
levels in the airways of patients with cystic fibrosis (Bingle, Barnes et al. 2007). BPIFAL1 is also
present in nasal lavage fluid and abundant in airway secretions (Ghafouri, Kihlstrom et al. 2003).
It is also seen in the salivary glands, particularly in the ducts and mucous cells of the acini as well
as in saliva (Vargas, Speight et al. 2008). Overall, BPIFA1 exhibits a high degree of tissue
restriction, which is illustrated by the expression data from BioGPS (Figures 1.14 and 1.15). The

highest expression of BPIFA1 can be noted in the lungs, trachea, heart, and nasal cavity.
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Figure 1.14. Tissue-Restricted Bpifal Expression in Mice

Restricted sites of expression are seen in the microarray data of Bpifal from adult mice. The
expression of Bpifal is limited to just the nasal cavity, lungs, and trachea (i.e. upper airways). The
BioGPS portal was accessed to obtain the image, which was formulated based on data from Su

et al. (2004).
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Figure 1.15. Tissue-Restricted BPIFA1 Expression in Human Tissues

Bpifal is expressed in limited tissues. Human tissue microarray data reveal that there is restricted
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expression of BPIFA1. The BioGPS portal was accessed to obtain the image, which was formulated

based on data from Su et al. (2004).

1.15 Comparative Analysis of BPIF Genes
As previously discussed, BPIF family genes are divided into including BPIFA and BPIFB (Vachon,

Bourbonnais et al. 2002, Bingle, Bingle et al. 2011). These genes are located in a single locus on
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mouse chromosome 2 and human chromosome 20 (Bingle, Singleton et al. 2002, Bingle, Bingle
et al. 2011) (Figure 1.16). The human locus contains 11 BPIF genes, including three pseudogenes
(BPIFA4P, BPIFB5P and BPIFBIP) (Bingle, Bingle et al. 2011). The mouse locus has 14 Bpif genes,
with one pseudogene (Bpifa2f-ps) (Bingle 2011).
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Figure 1.16. Chromosomal Locations of BPIF Genes in Humans and Mice

The BPIF genes are found on chromosome 20 in humans and chromosome 2 in mice. Lines signify
orthologues of individual genes, while arrowheads signify the chromosomal locations of human
and mouse genes. BPIFA genes are shown as green boxes, BPIFB genes as yellow boxes and BPIF
pseudogenes as shaded boxes. SPA4L and CDK5RAP1 are adjacent to the loci of both mouse and
human BPIF genes. Scale bar, 200 kb. Adapted from (Bingle, Bingle et al. 2011) .

The quantity of BPIF genes in mammalian species differs, and it is only in mammals that the

complete cohort of BPIF genes is identified (Bingle, LeClair et al. 2004, Bingle, Bingle et al. 2011).
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BPIFA1 is found in all mammals as a functional gene. Various paralogues show extremely low

sequence similarity (Bingle 2004).

1.16 Functions of BPIFA1

BPIFA1 has been shown to have multiple functions associated with homoeostasis of the
respiratory tract, including antimicrobial, immunomodulatory and surfactant functions. BPIFA1
is also involved in clearing the mucociliary passages and maintaining the airway surface liquid
(ASL) regulation (Abdelwahab, Reidel et al. 2020) (Abdelwahab et al., 2020). Lastly, BPIFA1 may

also contribute to antiviral defence.

1.16.1 Antibacterial Function

BPIFA1 and the BPIF family of proteins were initially believed to contribute to host defence.
Multiple studies have explored the role of BPIFA1 in antimicrobial host defence, and the results
suggest that BPIFA1 can restrict bacterial growth and exhibit antimicrobial activity. For instance,
BPIFA1 inhibits P. aeruginosa growth in a dose-dependent manner by creating small pores in the
bacterial outer membrane (Sayeed, Nistico et al. 2013). BPIFA1 also demonstrates antibacterial
activity against Mycoplasma pneumoniae by reducing P1 adhesion expression, which plays a
crucial role in the adherence of bacteria to host epithelial cells (Gally, Di et al. 2011). BPIFA1 helps
to regulate the surface tension of airway secretions as an endogenous surfactant, thereby
maintaining low mucosal surface tension and providing anti-biofilm defences (Al Katy 2019).
Experiments with genetically deficient Bpifal”- mice showed that they were more susceptible to
Klebsiella pneumoniae infections (Liu, Bartlett et al. 2013). BPIFA1 also acts as a shield against
Neisseria meningitidis infections by preventing biofilm formation, adherence, and invasion of
16HBE14 epithelial cells (Mashbat, Bellos et al. 2020). Individuals with CF have a high risk of
developing Burkholderia cepacia complex infections. In a previous study, Burkholderia
cenocepacia strain J2315 was administered to both Bpifal”- knockout mice and their wild-type
(WT) littermates, and the results showed that the bacterial burden in the lungs of Bpifal”- mice
was higher than that in the lungs of WT mice (Kim 2016). Similarly, incubation of BPIFA1-

knockdown primary human bronchial epithelial cells (HBECs) with J2315 resulted in a higher
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bacterial burden than did that of non-transduced HBECs. The study also suggested that BPIFA1—
ENaC interaction could prevent the cellular invasion of 12315 (Ahmad, Kim et al. 2020).

Studies have shown that BPIFA1 reduces the creation of bacterial biofilm. Recombinant BPIFA1
may interfere with the creation of biofilm in vitro with P. aeruginosa (Gakhar, Bartlett et al.
2010). In a previous study, there was greater creation of bacterial biofilm with polarised mouse
primary airway epithelial cells from Bpifal”- mice than with epithelial cells from WT mice. This
study also noted that biofilm biomass was inhibited by BPIFA1 in a dose-related manner (Liu,

Bartlett et al. 2013).

1.16.2 Immunomodulatory and Chemotactic Functions

Studies on the significance of fluctuations in BPIFAL levels in lung inflammation have been
conducted. The chemotactic and immunomodulatory properties of BPIFA1 have also been
evaluated. When LPS was administered to Bpifal”- mice, there was a disruption in neutrophil
recruitment into the lungs and the transmigration of neutrophils across the airways (Britto, Niu
et al. 2019). A transcriptomic analysis that distinguished between WT and Bpifal”- mice showed
a downregulation of Cxcl9 and Cxcl/10 in Bpifal”- mice with acute lung inflammation and lower
protein levels in the bronchoalveolar lavage (BAL) of Bpifal”- mice (Britto, Niu et al. 2019).

In vitro recombinant hBPIFA1 showed chemotactic function, as it could induce the migration of
phagocytic cells towards infection sites when exposed to P. aeruginosa (Sayeed, Nistico et al.
2013). BPIFA1 also increased the rate of neutrophil migration (Sayeed, Nistico et al. 2013).
Another study showed a significant increase in neutrophil infiltration after mice were exposed to
P. aeruginosa (Lukinskiene, Liu et al. 2011). The BAL fluid of mice infected with P. aeruginosa
showed an increased number of macrophages 6 h after infection compared with that of Bpifal”
mice. Additionally, a significant decrease in the number of neutrophils in the BAL of WT mice was
observed after exposure to P. aeruginosa compared with that of Bpifal”~ mice (Liu, Di et al. 2013).
Bpifal”” mice also showed a significant decrease in NE activity compared with WT mice (Liu, Di

et al. 2013).
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1.17 Structural Features of BPIFA1

Protein threading studies on BPIFA1 and other family members predicted structural similarities
with BPI (Bingle and Craven 2002). The first published BPIF structure for horse LATHERIN/BPIFA4
confirmed the presence of an extended B-barrel-like structure (Vance, McDonald et al. 2013).
Subsequently, two groups determined the structure of human BPIFA1 and confirmed a high
degree of structural similarity with the N-terminal domain of BPI (Ning, Wang et al. 2014). The
two proteins only share 12% identity over this region (Figure 1.17).

The structure of mouse BPIFA1 has also been described (Little and Redinbo 2018) (Little et al.,
2018), reconfirming the structural relationship (Figure 1.18). Mouse and human BPIFA1 share
66% identity over the region of the structure figure.

BPIFAL is a glycine—leucine-rich protein, and glycine linkers may provide BPIFA1 with a large
amount of conformational flexibility. The glycine—leucine-rich part of BPIFA1 is related to the
hydrophobic core of the protein, which enables the binding of BPIFA1 to hydrophobic lipids
(Bingle and Craven 2002). BPIFA1 has also been shown to interact with lipids present in airway

surfactants (Ning, Wang et al. 2014).
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Figure 1.17. Structural Similarity Between BPIFA1 and BPI
This figure shows the structural similarity between human BPIFA1 (blue) and the N-terminal half
of human BPI (yellow). Residues 43—254 of BPIFA1 are superimposed over residues 1-194 of BPI.

The amino acid sequence of the two proteins in this region is 12% (Garland, Walton et al. 2013).
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hBPIFA1

Figure 1.18. Superimposition of Mouse and Human BPIFA1 Protein Structures
The teal structure represents the superposition of mBPIFA1, while the pink structure depicts the

superposition of hBPIFA1 monomers (Little and Redinbo 2018).

BPIFA1 has a length of 256 amino acids in humans and 278 amino acids in mice. The extreme N-
terminal sequence of mouse BPIFA1l contains a PLPL repeat region, which is absent in the
sequence of human BPIFA1 (Weston, LeClair et al. 1999, Bingle and Bingle 2000). A subsequent
study has found that the N-terminal sequence of BPIFA1 showed significant variability among
rodent species (Leeming, Kipar et al. 2015). Interestingly, this variable N-terminal region is absent
in the crystal structure of either human or mouse BPIFA1, indicating that BPIFA1 may have a
poorly defined and flexible structure. This structural variability between the proteins in various

species could have implications, as discussed in the functional section.
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Figure 1.19. Multiple Sequence Alignments of BPIFA1
When BPIFA1 was analysed with respect to its sequence alignment, a significantly lower

homology was observed in the N-terminal than in its remaining parts (Leeming, Kipar et al. 2015).
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1.18 Role of BPIFA1 in Pulmonary Diseases
Several studies have evaluated BPIFAL in respiratory diseases. As described previously, BPIFAL is
primarily expressed by upper airway epithelial cells. However, the expression pattern of BPIFA1

changes in patients with pulmonary diseases.

1.18.1 CF

CF is a genetic disorder that affects multiple systems of the body and is characterised by the
build-up of thick mucus in various organs including the intestines, respiratory tract, liver and bile
ducts, sweat glands and exocrine pancreas (Wilschanski and Durie 2007). It is caused by a
disruption in the CFTR gene. Any malfunction in CFTR leads increases the ENaC activity and the
absorption of mucus by cells, causing higher salt and water concentrations (Sharma, Verma et
al. 2001) . This results in the impairment of cilia movement and production of thick mucus. The
role of BPIFA1 in CF remains unclear; however, a considerable increase in BPIFA1 mRNA and
protein levels has been observed in the respiratory tracts of patients with CF compared with
individuals without CF (Britto 2022). Staining of BPIFA1 in the small airways of patients with CF
has also been reported to significantly increase compared with that in the airways of individuals
without CF (Bingle, Barnes et al. 2007). This increased staining in the small airways of patients
with CF may be attributed to phenotypic modifications of the airway epithelium (Bingle, Barnes
et al. 2007).

CF is partially caused by dysregulation of ENaC linked to a lower ASL volume and greater mucus
dehydration (Garland, Walton et al. 2013). This may compromise the regulation of ENaC because
of the lower pH of ASL and weakened activity of BPIFA1 in the airways of patients with CF
(Garland, Walton et al. 2013). Furthermore, the antimicrobial properties of BPIFA1 decline
because of the lower pH and higher elastase level in individuals with CF, leading to a greater
bacterial burden in the airways (Garland, Walton et al. 2013). A peptide derived from BPIFA1 may

be a target for the treatment of CF (Terryah, Fellner et al. 2018).
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1.18.2 COPD

COPD is a chronic lung disorder characterised by inflammation, leading to airflow obstruction
within the lungs. It is associated with the generation of mucus, coughing and wheezing sounds
during breathing. Prolonged exposure to hazardous gases or particles from cigarette smoke is a
major risk factor for COPD (Murthy 2005).

(Di, Harper et al. 2003) Di et al. (2003) showed that BPIFA1 expression was elevated in the
submucosal glands, epithelial surface, and sputum of patients with COPD than in healthy
controls. The levels of BPIFA1 vary in the airways of active smokers and COPD patients. Ghafouri
et al. (2003) (Ghafouri, KihIstrom et al. 2003) reported significantly higher BPIFA1 levels in the
nasal fluids of smokers than of non-smokers. In another study, elevated BPIFA1 levels were found
in the sputum of COPD patients but not in that of healthy smokers (Baraniuk, Casado et al. 2015).
Cigarette smoking has been suggested to be related to increased BPIFAL levels in the airways, as
elevated amounts of the BPIFA1 protein were found in the URT of smokers compared with non-
smokers (De Smet, Seys et al. 2018). Furthermore, BPIFA1 protein staining and gene expression

were shown to increase as the clinical stage of COPD increased.

1.18.3 Asthma

Asthma is characterised by chronic inflammation that causes airway hyper-responsiveness and
airflow limitation in most patients, resulting in symptoms such as chest tightness, wheezing,
coughing and breathlessness (Lee, Hwang et al. 2018). There are limited data on BPIFA1 levels in
patients with asthma, with one study suggesting reduced protein levels (Wu, Huang et al. 2017).
BPIFA1 expression in the nasal epithelium of patients with asthma may also be regulated by

genetic differences in the BPIFA1 gene (Schaefer, Li et al. 2019).

1.18.4 Idiopathic Pulmonary Fibrosis (IPF)

IPF is a chronic inflammatory condition leading to progressive pulmonary tissue fibrosis, with a
life expectancy of approximately 5 years from diagnosis (Policelli 2016). The role of BPIFA1 in IPF
is not well understood. A study found higher expression of BPIFA1 in patients with IPF than in
healthy individuals (Yang, Burch et al. 2007). The distribution of BPIFA1 in IPF-affected tissue was
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found to differ from that in healthy tissue, with expression in bronchial columnar, mucous and
bronchial and bronchiolar epithelia in IPF-affected tissue but not in healthy tissue (Garcia 2018).
Additionally, patients with IPF showed elevated expressions of both BPIFA1 and BPIFB1 in the
lungs (Bingle, Wilson et al. 2012).

1.18.5 Mucociliary Clearance

As BPIFA1 can affect mucociliary clearance, it has been considered a key factor in host defence.
(Liu, Di et al. 2013) Liu et al. (2013) found that there was a considerable decrease in the
expression of critical mucin genes (Muc5ac and Muc5b) in Bpifal” mice as well as Scgblal (Liu,
Bartlett et al. 2013) . This is a key finding because these proteins are major components of the
lining fluid in the airways and regulate mucociliary clearance. Bpifal loss also decreased Foxj1
expression, a marker of ciliated cells (Liu, Bartlett et al. 2013). This observation suggests that
there is a significant decrease in the ability to support mucociliary clearance when BPIFA1 is
absent in the airways (Liu, Bartlett et al. 2013). When the expression of chinchilla Bpifal was
silenced by mucociliary clearance of the Eustachian tube was ineffective (McGillivary 2010). The
relationship between BPIFA1 and surfactant properties appears to be critical for ensuring that
the Eustachian tube works effectively in non-typeable Haemophilus influenzae-induced otitis

media (McGillivary 2010).

1.19 BPIFA1 and Viral Infection

The regulation of BPIFA1 expression appears to be impacted by viral infections. A study using a
murine model showed that the levels of BPIFA1 in BAL fluid were significantly low in mice infected
with IAV (Britto, Liu et al. 2013). However, another study found that the levels of Bpifal were
significantly higher in the pulmonary tissues of mice infected with murine herpesvirus 68 (MHV-
68) 14 days post-infection. Seven days after the infection (Al Katy 2019) Bpifal expression in the
bronchiolar epithelium of MHV-68-challenged wood mice decreased significantly, while that in
the bronchi, bronchioles and tracheal epithelium increased compared with those of control wood
mice (Leeming, Kipar et al. 2015). The mechanism behind the expression of BPIFA1 in the terminal

bronchioles without the RNA is not yet understood (Leeming, Kipar et al. 2015). In a previous
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study, the load of human rhinovirus 1B was found to be significantly higher in the lung tissue of
Bpifal” mice than in that of controls (Wu, Jiang et al. 2014). Recombinant BPIFA1 was also shown
to induce apoptosis of Epstein—Barr virus (EBV)-infected B cells, reducing the expression of EBV
latent membrane protein 1. This finding suggests that BPIFA1 supports host defence against EBV-
triggered nasopharyngeal epithelial cancer, although the mechanism is unknown (Zhou, Cui et al.
2007).

Previous studies from the host laboratory have suggested that BPIFA1 functions in host defence
against IAV infection. IAV induced a larger weight loss and a much higher viral titre of lung tissues
in Bpifal”~ mice than in WT controls. In addition, the spread of IAV to the lung parenchyma was
more rapid in Bpifal” mice. The alveoli and bronchiolar epithelia were found to stain for IAV 24
h after infection in Bpifal”” mice but not in controls. These findings suggest that Bpifal may
contribute to the innate and intrinsic immune responses.

The function of BPIFA1 has been previously evaluated in mouse tracheal epithelial cells (mTECs)
of both Bpifal”- and WT mice to understand the contribution of BPIFA1 in the airway epithelium.
Phenotype analysis showed similarities between the cells, suggesting that the difference in IAV
binding and infection is based on the presence or absence of Bpifal rather than on the number
of cells expressing receptors. BPIFA1l-positive cells did not appear to be the initial site of infection,
implying that the protein does not only synthesise cells but also protects the epithelial surface.
Bpifal” cultures showed relatively higher importation rates of IAV RNPs into the nucleus of cells
and increased viral binding compared with controls. The lower levels in the RNP import assay
than the binding assay suggests that BPIFA1 plays a crucial role in reducing the initial binding of
IAV to normal airway ciliated epithelial cells and its subsequent entry into them. As BPIFA1 is
secreted into the PCL (Kesimer, Ehre et al. 2013), the protein forms a part of an IAV infection
barrier that provides protection to the epithelial surface. However, the mechanism of interaction
between BPIFA1 and virus particles and cell type specificity of mTEC infection has not yet been
investigated. Nonetheless, the data highlight a significant role of BPIFAL in providing protection

against IAV infections in murine models.
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1.20 Mouse Cell Models for Studying Respiratory Infections

The air-liquid interface (ALI) culture model has been found to be an effective representation of
in vitro and in vivo airway biology, as it simulates the exposure of cells to both air and liquid. The
ALl system consists of a basolateral compartment separated by a porous permeable filter, where
cells are cultured on the apical surface until they become confluent and form an apical
microenvironment (Cei, Doryab et al. 2021). The basal surface provides access to media to keep
cells fed, and humidification of the apical side leads to the differentiation of cells and the
secretion of mucus and apical fluids onto the epithelial surface. This makes ALI culture a valuable
tool in respiratory disease research, as it closely resembles the epithelial compartments present
in vivo. Unlike cell lines, which are generally unable to differentiate into other cell types, ALl is
suited to investigate the role of airway epithelial cells in the development of respiratory tract and

related diseases (Wang, He et al. 2018).

1.20.1 Proliferation of mTECs

The proliferation of mTECs plays a crucial role in their differentiation and function in the airway
epithelium. Early studies have indicated that multiple growth factors, such as insulin, epidermal
growth factor and retinoic acid, are essential for the formation of cilia and the differentiation of
mucous cells (Green 1977). The progenitor cell population needs to be expanded to ensure
sufficient cell numbers for proper differentiation. During the initial stages of cell culture, both
basal and differentiated club cells are present, but after a few days, only basal cells adhere to the
membrane (Green 1977, Allen-Hoffmann, Schlosser et al. 2000). The methods used for the
proliferation of mTECs are consistent with those used for cells from other species (Lechner 1985,

Wu, Zhao et al. 1997).

1.20.2 Differentiation of mTECs

Cell differentiation occurs only when the cell layer becomes confluent. mTECs are differentiated
into an epithelium mimicking upper airway under ALl conditions (You, Richer et al. 2002, Horani,
Nath et al. 2013). This differentiation promotes the development of multiple cell types including

ciliated and secretory cells. Their marker proteins can be seen during the differentiation phase,
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but the actual amount varies (You, Huang et al. 2004, Bustamante-Marin and Ostrowski 2017). A
small number of goblet cells can be seen using MUC5AC, for example, which can be increased
when IL-13 is added to the media. For example, staining of cytokeratin 14 is present in large
amounts at the beginning of differentiation but is lost as the cells differentiate (You, Richer et al.

2002, Tyner, Kim et al. 2006).

1.21 ALI Culture of mTECs

1.21.1 mTECs and Infections

As differentiated mTECs have a phenotype like that seen in the native airways, they can be a
suitable model for infection studies. In my host laboratory, such cells have been used for infection
with IAV and bacterial pathogens (Akram 2014, Caikauskaite 2018). In the case of IAV infection
when TECs from WT and Bpifal”- mice were infected with X31 virus, loss of BPIFA1 was shown
to cause an increase in the infection of the cells, suggesting that the protein has an antiviral
defence function in the airway epithelium (Akram 2014). The mechanism for this and the identity

of the cells that are initially infected have not yet been identified.

1.22 Hypothesis and Aims of the Study

The background of this study highlights the important role of innate molecules and structural
cells in protecting the lungs from viral infections. BPIFA1, a secreted protein in ASL, is one of the
most significant components of ASL and has multiple protective functions. BPIFA1 protects the
epithelium and is secreted against non-ciliated epithelial cells in the airways. Previous research

suggests that BPIFA1 may defend against IAV infections.

The hypothesis of this study is that BPIFA1 plays a critical role in protecting the lungs from IAV

infection by functioning as a constituent of ASL and shielding the epithelium.

The main aim of this study is to understand the role of BPIFA1 in protecting the lungs from IAV
infection. This will be achieved by:

1- Establishing and validating mTEC cultures for use in IAV infection studies,
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2- Performing a genome-wide analysis of mTEC differentiation,
3- Analysing transcriptional responses to IAV infection in undifferentiated and differentiated
mTEC cultures and

4- Generating and validating BPIFA1-based reagents for functional studies.

The overall goal of this study is to use mTECs as a tool to study the role of BPIFA1 in IAV infection.
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Chapter 2: Materials and Methods
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2. Materials and Methods

2.1 Direct-Zol RNA Miniprep Protocol

The Direct-zol RNA miniprep system from Zymo Research was used to obtain high-quality RNA
directly from TRI-Reagent samples. The system eliminates impurities and results in a small final
volume (6-15 ulL) of RNA that is ready for downstream analysis. The following protocol was
followed: An equivalent volume of 100% ethanol was added to the TRI-Reagent samples and then
centrifuged in a microfuge for 30 s. The pellet was added to a filter and centrifuged again for 30
s. The flow-through was discarded, and 400 uL of RNA wash buffer was added to the column,
which was then centrifuged at maximum speed for 30 s. The flow-through was discarded again.
Thereafter, 5 puL of DNase (to digest genomic DNA), along with 35 uL of DNA digestion buffer, was
added to the column matrix and incubated at room temperature for 15 min. Further, the column
was centrifuged for two minutes after adding 700 uL of RNA wash buffer. The column was
transferred to an RNase-free tube, and the RNA was eluted using DNase/RNase-free solution,
followed by centrifugation in the microfuge for 30 s. The RNA was quantitated using a Nanodrop

spectrophotometer, and the samples were stored frozen.

2.2 RNA Gel

The quality of the RNA removed from the cells was examined using denaturing electrophoresis.
In an RNase-free conical flask, 0.5 g of RNase-free agarose was dissolved in 36 mL of RNase-free
distilled water in a microwave. Thereafter, 5 mL of 10x MOPS and 9 mL of formaldehyde were
added, and the gel was poured into the tray. Further, 1x MOPS was included to the tank. RNA
samples of 2-5 uL were with an equivalent volume of denaturing RNA loading dye (Sigma),
heated at 70°C for 5 min and loaded. The gel was operated at 70 V for 20 to 30 min until the gel
had moved an adequate distance to solve the 18 and 28S ribosomal RNA bands. A UV

transilluminator was then used to observe the gels.

2.3 Complementary DNA (cDNA) Synthesis
CDNA synthesis was performed using a master mix comprising AMV RT buffer (5 uL) at a

concentration of 1x, RNase inhibitor (0.25 pL) at a concentration of 20 U/uL, DNTPs (0.5 pL) at a
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concentration of 10 mM, AMV RT (0.25 pL) at a concentration of 40 U/uL and Oligo RT (0.5 uL) at
a concentration of 0.1 uM (all from Promega). In most cases, 200 ng of RNA was used. The total
volume was 20 uL with RNase-free water. The RT reaction mix was placed in a PCR machine and
subjected to a temperature of 42°C for 60 min, followed by a temperature of 95°C for 5 min. The
samples were stored frozen until use. Negative RT controls were created by excluding either RNA

or AMV RT from the samples.

2.4 Reverse Transcription (RT)-PCR

RT-PCR testing was conducted using either Maxima Hot Start (Thermo Fisher) or FastGene
Optima HotStart (Flowgene) PCR mixes. These systems utilise a hot start enzyme in a ready-to-
use reaction mix, requiring only the addition of cDNA and specific primers. The master mix
consisted of 10 pL of Hot Start mix, 7 uL of water and 1 pL of forward and reverse

oligonucleotides. A total of 19 uL of the master mix was added to 1 uL of cDNA.
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Table 2.1. Primer Pairs Used

IFNL2 R ACC TCA GGT CCT TCT CAA GC

ﬁ

The samples were run on this standard cycle. Heat activation was initiated at 94°C for 5 min, after
which 30 cycles of denaturation were performed at 94°C for 1 min, annealing at 60°C for 1 min
and extension at 72°C for 1 min. Thereafter, a final extension was performed at 72°C for 7 min.

The samples were then kept in an ice box until they were run on the gel.

2.5 DNA Gel Electrophoresis

Electrophoresis was then applied to resolve the PCR reaction products. Depending on the size of
the DNA products, electrophoresis was conducted in 0.7-2.5% (w/v) agarose gels. Agarose and
50 mL of 1x TAE buffer was mixed, after which the mixture was boiled in a microwave. Thereafter,
0.5 pg/mL ethidium bromide (Sigma) was added when the temperature of the gel decreased to

55—-60°C, and the gel was poured into a casting tray. Electrophoresis buffer (1x TAE) was added
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to the tank, and the gel was inserted, so that the wells were placed at the negative pole of the
tank. The standard comprised Hyperladder DNA markers (I or 1V) (4-5 uL) (Bioline).
Electrophoresis was performed at 70 to 90 V for 45 min to 1 h, after which the gel was imaged

using a Bio-Rad system.

2.6 RNA Array Analysis

The total RNA (three samples each at individual time points) was evaluated for quantity and
quality using the Nanodrop and Agilent Bionalyser 600. We used 200 ng of RNA for the analysis
on the Clariom S Mouse GeneChip (Thermo Fisher) as instructed by the manufacturers. The cDNA
was constructed from the mRNA and a T7 polymerase binding site was added at the 3’ end of the
RNA molecule. We generated the antisense RNA using T7 polymerase and purified the product
with a magnetic bead quantified on the Nanodrop. Thereafter, 15 ug of the RNA was used as the
template to generate sense DNA, which incorporated into a hybridisation solution following
biotin labelling and incubated with the GeneChip. After a hybridisation wash with the fluidics
station, a fluorescent signal was generated, which corresponds to the hybridisation of the
labelled material to the oligonucleotide probes on the chip. Scanning was performed on a

GeneChip 7000G scanner, and the images were collected as CEL files.

2.6.1 Bioinformatic Analysis

The microarray data in the CEL files were analysed using the Affymetrix Expression Console
software, which includes several tools for data analysis. We obtained the gene level summary
data using the robust multi-array algorithm, which processes expression data from Affymetrix
arrays. Differentially expressed genes were identified using the Limma package with the criteria
of an absolute fold change greater than 2 and a limma-adjusted p-value less than 0.05. The
statistical models included correction for batch effects, and p-values were adjusted using the
Benjamini and Hochberg method. The results were visualised with multidimensional scaling plots
generated using the Limma package. We performed the gene ontology analyses with the
ClusterProfiler package to unravel the important signalling pathways enriched among the

differentially expressed genes.
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2.7 Generation of mBPIFA1 Constructs
The construct of mBPIFA1 cloned into the VR1255 vector was provided by Professor Colin

Bingle/Renata Caikauskaite.

mBPIFA1-FLAG VR1255
S598 bp

T Mot (1654)

-Ba mHI (2531)

Figure 2.1. MBPIFA1 Gene Cloned into the VR1255 The sequence of mBPIFA1 is cloned between
the restriction sites of BamHI| and Notl. ‘Ori’ indicates the origin of replication, while ‘KanR’ is the

gene-encoding product responsible for kanamycin resistance.

2.7.1 Transformation of Plasmid Construct VR1255 Into Competent Bacteria

A total of 3 pL of plasmid (1 ng/uL) was mixed with 17 uL of competent E. coli cells (TOP10 One
Shot cells, Invitrogen), which was then gently stirred and cooled on ice for 30 min. Heat shock
was applied to the plasmid and competent E. coli cell mixture for 45 s at 42°C, after which it was
kept on ice for 5 to 10 min. Thereafter, 100 pL of SOC medium was added and then incubated for
1 h at 37°C. A 100 pL sample including 50 pug/mL kanamycin and 40 pL IPTG/X-gal mixture was
plated over the LB agar plate via aseptic methods and incubated at 37°C overnight. A sterile
pipette tip was used to collect bacterial colonies, which were then re-inoculated into 2 mL LB
medium and 50 pg/mL ampicillin. Lastly, we performed an overnight culture with continuous

shake in an incubator at 37°C.
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2.7.2 Miniprep Extraction of Constructs

The Isolate Il Plasmid Mini Kit (Bioline) was used to carry out the process in accordance with the
instructions by the manufacturer and the high-copy plasmid DNA protocol to obtain the
recombinant construct from the bacterial cells.

Atotal of 1.5 mL of E. coli LB culture was centrifuged for 30 s at 11,000 x g to harvest the bacterial
cells, and resuspension was performed in 250 uL of buffer P1. Thereafter, 250 pL of lysis buffer
P2 was added to the cells and mixed by inverting the tube slowly six to eight times. Following a 5
min incubation, 300 pL of neutralisation buffer P3 was added followed by a thorough mixing of
the cocktail. Centrifugation was conducted for 5 min at 11,000 x g. The sample supernatant was
placed on the spin column and centrifuged at 11,000 x g for 60 seconds. Further, 600 pL of wash
buffer PW2 was used to wash the column, which was then centrifuged at 11,000 x g for 60
seconds. The column was spun for another 2 min. The spin column was placed in a clean tube to
elute the plasmid DNA using 50 L of elution buffer-P or water. After it was centrifuged at 11,000

x g for 1 min, the plasmid DNA was quantified and stored in the fridge/freezer until it was needed.

2.7.3 Midi-Preparations of Recombinant Plasmids

The ZymoPURE Plasmid Midi-Prep Kit was used to generate plasmid preparations. Overnight
growing of bacteria that consisted of the target plasmid DNA in 100 mL LB broth (comprising the
relevant antibiotic, 50 pug/mL kanamycin for the VR1255 vector and 50 pug/mL ampicillin for the
CT-GFP-TOPO vector) was initiated. This was conducted in a shaking incubator at 37°C and at 225
rpom. Next, 50 mL of the LB broth was centrifuged for ten minutes at 5000 x gat room
temperature, followed by the discarding of the supernatant.

There was an addition of 8 mL of ZymoPURE P1 to the bacterial cell pellet for the extraction of
plasmid DNA, after which there was resuspension of the cells with the help of a bench top vortex.
Further, 8 mL of buffer P2 was added, and the tube was immediately inverted six times to mix
the contents. The tube was then incubated at room temperature for 2 to 3 min. This was followed
by the addition of 8 mL of buffer P3 and gentle mixing of the contents by inverting the tube six
times. Thereafter, the lysate was placed in a syringe filter and filtered into a 50 mL tube. Binding

buffer (8 mL) was added to the cleared lysate and was mixed by inverting the tube. The
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centrifugation protocol provided by the manufacturer was followed to remove the plasmid DNA,

and an elution buffer was used to elute the plasmid DNA.

For long-term bacterial storage, 0.5 ml of the left-over LB broth was taken and gently stirred with

0.5 ml of sterile glycerol, after which it was stored at a freezing temperature of -80°C.

2.8 Site-Directed Mutagenesis (SDM)

SDM was utilised to generate mutations inside the mBPIFA1 gene to extract the four N-

glycosylation sites using the Q5 Site-Directed Mutagenesis Kit according to the manufacturer’s

recommendations.

The first step was _.

Step 25 uL RXN Concentration
Q5 hot start of 2x master | 12.5 pL 1x

mix

10 uM forward primer 1.25 pL 0.5 uM

10 uM reverse primer 1.25 L 0.5 uM
mBPIFA1 1-25 ng/pL 1 uL 1-25 ng/pL
RNase-free water 9 uL

The second step was end-point PCR.
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Step Temperature Time

Initial denaturation 98°C 30s

25 cycles 98°C 10s
50-72°C 10-30s
72°C 20-30s

Final extension 72°C 2 min

Hold 4°C

The third step was KLD reaction.

Step Volume Concentration
mBPIFA1 1 uL

2x KLD enzyme mix 5 uL 1x

10x KLD enzyme mix 1 pL 1x

H20-free water 3 uL

The last step was transformation, in which 5 pL of KLD mix was added to 12.5 L of E. coli and
incubated on ice for 30 min. The samples were heat shocked at 42°C for 30 s and incubated on
ice for 5 min. Thereafter, 150 pL of SOC was added with gentle shaking at 37°C for 1 h, after which
100 plL was plated on agar with kanamycin antibiotic overnight.

Primers were obtained lyophilised, and sterile water was used to re-suspend them at a final stock
primer concentration of 1 pg/uL. The stock primers were then diluted at a ratio of 1:10 with
sterile water, which provided a primer dilution of 0.1 pug/uL for PCR. The following reagents were
mixed to carry out the PCRs in 10 pL reaction volumes: 1 puL VR1255 construct DNA (including the
cloned mBPIFA1 gene), 1 uL each primer, 2 plL nuclease-free water, and 5 pL master mix. The
following conditions were used for PCR: starting denaturation of 98°C for 30 s, followed by 25
cycles of 98°C denaturation for 10 s; 60°C annealing for 20 s and 72°C extension for 1 min and 45
s. The last extension was performed at 72°C for 2 min, and the reaction temperature was kept at

4°C until use.
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2.9 Synthesis DNA of BPIFA1 Constructs
The production of the BPIFAI sequences was outsourced from Biomatik

(http://www.biomatik.com), which is specialised in the production of synthetic constructs.

DNA constructs were produced in a pBSK (+) simple, amp-resistant vector. The constructs were
validated through sequencing and restriction digestion performed by the company. The inserts
were modified to consist of the A1F1Notl and A1RSTOP sequences, flanking each side of the gene
in a manner like the original PCR reactions. A Kozak sequence was part of the A1F1Notl sequence
as well as an ATG start codon needed to produce protein. The Notl site permitted restriction
digestion for cloning. A stop codon was included at the extreme 3' end to halt protein synthesis.
The construct also contained a FLAG-tag sequence, which is an artificial sequence for recognition
by a highly specific antibody. This allows for the easy purification of large proteins. Additionally,
the construct included a BamHI site, enabling the removal of the mutated sequence for
subsequent sub-cloning through digestion with BamHI and Notl restriction enzymes. The mutant
construct was transformed into E. coli cells, which were cultured inside LB agar (consisting of
ampicillin at a concentration of 50 pg/mL), and the plasmid DNA was removed via miniprep
purification as explained earlier. Once the mutant plasmid DNA was extracted, Not/ and BamH|
restriction sites were used for its digestion to sub-clone it into the VR1255 vector. Before sub-
cloning, the digested DNA was run on an agarose gel to confirm the digestion. The desired DNA
band of an appropriate size was then isolated from the gel using a sterile scalpel, and the DNA
was recovered using the DNA extraction kit.

After the DNA was purified from the agarose gel slice, the DNA Nanodrop was used to measure
it, and its purity was examined. The purified DNA was sub-cloned into the VR1255 vector by
performing the litigation reactions at different insert—vector ratios. The ligated plasmid was
transformed into E. coli cells through the heat shock method. After the heat shock treatment,
the cells were cultured overnight at 37C° in LB agar plates that included 50 pg/mL kanamycin. On
the next day, colonies were selected and cultured in LB broth overnight at 37C°. The plasmid DNA

was removed by centrifuging and lysing the cells using the Isolate Il Plasmid Mini Kit. The cloning
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of the DNA into the appropriate site of the VR1255 vector was confirmed, and the alignment of

the cloned DNA was checked via sequencing.

2.10 DNA Sequencing
Sequencing of the DNA was undertaken in the Core Genomics Facility, University of Sheffield,

using specific forward and reverse primers depending on the vector.

2.11 Sodium Dodecyl Sulphate—Polyacrylamide Gel Electrophoresis (SDS-PAGE) and Western
Blotting

Western blotting permits the identification of proteins by carrying out antibody detection. In this
study, 12% resolving gels and stacking gels were used. After the gels were assembled, samples of
ALl apical washes were created by mixing the same volume of sample with SDS loading 2x SDS
lysis buffer (10 mL), 1M DTT (dithiothreitol) (1 mL), 20% SDS solution (1 mL), glycerol (2 mL), Tris-
HCL (0.5 M, pH 6.8, 1.25 mL), 0.2% bromophenol blue (200 pL) and one protease inhibitor tablet
in water (4.55 mL). Further, 25 pL of the samples and 25 pL of the SDS buffer were used. The
temperature of the samples was increased to 95°C, and the samples were loaded into the gel,
after which the gel was placed in the tank that consisted of immunoblotting running buffer (Tris
[30.3 g], glycine [2.9 g], 20% SDS solution [50 mL] and water [1000 mL]). Thereafter, the gel was
run at 60 V, and the samples were permitted to pass through the stacking gel. The power was
increased to 150 V (or 200 V) until the sample dye at the start had run towards the end of the
gel. On each gel, a ColorPlus Pre-stained Protein Ladder (NEB) was used as the standard ladder.
A piece of polyvinylidene difluoride (PVDF) membrane (8.5x6.5 cm) and six pieces of Whatman
paper were also utilised. The Whatman paper was kept in the transfer buffer, and the gel was
removed from the running instrument. The short plate was removed to allow for accessibility of
the gel. The stacking gel was carefully removed while removing the resolving gel. The transfer
buffer (Tris [2.9 g], glycine [1.4 g], 20% SDS solution [925 uL], methanol [100 mL] and water [500
mL]) was kept on the gel to prevent the gel from becoming dry.

The transfer was subsequently established by combining three pieces of Whatman paper and the

PVDF membrane, while ensuring that there were no air bubbles between the gel and the PVDF
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membrane. This was kept in the Bio-Rad semi-dry blotter at 25 V for 20 min for a single gel. When
two gels were used, the time was 25 min.

After protein transfer to the membrane was completed, the membrane was treated with 5%
skimmed milk in TBS Tween for 1 h at room temperature to prevent non-specific binding.
Thereafter, it was washed three times in TBS Tween for 15 min each. The primary antibody, rabbit
anti-BPIFA1, was then added to the membrane in 5 mL of blocking buffer and incubated overnight
in a cold room. On the following day, the membrane was washed thrice in TBS Tween for 15 min
each. The secondary antibody, mouse anti-rabbit HPR, was then added to the membrane in 5 mL
of blocking buffer and incubated for 1 h at room temperature on a rolling platform. The
membrane was then washed extensively with TBS Tween. ECL solution (2 mL) was added to the
membrane and allowed to stand for 5 min before imaging to develop the image. The image was
captured using a suitable exposure time on the chemiluminescence high-resolution system in the

Image Lab software.

2.12 Dot Blotting

Cell secretion samples (10 pL) were placed on a PVDF membrane from Millipore and allowed to
air-dry. The membrane was blocked in 5% skim milk in 1x TBS Tween buffer for 1 h using an
orbital shaker. The following steps were performed via the SDS-PAGE method using polyclonal
rabbit anti-mouse BPIFA1 as the primary antibody and polyclonal goat anti-rabbit BPIFA1 as the
secondary antibody. The results were visualised using the Bio-Rad ChemiDoc XRS+ System.
Densitometry was performed to analyse the results, and quantification was conducted using the

Imagel-win32 programme. Finally, data analysis and statistical tests were conducted.

2.13 Cell Line Transfection

On the following day, HEK293 cells, which the human epithelial kidneys use to produce viral
vectors, were transfected in 12-well plates using a standard calcium phosphate protocol. Four
hours prior to transfection, the low glucose DMEM growth medium was replaced with a fresh
growth medium. A mixture of 3.8 uL of CaCl, (at a 2.5 M concentration) and 1.52 pg of the BPIFA1-

VR1255 construct was combined in an Eppendorf tube. The DNA/CaCl, mixture was then added
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dropwise to a bijou tube, while the mixture including 38 uL of 2x HEPES-buffered saline was
slowly stirred. The tube was then incubated for 20 min at room temperature. The HEK293T cells
were transfected via dropwise addition of the transfection—-DNA mixture and incubated for 18 h
at 37°Cand 5% CO;. Next day, the medium with the transfection—DNA mixture was removed, and
the cells were washed with PBS (in the absence of calcium and magnesium chloride from Sigma-
Aldrich). A fresh DMEM growth medium (500 puL) was then added. The cells were incubated for
30 h at 5# CO2 at 37°C. The conditioned medium and the samples were centrifuged for five min
at 1000 g to remove debris, and 25 pL of the conditioned medium was lysed in 25 pL of 2x SDS
lysis buffer. The transfected cell samples were lysed in 100 pL of 2x SDS lysis buffer. The samples
were then analysed for protein expression using western blotting. After BPIFA1 production and
secretion were confirmed, the conditioned medium samples were collected daily for 4 days. The
cells were washed with PBS to obtain the conditioned media with FBS serum, and a fresh serum-
free medium was added. For 3 days, serum-free conditioned medium samples were collected.
On the final day of conditioned medium collection, cell lysate samples were obtained for western

blotting analysis.

2.14 Culture of mTECs

The steps involved in culturing the mTECs are illustrated in Figure 2.2. In the first step, the cells
were grown until they reached confluence. In the second step, ALl media were added, and the
cells were elevated into the air. From day 0 to day 14, the cells underwent differentiation. They

were ready to be used in the experiments at this stage.

2.14.1 In Vitro Culture of mTECs

Various protocols have been formulated in the past few years to facilitate the separation and
culture of mouse mTECs, so that they function as a model of the murine airways. In this study,
epithelial cells were removed from C57BL/6 mice. When the cells were removed from mouse
trachea, they were cultured at an ALl using the technique presented by (Horani, Nath et al. 2013).
The use of such cells has recently been mentioned by the Bingle Laboratory (Akram 2015). A brief

overview of the protocol is presented subsequently.
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For mouse dissection, Field Lab staff members euthanised the mice, and the researcher carefully
removed the tracheas to avoid contamination. The tracheas were placed in mTEC media, and the
fibrous tissue was removed under the microscope using forceps. The trachea was then cut
horizontally under the microscope and placed in a 15 mL tube with mTEC basic and pronase for
overnight digestion. On the next day, the cells were washed with mTEC basic media containing
10% FBS, treated with DNase to prevent cell clumping and neutralised with mTEC basic media
with 10% FBS. The cells were plated on a Petri dish and incubated for 4 h. The non-adherent cells
were removed, and the media were collected, while the fibroblasts were cultured in mTEC basic
media with 10% FBS. The epithelial cells were counted using a haemocytometer and then plated
over collagen-coated trans-wells at 30,000 cells/well. For cell culture, mTEC basic media with
retinoic acid and 10 mM ROCKi were used. During this phase, the cells were lysed for RNA
extraction. After 3 days without mobility, the cells were confluent and cultured in ALl using
specified ALI mTEC media in the lower chamber for 14 days until differentiation occurred (Figure
2.1). In the latter part of this study, a proprietary media system was used: PneumaCult-Ex Plus
for submerged growth and PneumacCult ALl for differentiated growth. These media contained
specific nutrients, growth factors and other components essential for the optimal growth and
proliferation of mTECs but no BPE. They were designed to produce a mucociliary phenotype in
the airway cells in ALl cultures (Rayner, Makena et al. 2019). For transcriptional and protein
analyses, washes and cell lysates were obtained. The surface of the cells was washed to obtain
apical washes, which were kept frozen until needed. The washed cells were directly lysed using
TRI-Reagent to obtain lysates for RNA extraction, which were also kept frozen until needed. MTEC

original cells and fibroblasts served as negative controls.
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Figure 2.2. Overview of the mTEC Isolation Process

This figure illustrates the steps involved in the isolation and culture of mTECs. The process begins
with euthanasia and dissection of mice to extract the trachea. The trachea is then cleaned and
placed in media with pronase for digestion. On the following day, the cells are seeded in trans-
wells and maintained in a submerged state until they reach confluence. At this stage, the cells
are transferred to ALI media and kept for 14 days during which the media are changed every 2
days, and washed cells are collected. Finally, the RNA is extracted from the cells using TRI-

Reagent and stored at -80°C for future analysis.

2.15 Infection of mTECs With IAV (H3N2)

The H3N2 strain of the IAV (A/X-31) was obtained from Professor James Stewart at the University
of Liverpool. The virus titre was determined in the laboratory of Professor Stewart using a plaque
assay on Madin—Darby canine kidney IAV infection and provided at a known concentration. The
virus was added to the apical surface of the cells for 1 h and then removed, and the culture
continued as needed. Thereafter, the apical media were removed; the cells were washed, and

the trans-well was fixed.
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2.16 ALI Culture Sample Fixation

Warm (37°C) PBS was used to wash the apical surface of the trans-well membrane, and the
sample was kept in the incubator for incubation for 30 min. Following the incubation, the medium
was removed from the basal compartment. Further, 300 pL of 10% buffered formalin was added
to the apical chamber and 700 uL to the basolateral compartment of the trans-well and incubated
at room temperature for one hour. PBS was used to wash the apical and basolateral
compartments of the trans-well three times (equilibrated at room temperature) by carrying out
repeated pipetting. In the last step, there was addition of 300 uL of PBS to the apical chamber
and 700 pL of PBS to the basolateral chamber.

2.17 Analysis of the Samples From In Vitro Infection Assays

2.17.1 Fluorescence Immunocytochemistry

From the two compartments of the trans-wells, PBS was aspirated. PBS with 0.5% Triton X was
used to dilute 300 uL of permeabilization/blocking buffer (goat serum or rabbit serum based on
the source of detection antibody) at a ratio of 1:10 and then added to the apical surface.
Thereafter, the plate was kept on a shaker with 80 revolutions per minute for one hour at room
temperature. The permeabilization/blocking buffer was removed from the apical surface. The
apical as well as basal surfaces were washed once with PBS. The primary antibody in the
permeabilization/blocking buffer was developed as illustrated in Table 2.2, and 300 uL of primary
antibody solution was added to the apical chamber trans-wells. The plate was then kept on a

shaker overnight in a cold room at 80 rpm.
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Table 2.2. Primary Antibodies in Immunostaining

Primary antibody Manufacturer Dilution
BPIFA1 (Rabbit Ab, Prepared in a laboratory | 1:200
polyclonal) (Musaetal, 2012)

FOX]J1 (Mouse Ab, Affymetrix eBioscience | 1:200
monoclonal) (2A5)

B-tubulin (Mouse Ab, Sigma (T5201) 1:100
monoclonal)

After overnight incubation, the primary antibody was removed from the apical surface. PBS was
used through pipetting to wash the apical and basal surfaces thrice. The method shown in Table
2.3 was used to create the secondary antibody solution, and 300 pL of antibody solution was
included in the apical chamber of the trans-well, after which the plate was covered in aluminium

foil. The plate was subsequently kept on a shaker for 1 h at room temperature and 80 rpm.

Table 2.3. Secondary Antibodies in Immunostaining

Secondary antibody Dilution

Alexa Fluor 568 Goat anti-rabbit Ab. Cat No. A11011. (Red) 1:200

Alexa Fluor 488 Goat anti-mouse Ab. Cat No. A11001. (Green) | 1:200

The secondary antibody was diluted in PBS and used to wash the apical and basal surfaces of the
trans-well under dim light. The membrane containing the cells was carefully cut out using a
scalpel and held in place on a microscope slide using forceps, with the cells facing upwards. A
single drop of 4,6-diamidino-2-phenylindole (DAPI) mounting medium (Vectashield, Vector

Laboratories) was added to the top of the cells and allowed to sit for 2 min at room temperature.
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The coverslip was then placed onto the slide, and any excess DAPI was spread out around the
edges. The coverslip was secured to the slide using nail polish and left to set for 30 min at room
temperature. The slides were then removed and analysed using the Olympus FV1000 Confocal

Microscope.

2.17.2 Quantification of IAV Staining

The Olympus FV1000 Confocal Microscope was used to analyse IAV staining in the mTECs. A 40x
magnification was employed to capture an image of eight contiguous fields that encompassed
the entire membrane. The Imagel software was utilised to examine and combine Z-stacks to
produce a single image with highest intensity. The mean integrated fluorescence was calculated

using the Imagel software to analyse the signal intensity.

2.18 Statistical Analysis

Statistical analyses were performed where necessary. The expression values of the individual
genes were compared across the samples using a paired t-test. One- and two-way analyses of
variance were conducted. The analyses were performed using the GraphPad Prism 8 software
(GraphPad Software, Inc.). For the statistical analysis of the genes, data were compared using a
t-test in the GraphPad Prism 8 software. A P-value of <0.05 was considered statistically

significant.
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Chapter 3: Validation of mTEC cultures
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3.1 Introduction

The airway epithelium consists of several types of cells derived from multipotent basal cells. It
performs the homoeostatic function of the respiratory tract, and its modelling in culture is
important, as most established cell lines lack differentiation capacity. Primary airway cells grown
in 3D cultures and derived from human or mouse trachea, nasal passage or middle ear are
considered good models of the airways and have been used in previous studies to understand
the role of airway epithelial cells and infectious diseases (Ugonna, Bingle et al. 2014, Lu, Anujan
et al. 2019, Mulay, Chowdhury et al. 2021). These studies are based on established protocols
(Clarke, Burns et al. 1992, Davidson, Kilanowski et al. 2000, You, Richer et al. 2002) , which are
influenced by methods for other species (Lechner 1985). Essential growth factors, such as insulin,
epidermal growth factor and retinoic acid, promote cell differentiation and cilia formation (Green
1977). Mouse cell culture involves a sufficient number of cells, the proliferation of the progenitor
cell population and the attachment of a small number of basal cells to the membrane (Green
1977, Allen-Hoffmann, Schlosser et al. 2000). Epithelial cells differentiate when they are exposed
to the ALI condition, which is achieved by a confluent cell layer and feeding media from below.
ALl promotes the formation of cilia and the differentiation of mucociliary epithelium, which can
be monitored through cell-specific markers (You, Huang et al. 2004, Bustamante-Marin and
Ostrowski 2017). The differentiation process is marked by a transcriptional programme, which
transforms cells from a basal cell phenotype to a mucociliary epithelium with ciliated and
secretory cells (Ross, Dailey et al. 2007). MTECs are differentiated into upper airway-like epithelia
under ALI conditions by changing the media and moving the cells to ALI. Samples are taken prior
to culture, during confluence and at various times during culture. After 14 days of differentiation,

the cells become suitable for experiments.

3.2 Aims of the Chapter
The overall aim of this chapter was to generate cellular tools for the functional analysis of
influenza infection in mTECs. The specific objectives were as follows:

1. To perfect the dissection technique for isolating mTECs,

2. To establish and validate ALI culture conditions and
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3. To characterise the transcriptional programme of mTECs during differentiation.

3.3 Results

3.3.1 Description of mTEC Cultures

The culture conditions for mTECs were previously established in the host laboratory (Akram et
al., 2014), but I needed to perfect the technique. On average, approximately 150,000 mTECs were
isolated per trachea. An average of eight mice per batch was used, and more than 40 batches of
cells were made.

Initially, the established protocol was used, which involved culturing the isolated cells in the
presence of a ROCK inhibitor (Y-27632) to improve the multiplication of airway epithelial basal
cells (Horani, Nath et al. 2013) (Horani et al., 2013) prior to ALl lift. However, during the study, a
proprietary media system was used: PneumacCult-Ex Plus for submerged growth and PneumacCult
ALl for differentiated growth. These contained specific nutrients, growth factors and other
components essential for the optimal growth and proliferation of mTECs. This medium was
specifically designed to produce a mucociliary phenotype in differentiated murine airway cells in
ALl cultures (Rayner, Makena et al. 2019).

A seeding density of 30,000 cells per trans-well was used, as this was found to be optimal. Within
5-7 days of seeding, a confluent monolayer was achieved, and the cells were imaged using phase-

contrast microscopy (Figure 3.1).

3.3.2 Validation of Gene Expression by RT-PCR

Owing to the limited number of cells generated from the mice, the standard differentiation
culture conditions utilised 24-well trans-wells with a surface area of 0.33 cm?. This resulted in an
average of approximately 100,000 cells per trans-well present in the cultures. To ensure that
sufficient RNA could be isolated from this cell number, | initially tested the extraction procedure
using HEK cells. Initially, the host laboratory used TRI-Regent for RNA isolation; however, the low
recovery rate and the presence of contaminants that interfered with PCRs posed a concern, and
so the laboratory switched to using the Direct-zol Microprep Kit (Zymo) for RNA isolation during

this study.
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Figure 3.1. Phase-Contrast Images of mTECs During Differentiation
(A) ALI day O cells. (B) ALl day 2 cells. (C) ALI day 6 cells. (D) ALI day 7 cells. (E) ALI day 14 cells. (F)

ALl day 14 cells 50 um (lower magnification).

Preliminary studies showed that 100,000 HEK cells could yield up to 5 ug of RNA (Table 3.1). When
mMTECs were used at different stages of culture, relatively low yields of RNA were initially
recovered from primary cells in 0.3 cm? trans-wells, and in some samples, essentially no RNA was
recovered. Over time and with technical improvements, up to 2 ug of RNA per trans-well was
recovered. Given that only 200-500 ng of RNA was needed for RT-PCR, there was sufficient RNA
recovered for the protocol.

For validation of the cultures, end-point RT-PCR was performed to verify the differentiation of
mMTECs grown at the ALI. This was performed on cells on ALI day 0 (a cell population of progenitor
cells) and ALl days 3, 7, and 14 (containing fully differentiated respiratory epithelium), and the
original cells obtained before culture were established (containing airway epithelial cells found
in the original tissue as well as contaminating cells isolated from the trachea). A fibroblast cell

preparation separated from the same mice was used as a control in the PCRs. Each cell
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preparation was validated in this manner (with PCRs generally being made on original, day 0 and

day 14 cells). A representative gel is shown in Figure 3.2.

Table 3.1. RNA Recovery from HEK Cells

Rephcate Cel Counts RNAIn 15yl
1x10° 128
5x10° 2,004

Replicate 1 310° 1.045
1x10° 0225
5107 0.2755
25010¢ 0.1952
1x10° 653
5108 2.246

Replicate 2 310 12
10° 0837
5x10* 0.286
2.5010¢ 0.262

Total RNA was extracted from HEK cells using the Direct-zol RNA Microprep Kit. The number of
cells was progressively decreased for the RNA extractions. RNA was eluted in 15 uL of water prior

to quantitation and is displayed as the total ug of RNA recovered.
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Figure 3.2. End-Point RT-PCR of Markers in mTECs During ALI Differentiation

On days 0, 3, 7 and 14 of ALI culture, mTEC RNA samples were collected, and the expression of
epithelial markers was evaluated. Primers for ornithine decarboxylase antizyme 1 (Oaz1; internal
control), Bpifal (secretory cell marker) and Tektin 1 (Tekt1; ciliated cell marker) were used. The
positive control was obtained from the original samples of airway epithelial cells that were
collected from the trachea before plating. The negative control was RNA from fibroblast cultures
that were obtained from the mouse trachea during dissection. The products generated were
analysed via 2% agarose gel electrophoresis. This gel is representative of several similar

experiments performed to confirm cellular differentiation.

Oaz1, which is considered a housekeeping gene owing to its stable expression across multiple
tissue samples (De Jonge 2007), served as the control for all PCRs performed. It was consistently
expressed in each sample, including in the fibroblasts, mTECs and ALI cultured cells on days 0, 7
and 14. However, lower Oaz1 expression was observed on day 3, which may have been due to a
lack of sufficient cDNA amount during sample preparation or some other technical reason.

Tekt1 is a marker for ciliated cells and is a crucial structural protein found in the axoneme of

motile cilia (Ryan, Failler et al. 2018). On day 0, the low expression of Tekt1 suggests a scarcity of
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ciliated cells in the culture, but the expression increased over time; on day 14, its expression level
could be compared to that of the original cells, implying the presence of differentiated ciliated
cells in the culture.

Bpifal was used as a marker for secretory differentiation in the cultures. On day 0, some
expression of Bpifal was observed, indicating that cells exhibit some degree of differentiation at
this time. However, this expression decreased on day 3 but appeared to increase again on days
7 and 14. Mouse fibroblast cDNA served as the negative control and did not express either of the
differentiated cell markers, as expected. The end-point PCR suggested that the cells were induced

to undergo differentiation during the culture.

3.3.3 SDS-PAGE

The secretion of Bpifal was studied to determine whether functional cell differentiation had
occurred in the ALl culture. Bpifal is released by the secretory cells of the airway epithelium and
serves as a marker for secretory differentiation. Western blotting was performed on apical
washes obtained from mTECs on ALl days 2, 7, 9, 12 and 14. Equal volumes of apical wash were
added to each lane. Figure 3.3 shows that a band of around 25 kDa, indicative of Bpifal, was
present on the gel. Bpifal was not detected in the washes obtained on ALl day 0, but its
expression started increasing from day 2 to day 14, indicating the presence of differentiating

secretory cells releasing Bpifal at these times.
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Figure 3.3. Secretion of BPIFA1 From mTEC Cultures

Samples of apical washes from a batch of cells were western blotted to demonstrate the
secretion of BPIFA1 by ALI cultured mTECs. The same volume of apical wash collected from the
cells on the indicated days was loaded in each well. The position of BPIFA1 is indicated by the
band at approximately 25 kDa. Mouse bronchoalveolar lavage fluid was used as the positive
control and SDS loading buffer as the negative control. The gel is representative of three

individual experiments.

3.3.4 Confocal Imaging of Cells During Differentiation

Confocal imaging was performed to visualise distinct airway epithelial cells in the differentiated
ALl culture on day 14. The mTECs on the trans-well membranes were fixed with 10% formalin
and stained with antibodies to BPIFA1 (marker the secretory cells) and B-tubulin (a well-accepted
marker for cilia) and counterstained with DAPI to visualise the cell nuclei. The stained cells were
then imaged under confocal microscopy. TEKT1 was not used, as it serves as a standard marker
for ciliated cells in expression studies but is not commonly used to visualise the presence of cilia
themselves.

As shown in Figure 3.4, day 0 and 14 mTECs were stained with B-tubulin and BPIFA1. As expected,

staining of both markers was absent from day 0 mTEC cultures (A), whereas both proteins were
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detected in the day 14 sample (B). The localisation of these two proteins did not overlap. This is
consistent with previous data from the laboratory that showed B-tubulin and BPIFA1 in different

cell types (Akram 2015).

day 0 DAPI B-Tubulin d;y'ld DAP| B-Tubulin

Figure 3.4. Immunofluorescence Microscopic Detection of B-Tubulin and BPIFA1 in the day 14
mTECs

These images depict cell differentiation of secretory and ciliated cells taken from mTECs cultured
at the ALI. The day 0 and 14 cells were stained with antibodies to B-tubulin (green) and BPIFA1

(red). Blue represents DAPI. Scale bar, 50 um.

3.3.5 Gene Expression in Whole-Genome Expression Data Sets

When the mTEC cultures were confirmed to be differentiated, as expected, the global
transcriptional changes in the cells were studied. Samples of the original (freshly isolated
uncultured) tracheal cells, confluent cultures of cells prior to ALl lift (ALI day 0) and ALI cells that
had been cultured for 14 days were isolated. In these experiments, triplicate samples were used
from matched isolations, meaning that the three samples were matched with individual batches

of cells. Total RNA was extracted using the Zymo system as previously described, and the quality
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was determined using the Agilent Bioanalyser. Only RNA with an RNA integrity number (RIN) of
above 8 was used for the analysis.

Microarray analysis was undertaken by Doctor Paul Heath at SITraN, University of Sheffield, using
the Mouse Clariome S microarray assay (Thermo Fisher Scientific). In the murine model system,
this array can identify the expression of >20,000 well-annotated genes. The Transcriptome
Analysis Console (TAC) 4.02 (Thermo Fisher Scientific) was used for the conversion of the
Clariome S data to Excel spreadsheet data. The next step consisted of analysing the data in
Microsoft Excel to determine the difference in the intensity, fold change and p-value of the genes.
The genes that were differentially expressed underwent further analysis using the Venny 2.1.0
software. Database for annotation, visualisation and integrated discovery (Meredith, Zemmour
et al. 2015) (Meredith et al.) version 6.8 (Dennis, Sherman et al. 2003) and the TAC tool on version
4.02. A log2 intensity of <5 was considered as negative for expression and a log2 intensity of >5
as positive for expression (Miller, Dye et al. 2019). Robust multi-array average-linear models for
microarray data were used to normalise and background correct the microarray data in the TAC
tool. The bioinformatic analysis was undertaken by another PhD student (Miraj Chowdhury). |
worked to analyse the output of this process. Owing to some unforeseen issues in the RNA array
facility, the final number of samples used in the analysis was 2 for the original and day 0 samples

and 3 for the day 14 samples.

3.3.5.1 Most Highly Expressed Genes in the Original, Day 0 and Day 14 Cells

The initial analysis aimed to identify the genes with the highest expression levels in the mTECs at
different time points. The top 50 genes in terms of expression levels are listed in Table 3.2. The
absolute gene expression levels of these genes ranged from 17.24 to 18.79 (log2) in the original

cells, from 17.42 t0 19.1 (log2) in the day O cells and from 17.15 to 18.92 (log2) in the day 14 cells.
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Table 3.2. Top 50 Most Highly Expressed Genes in mTECs at Different Time Points

Top 50t genes in Original , Day 0 and Day 14

NO Original Exp Day 0 Exp Day 14 Exp
1 Bpifal 18.79 ND1 19.1 Cyp2f2 18.92
2 Anxal 18.775 Krt7 18.675 ND1 18.86
3 Scgblal 18.705 Fth1 18.62 ND5; CYTB 18.786
4 ND3 18.66 S100a11 18.605 ND4; ND4L 18.7833
5 Cldn4 18.635 Hspa8 18.52 Fth1 18.7333
6 COX2 18.615 Bsg 18.49 Hspa8 18.716
7 Rpl13a,Snord32a,Snord33, 18.535 ND4, ND4L 18.485 cox2 18.57
Snord34, Mir5121
8 Actb 18.53 Lyé6e 18.485 Gstm1 18.42
9 Cbr2 18.53 Gstol 18.395 ND3 18.36
10 Emp1 18.44 2610528A11Rik 18.365 Tmem176b 18.343
11 Ubc, Uba52 18.435 ND5; CYTB 18.36 Serinc3 18.296
12 Actg1, Mir6935 18.41 C0X2 18.34 Gstol 18.213
13 Scgb3al 18.305 Rps6 18.31 $100a11 18.18
14 Ubb,Gm1821 18.3 Cyp2f2 18.31 Ly6e 18.1433
15 Reg3g 18.285 Anxal 18.225 em11032 18.133
16 Tmsb4x 18.195 Actb 18.22 Rpl13a,Snord32a,Snord33,Snord34, 17.94
Mir5121
17 Gm11032 18.165 Gmi11114 18.15 Rpl4 17.926
18 $100a11 18.145 Rpl13a,Snord32a,Snord33,Snord34, 18.14 Rps6 17.886
Mir5121
19 F3 18.085 €d81 18.03 Ubb; Gm1821 17.85
20 Serpinb2 18.08 Rpl28 17.975 Rpl28 17.846
21 Rps6 18.05 Serinc3 17.94 Prdx1 17.763
22 Hbb-bt,Hbb-b2 18.03 Eef2 17.92 Slc3a2 17.746
23 Hbb-bs, Hbb-b1 17.965 Slc2al 17.915 Gclc 17.716
24 Rmrp 17.965 Itm2b 17.9 Krt7 17.696
25 Actn4 17.935 Pkm 17.89 Gsta3 17.686
26 Eif1 17.835 Mal 17.885 Cyp2a5, Cyp2a4 17.686
27 Cyp2a5, Cyp2a4 17.815 Egin3 17.88 Rpl23 17.676
28 Hnrnpk 17.765 Ndrg1 17.875 Pabpcl 17.633
29 Slc3a2 17.71 Ig/bp7 17.855 Cp 17.633
30 Lyz2 17.68 Uba52 17.825 Anxal 17.61
31 Krt7 17.675 Rplp1 17.79 Actb 17.61
32 Gm1821 17.645 Pabpcl 17.755 Uba52 17.523
33 Eef2 17.64 Psca 17.74 Eef2 17.5
34 Aldhlal 17.575 Pdzk1ip1 17.69 Itm2b 17.4733
35 Scgb3a2 17.565 Ubb; Gm1821 17.68 Rps23 17.45
36 Hspa5 17.545 || Rps23 17.675 |} Bsg 17.413
37 Pabpc1 17.545 Cnfn 17.645 Mgst1 17.396
38 Dstn 17.505 Tmsb4x 17.63 Rpl21 17.393
39 Cdh1 17.495 Ecm1; Mir7014 17.615 Gclm 17.366
40 Krt8 17.485 Krté6a; Krt6b 17.61 Mal2 17.346
41 Ifi202b; Ifi205 17.48 Rpl18a 17.6 Aldh1al 17.346
42 Gprcsa 17.455 Aldoa 17.595 Scgblal 17.336
43 Rpl12, Snora65 17.42 ND3 17.54 Rpl12, Snora65 17.326
44 Tsc22d1 17.38 Slc38a2 17.53 Tmem176a 17.283
45 Gstm1 17.365 Rpl4 17.51 Ftl1 17.2733
46 Errfil 17.34 Cox7¢ 17.465 Lamp2 17.26
47 Cyré61 17.34 Tspanl 17.46 Slc25a5 17.223
48 Lgals3 17.25 Capns1 17.425 Gmi11114 17.193
49 Ly6e 17.245 PIp2 17.42 Rpl6 17.166
50 Plaur 17.235 Mal2 17.415 Bpifal 17.15
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This table presents the log2 expression levels of the top 50 most highly expressed genes in the
mTECs measured at three different time points: original cells (n=2), day 0 of ALI culture (n=2) and
day 14 of ALl culture (n=3). The expression levels are presented as log2 intensity values, which
allow the comparison of the fold changes in expressions of gene. The original cell data serve as
the baseline gene expression before the isolated cells were cultured. The day 0 data represent
the gene expression immediately after the cells were exposed to the ALI culture conditions, while
the day 14 data represent the expression levels of the genes after 14 days of exposure to the ALI
culture conditions.

The simple representation of the data in this format suggests that the three cell populations have
quite different gene expression profiles. Bpifal was the most highly expressed gene in the
original cells; it did not appear in the day 0 list but appeared in the top 50 highly expressed genes
in the day 14 cells. Nd1 was the most highly expressed gene in the day O cells and was the second
most highly expressed gene in the day 14 cells. Cyp2f2 was the most highly expressed gene in the
day 14 cells and was also in the top 15 list in the day O cells. Anxal, Nd3, Cox2, Sa100a1l and
Actb were included among the top 50 highly expressed genes at all three time points. Similar to
Bpifal, Scgblal was also substantially highly expressed in the original and day 14 cells but was
not seen in the day O cells. Two other secreted globin genes — Scgb3al and Scgb3a2 — were also
highly expressed in the original cells but were not included in the list in the other two conditions.
Another secretory protein gene — Reg3g — followed a similar expression pattern. The high
expression of these abundant secretory genes reflects the fact that the cell population contains
a substantial number of differentiated secretory cells.

Among the most highly expressed genes in the original cells were two B-globin genes (Hbb-
bt/Hbb-b2 and Hbb-bb/Hbb-b1), which are generally highly expressed in red blood cells. This
finding suggests that red blood cells contaminate the original cell preparation and that these
disappear in day 0 and 14 samples. The list of most highly expressed genes in the day 0 samples
appeared to contain fewer secretory proteins and was dominated by enzymes including
components of the mitochondrially encoded NADH ubiquinone oxidoreductase complex
(encoded by Nd1, Nd3, Nd4 and Nd5) as well as Gstol, Cyp2f2, Aldoa and Cox7c in addition to

ribosomal protein genes including Rsp6, Rpl28, Rplp1, Rsp, Rpl18 and Rpl4.
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The list of most highly expressed genes in the day 14 cells also contained many enzymes found
in the day 0 cells but also showed a return of some epithelial secretory cell products including
Cp, Scgblal and Bpifal. Fthl, which encodes the iron transport protein ferritin, was highly
expressed in both day 0 and 14 cells.

Overall, the high expression of the secretory genes in the original and day 14 cells highlights the
presence of differentiated secretory cells, while the shift towards more enzymes in the day O cells

reveals the effects of the ALI culture conditions.

3.3.5.2. Transcriptional Changes in the Gene Expression During mTEC Differentiation

A heat map was generated to obtain an overall view of differential gene expressions at the three
different time points (Figure 3.5). The genes with high or low differential expression (either high
or low) in the original vs day 0, original vs day 14 or day 0 vs day cells 14 were used. When
visualised in this manner, the gene expression was generally well conserved between the
replicate samples in each condition; however, the gene expression seen in the day 14 replicate 3
was somewhat different from that seen in the other two replicates. This suggests that something
unexpected may have happened during the culture of this sample, which resulted in differences
in the gene expression data in this batch.

The heat map showed that 9780 genes were differentially expressed. Unsupervised hierarchical
clustering showed several distinct patterns in the image. As the heat map revealed complex
relationships between the groups, the genes were broadly grouped into a few representative
regions. The genes grouped in the A region included those highly expressed in both the original
and day 14 cells, which might be expected to include genes expressed in the epithelial layer. The
genes grouped in the B region included those highly expressed in the day 14 cells, but which were
more lowly expressed the original cells. The genes grouped in the C region included those highly
expressed in the day 14 cells, but which were more lowly expressed in the day 0 cells and not
expressed in the original cells. The genes grouped in the D region included those substantially
highly expressed in the primitive cells, but which were lowly (or not) expressed in the epithelial
cells during culture. Many genes in group E were highly expressed in the day 0 cells but had a low

or limited expression in either of the other two conditions.
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Differential gene expression between paired situations was evaluated to obtain a better

understanding of some gene expression changes: original vs day 0, day 0 vs day 14 and original

vs day 14.
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Figure 3.5. Heat Map of Genes Differentially Expressed During mTEC Culture
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The heat map displays the genes that showed differential expressions between the original, day
0 and day 14 samples, wherein significant differences in the expression levels were observed
between two conditions. The brackets (A—E) categorise the genes with broadly distinct
expression patterns. The brackets (A—E) are added somewhat arbitrarily. They represent a
categorisation of the genes based on the pattern of expression and the differences seen between
the conditions. TWT1 and TWT2 represent the original cells, wherein TWT stands for wild type.
TB1-DO, TB2-DO, TB1-D14, TB2-D14 and TB3-D14 represent different sample conditions taken on

days 0 and 14. The number after TB (1, 2 or 3) indicates replicates within the samples.

3.3.5.3. Differential Gene Expression Between the Original and Day 0 Cells

Figure 3.6 shows the overall gene expression differences between the original cells isolated from
the trachea and sampled prior to culture and those when confluent cultures were established on
the transwells prior to ALl culture (day 0). These genes are mostly located in region C in Figure
3.5. Analysis of the differential gene expression between these two conditions would be expected
to identify gene signatures of the cell population that was in the original cell isolate taken from
the protease digestion of entire tracheal tissues (red dots). This would include red blood cells,
inflammatory cells and mesenchymal cells as well as cells from tissues surrounding the trachea
when it was dissected. The genes that were more highly expressed in the day O cells are shown
as green dots. These represent the cells expressed in the growing epithelial cells, as the
contaminating cells will have been lost from the cells at this stage.

Table 3.3 displays the top 50 genes that were most differentially expressed between the original
cells and the cells grown to confluence on the trans-wells. The top four genes on the list, Hbb-
bs/Hbb-b1, Hba-a2/Hba-al, Hba-al/Hba-a2 and Hbb-bt/Hbb-b2originate from RNA in
contaminated red blood cells. The expression of these genes was significantly lower in the day 0

cells as red cells are lost.
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Figure 3.6. Differentially Expressed Genes in Uncultured Tracheal Epithelial (Original) Cells and
ALl Day 0 Cells

This figure depicts the comparison of the differentially expressed genes between the uncultured
tracheal epithelial cells (original) and ALl day O cells. The scatter plot in panel A displays the log2
intensity values of the genes that showed a differential expression. The volcano plot in panel B

illustrates the significance of these differentially expressed genes, with 9586 genes shown. Each
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dot in the plot represents the expression level of a particular gene. The genes that were
significantly differentially expressed are marked with either green dots (indicating
overexpression in the day O cells) or red dots (indicating overexpression in the original cells). ALI,

air-liquid interface
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Table 3.3. Top 50 Most Differentially Expressed Genes in the WT Compared with the Day 14

Cells

NO Genes WT . D14 Fold Difference
1 Hbb-bs, Hbb-b1 17.965 3.216 -14.748
2 Hba-a2, Hba-al 17.065 3.393 -13.671
3 Hba-al, Hba-a2 17.14 3.473 -13.666
4 Hbb-bt,Hbb-b2 18.03 4.406 -13.623
5 Serpinb2 18.08 6.433 -11.646
6 Lipf 13.815 3.633 -10.181
7 Dcn 14.68 4.613 -10.066
8 Tg 14.45 4.513 -9.936
9 Cd74, Mir5107 15.055 5.243 -9.811
10 Sbpl 14.19 4.616 -9.573
11 Gm10591 13.775 4.243 -9.531
12 Plau 15.79 6.38 -9.41
13 Krt75 14.815 5.46 -9.355
14 Fosb 14.615 5.553 -9.0616
15 H2-Aa 14.605 5.55 -9.055
16 Dcpp3 12.81 3.85 -8.96
17 Bpifbl 15.71 6.856 -8.853
18 Tmprss1lb 14.035 5.19 -8.845
19 Nr4a3 12.78 3.953 -8.826
20 H2-Abl 13.865 5.12 -8.745
21 Cd53 13.87 5.17 -8.7
22 Dmbtl 13.28 4.606 -8.673
23 H2-Eb1 12.715 4.046 -8.668
24 Ccl22 12.835 4.286 -8.548
25 Cldnl 13.515 5.01 -8.505
26 Gm13304, Gm21541, Ccl21lb 12.58 4.26 -8.32
27 Gm13304 12.59 4.376 -8.213
28 Krt16 13.94 5.776 -8.163
29 Gm7897 12.77 4.773 -7.996
30 Krt23 16.355 8.373 -7.981
31 Sell 12.235 4.30 -7.931
32 Glycam1l 11.54 3.846 -7.693
33 Serpinbla 15.84 8.476 -7.363
34 17r 11.955 4.6 -7.355
35 Cxcréd 13.22 5.98 -7.24
36 Cytll 11.215 3.976 -7.238
37 Csrnpl 12.65 5.42 -7.23
39 Dcpp2, Dcppl 12.635 5.41 -7.225
40 Rgsl 11.635 4.443 -7.191
41 Plek 12.09 4.903 -7.186
42 Rgs2 10.805 3.626 -7.1783
43 Ms4adc 11.265 4.14 -7.125
44 Satbl 12.81 5.69 -7.12
45 Jun 15.54 8.483 -7.056666667
46 Spil 12.025 5 -7.025
47 Cd69 11.875 4.853 -7.021666667
48 Prss23 13.435 6.433 -7.001666667
49 Dpt 10.675 3.683 -6.991666667
50 Samsnl 11.405 4.4633 -6.941666667
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This table presents the average expression value (log2) in the day 0 and WT samples and the

differential expression between the two.

Within the list of genes are several secretory gene products derived from the tracheal epithelium:
Bpifb1, Bpifal, Sftpal, Scgb3al and Scgb3a2 from the secretory cells. The list also contains
several genes known to be expressed in the tracheal submucosal glands including Lipf, Dcpp3 and
Dcpp2, which are goblet cell markers (Sountoulidis, Liontos et al. 2020). The list also contains
some thyroid and thymocyte enriched genes including Tg, Nr4a3 and Sell, which probably arise
from the contamination of the tracheal tissue during the initial dissection stage.

Finally, several genes in the list, including Gm10591, Ccl21, Cd53, Ccl22Fosb, Spil and Rgs1, are
known to be highly expressed in inflammatory cells including neutrophils, macrophages, mast

cells and lymphocytes.

3.3.5.4. Differential Gene Expression Between the Day 0 and 14 Cells

Figure 3.7 shows the overall gene expression differences between the confluent monolayer
cultures established on the trans-wells prior to ALl culture (day 0) and day 14 ALI culture. The
genes are mostly located in regions A and B in Figure 3.5.

The analysis of the differential gene expression among the two conditions was expected to
identify a signature of the genes that were highly expressed in the day 14 differentiated cells (red
dots) than the undistinguishable basal cells that were the improved confluent monolayer
preceding the ALl culture (green dots).

The top 50 most differentially expressed genes in the day 14 cells compared with those grown to
confluence on the transwells (day 0) are shown in Table 3.4. The most differentially expressed
gene in these cells was flavin-containing monooxygenase 3 (Fmo3), followed by Cdhr3 and SEC14-
like lipid-binding 3 (Sec14/3). The list was dominated by the genes associated with ciliated cells:
Cdhr3, Tppp3, Rsph4a, Sntn, Cd177, Spatal8, Ccdcl46, Tmem232, Odf3b, Ak7, Cfap126,
1700040L02Rik, Adgb, Dynlrb2, Gm281, Ubxn10, Cfap16, Fam216b, Erich2, Nek5, Cdhr4, Stomi3,
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Lrrc34, 1700013F07Rik, Tctel, Ccdc153, Kenrg, Spef2, EImod1, Dnah5, Meig1, Ccdc108, Lrguk and
Rgs22.
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Figure 3.7. Differentially Expressed Genes in the ALI Day 0 and 14 Cells
(A) Scatter plot showing the log2 intensity values of the differentially expressed genes. (B) Among
these genes, 9586 genes are shown by the volcano plot. Each dot represents the expression of a

gene. Coloured dots represent the significantly differentially expressed genes. The green dot
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indicates overexpression in the day O cells, and the red dot indicates overexpression in the ALI

day 14 cells.

Bpifal was the most differentially expressed secretory gene seen in the list, but other secretory

genes were seen including Lyz1 and Lyz2. The list also included several enzymes including Fmo3,

Sec1413, Cyp2a4 and Aox1.
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Table 3.4. Expression of the Top 50 Most Differentially Expressed Genes in the Day 0 Cells

Compared with the ALI Day 14 Cells

NO Genes AvG DO AvG D14 Fold Change
1 Fmo3 6.845 16.766 9.921
2 Cdhr3 4.565 14.07 9.505
3 Sec1413 4.305 13.073 8.768
4 Tppp3 5.09 13.643 8.553
5 Lyz2 8.015 16.536 8.521
6 Bpifal 8.875 17.15 8.275
7 Rsph4a 4.65 12.433 7.783
8 Sntn 3.57 11.316 7.746
9 Cd177 4.08 11.573 7.493
10 Spatal8 4.865 12.243 7.378
11 Ccdc146 4.335 11.643 7.308
12 Tmem232 3.715 10.913 7.198
13 5330417C22Rik 5.155 12.256 7.1016
14 0Odf3b 3.7 10.766 7.066
15 Ak7 4.77 11.793 7.023
16 Cfap126 7.92 14.893 6.973
17 1700040L02Rik 5.485 12.433 6.948
18 Adgb 4.035 10.97 6.935
19 AU040972 5.89 12.803 6.913
20 Dynirb2 4.96 11.796 6.836
21 Gm281 4.61 11.353 6.743
22 Sultldl 9.185 15.92 6.735
23 Lyzl 3.87 10.513 6.643
24 Cyp2a4 8.59 15.153 6.5633
25 Ubxn10 6.145 12.703 6.558
26 Cfap161 3.515 10.06 6.545
27 Fam216b 4.565 11.093 6.528
28 Faml6la 4.75 11.203 6.453
29 Erich2 5.03 11.48 6.45
30 Nek5 6.01 12.396 6.386
31 Cdhr4 5.63 12.016 6.386
32 Stoml|3 3.855 10.23 6.375
33 Lrrc34 3.89 10.233 6.343
34 1700013F07Rik 4.95 11.256 6.306
35 Tctel 3.825 10.126 6.301
36 Ccdc153 4.945 11.246 6.301
37 Kcnrg 6.085 12.366 6.281
38 Spef2 4.43 10.71 6.28
39 Elmod1 4.51 10.67 6.16
40 Dnah5 4.26 10.373 6.113
41 Meigl 5.75 11.84 6.09
42 Ccdc108 4.735 10.803 6.068
43 Ccdcl170 3.82 9.84 6.02
44 Adh7 11.065 17.026 5.961
45 Lrguk 4.635 10.583 5.948
46 Cfap61 4.98 10.85 5.87
47 Cfap53 5.02 10.883 5.863
48 Aox1 7.66 13.48 5.82
49 Slcl6al2 5.945 11.74 5.795
50 Rgs22 4.505 10.29 0.304
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The average expression value (log2) is shown for both day 0 and 14 cells as well as the differential

expression and p-value between the two.
3.3.5.5 Differential Gene Expression Between the Original and Day 14 Cells

Figure 3.8 shows the overall gene expression differences between the original cells isolated from

the trachea and sampled prior to culture and ALl day 14 cells established on the trans-wells.
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Table 3.5. Top 50 Genes in the Original and Day 14 Cells

NO Genes AvG DO AvG D14 Fold Change
1 Fmo3 6.845 16.766 1.456
2 Cdhr3 4.565 14.07 1.741
3 Sec1413 4.305 13.073 1.760
4 Tppp3 5.09 13.643 1.605
5 Lyz2 8.015 16.536 1.347
6 Bpifal 8.875 17.15 1.301
7 Rsph4a 4.65 12.433 1.639
8 Sntn 3.57 11.316 1.906
9 Ccd177 4.08 11.573 1.741
10 Spatal8 4.865 12.243 1.583
11 Ccdc146 4.335 11.643 1.673
12 Tmem232 3.715 10.913 1.821
13 5330417C22Rik 5.155 12.256 1.528
14 0Odf3b 3.7 10.766 1.816
15 Ak7 4.77 11.793 1.579
16 Cfap126 7.92 14.893 1.305
17 1700040L02Rik 5.485 12.433 1.480
18 Adgb 4.035 10.97 1.716
19 AU040972 5.89 12.803 1.437
20 Dynirb2 4.96 11.796 1.540
21 Gm281 4.61 11.353 1.589
22 Sultldl 9.185 15.92 1.248
23 Lyzl 3.87 10.513 1.738
24 Cyp2a4 8.59 15.153 1.263
25 Ubxn10 6.145 12.703 1.399
26 Cfap161 3.515 10.06 1.836
27 Fam216b 4.565 11.093 1.584
28 Faml6la 4.75 11.203 1.550
29 Erich2 5.03 11.48 1.510
30 Nek5 6.01 12.396 1.403
31 Cdhr4 5.63 12.016 1.438
32 Stoml|3 3.855 10.23 1.723
33 Lrrc34 3.89 10.233 1.712
34 1700013F07Rik 4.95 11.256 1.513
35 Tctel 3.825 10.126 1.725
36 Ccdc153 4.945 11.246 1.514
37 Kcnrg 6.085 12.366 1.392
38 Spef2 4.43 10.71 1.593
39 Elmod1 4.51 10.67 1.571
40 Dnah5 4.26 10.373 1.614
41 Meigl 5.75 11.84 1.412
42 Ccdc108 4.735 10.803 1.530
43 Ccdcl170 3.82 9.84 1.705
44 Adh7 11.065 17.026 1.179
45 Lrguk 4.635 10.583 1.538
46 Cfap61 4.98 10.85 1.485
47 Cfap53 5.02 10.883 1.479
48 Aox1 7.66 13.48 1.277
49 Slcl6al2 5.945 11.74 1.381
50 Rgs22 4.505 10.29 1.548
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The gene expression analysis between the original and day 14 cells, as depicted in Figure 3.7, was
expected to highlight the gene signatures of the original cell population sourced from the entire
tracheal tissue protease digestion (represented by red dots). The green dots in the figure indicate
the genes with a higher expression in the day 14 cells, which probably correspond to the genes
highly expressed in the differentiated epithelial cells.

Table 3.5 presents the differential gene expression between the days 0 and day 14 cells. The a-
globin and B-globin genes (Hbb-bs, Hbb-b1, Hba-al, Hba-a2, Hbb-bt, Hba-al and Hbb-b2) were
highly expressed in the original cells and lowly expressed in the day 14 cells. This finding suggests
that red blood cells contaminate the initial cell preparation of the original cells and are then lost
after culture. Additionally, the genes Sftpal, Bpifb1, Scgb3al, Scgb3a2, Plek, I17r, Gfpt2, Pdk4,
Dmbt1, Samsnl, Cd69, Msd4adc++, Cytll, 112rg, I12rg, Satb1, H2-Eb1, Sbpl, Cd53, H2-Aa, Nr4a3,
Cd74, H2-Ab1, Sell, Glycam1, Tg and Sbpl were from the haemoglobin group. Lipf, Dcpp3 and
Dcppl were markers of goblet cells, while Lyz1, Lyz2, Fmo3 and Secl14/3 were the other
differentially expressed genes.

The genes Cd53, Gm10591, Ccl21b, Ccl22, Fosb, Spil, Rgs2 and Rgs1 were highly expressed in

inflammatory cells including mast cells, neutrophils, macrophages, and lymphocytes.
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Figure 3.8. Differentially Expressed Genes in the ALI Day 14 and Original Cells

(A) Scatter plot showing the log2 intensity values of the differentially expressed genes. (B) Among
these genes, 9568 genes are shown by the volcano plot. Each dot represents the expression of a
gene. Coloured dots represent the significantly differentially expressed genes. The green dot

indicates overexpression in the day 14 cells, and the red dot indicates overexpression in the

original cells.
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3.4 Validation of the Gene Expression During Differentiation

As the array analysis identified many genes that were differentially expressed under the different
culture conditions, end-point RT-PCR was conducted with selection of the genes using a different
set of cDNAs. Notably, end-point RT-PCR is a qualitative method of measuring gene expression,
but in this study, it was used to differentiate between the genes expressed at high and low levels.
Lipf, a gene highly expressed in the original cells, and Fmo3, Cdhr3 and Dynlirb2, three genes
upregulated in the day 14 cells, were selected. Primers for the ciliated cell marker gene Tekt1 and
the internal control gene Oazl1 were also used. The data in Figure 3.9 support the differential
expression of these genes during the culture. Lipf showed a high expression in the original cells
but a decreased expression in both day 0 and 14 cells. Conversely, the expression of the other

three genes decreased in the original cells but increased in the day 14 cells.

Figure 3.9. End-Point RT-PCR of Selected Genes in ALl Differentiated mTECs
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RT-PCR was undertaken on samples of the original, day 0 and day 14 cells with primer pairs to

Oaz1, Tekt1, Cdhr3, Dynirb2, Lipf and Fmo3. The products were resolved using 2% agarose gels.

3.5 Cell Type Representation in the ALl Differentiated mTECs

Data from arrays and PCR provide information on the total gene expression but not on the cell
types that express individual genes. However, data on cell-specific gene expression can be
obtained from scRNAseq. In this type of analysis, cells are defined based on their gene expression
profiles. A recent scRNA analysis of freshly isolated mTECs has identified at least eight distinct
cell types (Plasschaert, Zilionis et al. 2018) (Figure 3.10). With the published mTEC scRNAseq data
that are accessible on a public browser, it is possible to identify gene expression in distinct cell

types.

Figure 3.10. SPRING Representation of Gene Expression in Single Mouse Tracheal Cells
Mouse tracheal epithelial cells were isolated, dissociated and collected for scRNAseq. The image
presents a SPRING plot of scRNAseq data for the mouse tracheal epithelial cells from the study

by (Plasschaert, Zilionis et al. 2018). Different cell types are represented by different colours.

The cell types that expressed several genes from the data set were identified. In the figure, each

dot represents a single cell, and the intensity of green corresponds to the level of gene expression
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of an individual gene in a single cell. The absolute intensity of each gene varies across each image.

Black dots represent the cells with no expression.

As expected, Oaz1 expression was seen across most cell types in the viewer (Figure 3.11), and
Tekt1 was restricted to the ciliated cells. Cdhr3 and Dynlrb2 expression was also largely restricted
to the ciliated cells. Fmo3 expression was seen across both the basal cell and the secretory cell
population. Lipf expression was limited to a substantially small number of cells and was extremely

low.

Figure 3.11. Cell-Specific Localisation of Selected Genes in mTECs
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The figure shows a representation of the gene expression of Oaz1, Tektl, Cdhr3, Dynirb2, Lipf
and Fmo3 in single-cell data from mouse tracheal cells. Green intensity represents the gene
expression levels, while green bars at the top of each image indicate the absolute expression

levels (Kleintools, 2020).

A similar analysis was applied to several airway genes that were shown to be highly differentially
expressed in the original cells (Figure 3.12). Bpifal, Bpifb1, Lyz2, Scgb3al and Sftpal were seen
to be expressed predominantly in the secretory cells, with some lower expression of Bpifal also
noted in the basal cells. Sec14/3 was expressed in the basal and secretory cells but was also

robustly expressed in the ciliated cells.

Figure 3.12. Cell-Specific Localisation of Additional Genes in mTECs
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The figure shows the gene expression of Bpifal, Bpifbl, Lyz2, Scgb3al, Sftpal and Sec14I3 in
single-cell data from mouse tracheal cells. Green intensity represents the gene expression levels,

while green bars at the top of each image indicate the absolute expression level.

3.6 Expression of Selected Genes During mTEC Differentiation

The expression of the selected genes in the array data under the three different conditions was
plotted to exhibit the relative expression of these genes (Figure 3.13). Genes with expression
levels below 5 log2 were not considered to be reliably expressed. In most cases, a high expression
in the original cells was associated with a high expression in the day 14 differentiated cells. The
two clear exceptions were Lipf and Bpifb1. Both genes exhibited a high expression in the original
cells but a generally reduced expression in the day 14 cells. In the case of Lipf, expression was

completely absent in the day 14 cells.
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Figure 3.13. Differential Gene Expression in the Original, Day 0 and Day 14 mTECs
The genes expression includes Oazl, Tektl, Cdhr3, Dynirb2, Lipf, Fmo3, Bpifal, Bpifbl, Lyz2,
Scgb3al and Sec14/3. This data shows SEM and error bars in this experiment done on 3 biological

replicates.

The data obtained from the culture of the mTECs were compared with a partially comparable
data set obtained through RNAseq analysis of bulk sample mTECs grown under the standard
culturing protocol in BGEM media for up to 14 days of ALl growth. Notably, RNAseq generally
provides more accurate data on expression levels than do array studies.

The changes in the expression of Oaz1, Tekt1, Cdhr3, Fmo3, Lipf and Dynlrb2 during the ALI mTEC
differentiation are shown in Figure 3.14. As expected, the expression level of Oazl remained
consistent throughout the time course. Meanwhile, Tekt1, Cdhr3, Fmo3 and Dynirb2 showed a
significantly increased expression. The expression of Lipf was either extremely low or absent at
both time points of differentiation.

The data for Bpifal, Bpifb1, Lyz2, Scgb3al and Sec14I3 (Figure 3.14) revealed a slightly different
pattern. Bpifal expression was notable in the day O cells and further increased in the day 14 cells,
in line with the present data. However, Bpifbl expression was low at both time points,
contrasting the elevation seen in the present data from day 0 to day 14. Sec14/3 expression
increased by day 14, while Sftpal was barely expressed on day 0 but showed a slightly higher

expression on day 14.
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Figure 3.14. Expression of Selected Genes in an RNAseq mTEC Data Set

This figure shows day 0 and 14 gene expression data for Oaz1, Tekt1, Cdhr3, Dynirb2, Lipf, Fmo3,
Bpifal, Bpifb1, Lyz2, Scgb3al, Sftpal and Sec14I3. The day 14 cells showed a significantly higher
expression of Tekt1, Cdhr3, Dynlirb2, Sftpal, Sec1413, Fmo3 and Lyz2. In contrast, only Lipf was
expressed at a lower level in the day O cells. This data shows SEM and error bars. The experiment

was done on 3 biological replications.

3.7 High Expression of Bpifal in the Secretory Cells in the mTECs

The analysis of the scRNAseq data sets allowed the investigation of the site of expression of
Bpifal in the tracheal cells. The expression data for Bpifal in each cell type were extracted from
the study by (Plasschaert, Zilionis et al. 2018) Plasschaert et al. (2018) (Figure 3.15). Bpifal
expression was seen in several cell types, with the highest expression seen in the secretory cells.
Consistent with the data shown in Figure 3.12, expression was also seen in the other cells,
including basal cells and ionocytes. Consistent with previous work and the staining shown in

Figure 3.4, ciliated cells were not found to express Bpifal.
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Figure 3.15. Absolute Expression of Bpifal in Different mTEC Populations
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Expression data for Bpifal were extracted from scRNAseq data from the mouse tracheal

epithelial cells from the study by (Plasschaert, Zilionis et al. 2018). The different epithelial cell

types are as described in Figure 3.1

0.

As Bpifal was predominantly expressed in the secretory cells, further analysis was performed to

determine the 20 most highly expressed genes in this cell type. The results, shown in Figure 3.16,

demonstrated that Bpifal was the most highly expressed gene in the secretory cells, exhibiting a

higher expression than Scgblal and Reg3g by a significant margin.
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Figure 3.16. Top 20 Most Highly Expressed Genes in Mouse Tracheal Secretory Cells
ScRNAseq expression data for mouse tracheal secretory cells were extracted from the study by

(Plasschaert, Zilionis et al. 2018).
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3.8 Expression of BPIF Family Members in the Differentiated mTECs

The previous analysis demonstrated that Bpifal was highly expressed in the secretory cells in the
trachea. The expression levels of various Bpif family members were investigated to confirm that
other members of the Bpif gene family were not highly expressed in the differentiated mTECs
(Figure 3.17). It was important to confirm the expression of other members of the Bpif gene
family in the differentiated mTECs to ensure that the observed high expression of Bpifal in the
secretory cells was not a general trend among the entire BPIF gene family but rather a specific
characteristic of Bpifal. The results showed that among the members, Bpifal was the most highly
expressed gene in the mTECs on day 14. Bpifal was followed by Bpifb1. The rest of the genes
showed expression levels at or below the threshold for positive expression (<5 log2). Notably,
Bpifa5 was not expressed in these cells. Although data at this ALI time point were clear, further
cell culture beyond 14 days may lead to additional cell differentiation and potentially higher gene

expression levels.

Bpif gene expression in day 14 mTEC cultures
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Figure 3.17. Expression of Bpif Genes in Day 14 mTEC Cultures. Expression of Bpif genes in Day
14 mTEC cultures is shown in Figure 3.17. The highest expression of the Bpif family in D14 of mTec

cultivators is Bpifal, followed by Bpifb1. However, the expression levels of Bpifa2, Bpifa3, Bpifa6,
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Bpifb2, and Bpifb5 are nearly the same. Additionally, Bpifab6 has the lowest expression, while
Bpifb5, Bpifb9a, and Bpifb9b have the same expression in turn.
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Figure 3.18. Expression Pattern of the Top 50 Genes in the mTEC Source Cells and ALl Day 14
Cells non-infected. The graph results present two replicates (B1 and B2) for the mTEC source
cells and three replicates (B1, B2 and B3) for the ALl day 14 mTECs. The x axis presents the gene

IDs, while the y axis shows the expression in folds. The lowest expression
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Figure 3.19 Gene Expression Analysis of mTECs cultured at the ALl with DAPT
The graph presents the expression of the top 50 genes in the mTEC source cells and mTEC+ day

14 DAPT cells. The x axis presents the gene IDs, while the y axis shows the expression.
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Figure 3.20 Gene Expression Analysis of the mTEC Source Cells and ALI-Grown Cells. This graph
shows the gene expression of the top 50 genes in the mTEC source cells and ALI-grown cells (DO,
D1 and D14). There are two replicates each for the mTEC source cells and ALl day 0 mTECs and
three replicates each for the ALI day 1 and 14 mTECs. The x axis presents the gene IDs, while the

y axis shows the expression.
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Figure 3.21. Gene Expression Analysis of the mTEC Source Cells and ALI-Grown Cells. The graph
depicts the difference in the gene expression between the source cells and cells grown with IL-

13 at the ALI. The x axis presents the gene IDs, while the y axis shows the expression.

3.10 Discussion
The airway epithelium constitutes the protective lining of the major airways — the trachea,
bronchi, and bronchioles — and enables them to perform their key function of allowing air to

access the alveolar space where gas exchange takes place. This protective function is mediated
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by the multiple distinct cell types found within this layer, including secretory cells that secrete
components of the apical lining fluid, ciliated cells that facilitate the elimination of particles and
pathogens through the mucociliary escalator and specialised cells that regulate other important
pathways. The secretion of various proteins or peptides by the airways epithelium is essential for
defending against pathogens and strengthening the initial innate defence system.

BPIFAL is a glycoprotein expressed in the submucosal glands and epithelium of the human and
mouse lungs (Bingle, Cross et al. 2005, Musa, Wilson et al. 2012). This protein has been
hypothesised to play a role in host defence based on its structural similarity with BPI and LBP;
subsequent studies have confirmed its critical role in the host response to viruses.

However, notably, lung or airway-derived cell lines may not accurately represent the complex
airway epithelium under standard tissue culture conditions. This is because the cell-specific genes
expressed in many airway cell types are often not seen in the majority of lung cell lines, and
BPIFA1 expression is limited to a few established cell lines (Bingle and Bingle 2000).

Previous studies have shown that BPIFA1 is localised in serous/secretory cells both in vitro and in
vivo (Bingle, Cross et al. 2005, Musa, Wilson et al. 2012), and differentiated mTECs have been
used to address the role of BPIFAL in the host response to viruses.

At the beginning of this study, it was crucial to demonstrate that differentiated mTECs could be
generated in an ALl culture. After multiple attempts, these cells were successfully isolated and
cultured, with very rare instances of infection during isolation. The same techniques and media
used in previous studies in the host laboratory were used to culture the cells at the ALl and allow
for differentiation. Notably, different isolation and culture techniques may result in variations in
differentiated cell populations (Clarke, Burns et al. 1992, Davidson, Kilanowski et al. 2000, You,
Richer et al. 2002).

The differentiation was validated using RT-PCR, which involved isolating RNA from the trans-wells
with a small surface area. The Direct-zol MicroRNA Kit from Zymo was used for RNA isolation.
The system was validated using HEK cells, and the number of cells needed for the isolation was
determined. Despite some instances of technical errors or limited cell numbers causing

difficulties in RNA recovery, the system was used throughout this study.
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In addition to RT-PCR, western blotting, and immunofluorescence (IF) microscopy were utilised
to validate the cultures. BPIFA1 secretion was studied through western blotting of apical washes
of the cell surface, which recovered enough airway secreted proteins to allow the identification
of BPIFA1. The presence of increasing amounts of BPIFA1 in the apical washes from days 2 to 14
of ALl culture indicated the intact function of secretory cells in the cultures. Cell staining showed
anincrease in the numbers of both secretory and ciliated cells during differentiation. The analysis
showed that mTECs were successfully reproducibly isolated and differentiated.

A similar analysis was conducted as described by (Ross, Dailey et al. 2007) for human bronchial
cells at the ALl to further understand the transcriptional profile of the cells during different stages
of growth and the gene changes that occur during mucociliary differentiation. In this study, a
ciliary gene signature was identified, with BPIFB1 and BPIFA1 being the two most highly induced
genes in the differentiated cells. There have also been similar previous studies on mTECs, with
the best results generated by Nemajerova et al. (2016).

In my study, freshly isolated tracheal cells, which were uncultivated and likely contained a
broader representation of tracheal cells, were also analysed. This type of sample had not been
used in previous studies. As anticipated, the freshly isolated cells expressed genes associated
with various immune cells such as neutrophils (Cd53), macrophages (Cc/22), mast cells (Fosb) and
lymphocytes (Spil and Rgs1). Additionally, there was a significant expression of the haemoglobin
genes, indicating contamination of the initial cell preparation with red blood cells.

As the cells were cultured on the transwells, the expression of these genes was lost, as this
culture system does not allow for the growth of inflammatory cells or red blood cells. Further,
some genes highly expressed in the original cells originated from non-pulmonary tissue, such as
thymus and spleen tissues, which may have been a result of inadequate removal of non-lung
tissue from the trachea during dissection and cleaning prior to cell isolation. Any remaining
contaminating tissue would have contributed to the isolated cell population, but these cells were
likely lost as the cultures grew (El-Kassas, Alboraie et al. 2023).

The original cell population showed a strong expression of some epithelial genes that were not
present in the cells collected at other time points. Among them were Bpifb1 and Lipf. Bpifb1 is

related to Bpifal and is a gene that is highly expressed in goblet cells and submucosal glands in
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both humans and mice (Musa, Wilson et al. 2012). Lipf encodes gastric lipase, an enzyme
previously considered to be expressed only in gastric chief cells, but it has recently been identified
as a marker for airway submucosal gland cells (Sountoulidis, Liontos et al. 2020). It is likely that
these genes arise from tracheal submucosal gland cells, which were lost during culture in this
study. Although the expression of the Bpifb1 gene increased in the day 14 cells, it did not return
to its level in the original cells. Notably, both genes were also highly expressed in freshly
harvested middle ear epithelial cells, another cell population that may contain minor mucosal
gland cells but were lost upon culture (Mulay, Chowdhury et al. 2021).

The original cells also expressed high levels of genes associated with secretory cells, with Bpifal
being the most differentially expressed secretory gene. Other secretory genes, including Lyz1 and
Lyz2, as well as secretoglobins and the surfactant gene Sftpal, were also highly expressed. The
original cell population had a strong expression of multiple enzymes, including Fmo3, Sec14i3,
Cyp2a4 and Aox1. In conclusion, the original cell population had a strong epithelial cell signature
and a mix of expressed genes.

The day 0 cells had an undifferentiated cell profile, largely resembling basal cells. Under the ALI
conditions, the most notable change in the day 14 cells was the expression of the ciliary genes,
as previously seen in differentiating airway cells (Ross, Dailey et al. 2007). Some secretory genes,
including Bpifal, were also expressed.

Recent scRNAseq data and the web-based SPRING viewer from the Klein laboratory were used
to gain a deeper understanding of the cell types expressing several candidate genes. The viewer
identified eight distinct cell types based on gene expression data from single freshly isolated
mouse tracheal cells and was used to determine the cell types expressing the unknown genes.
The viewer allowed the detection of expression in an interactive image and extraction of raw
data. It showed that Bpifal was the most highly expressed gene in the secretory cell group,
expressed at levels over five times higher than the next gene, Scgblal. The high level of
expression was consistent with data from the original cells and with previous data showing robust
staining of BPIFA1 in mouse tracheal cells (Musa, Wilson et al. 2012) (Musa et al., 2012). Bpifal
was also expressed in other cell types, including basal cell sub-types and ionocytes. It will be

important to look for co-localisation with an ionocyte-specific marker, such as FOXI1, to further
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understand the expression of Bpifal in ionocytes. Some of the other genes highlighted, such as
cdhr3, are already known to be expressed in ciliated cells. | believe that combining bulk
transcriptomic data with single-cell expression data will be a valuable avenue for identifying novel
cell-specific genes.

The present data also showed conclusively that Bpifal was the most highly expressed member
of the wider gene family in the differentiated mTECs. This confirms previous data (Musa, Wilson
et al. 2012) that Bpifal is a major Bpif gene in the mouse respiratory tract and further confirms

that it is the most appropriate family member to study with respect to respiratory host defence.
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Chapter 4: Influenza A (IAV) infection of mouse tracheal

epithelial cells
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4.1 Introduction
As described earlier, IAV is a widespread and significant cause of mortality and morbidity globally.
According to recent estimates, IAV causes 250,000 to 500,000 deaths annually worldwide (Zhang
and Nawata 2017). IAV targets the respiratory epithelial cells, where it enters and initiates its
replication cycle, eventually leading to its release from the infected cells and further spread in
the airways. The RS serves as the primary target of IAV, and the virus must overcome the lung
defence mechanisms to successfully establish an infection. One of the major innate immune
defence mechanisms is the mucosal epithelium, which acts as a physical barrier against foreign
pathogens (Eierhoff, Hrincius et al. 2010). IAV can bypass these defences and reach the epithelial
cells, which are the targets for infection. The series of steps through which the virus infects the
respiratory epithelial cells and how the host protects the cells from the virus are not fully
understood yet.
Previous studies in our laboratory have focused on the role of the respiratory secretory protein
BPIFA1 in protecting against IAV infections. BPIFA1 is a glycoprotein that is highly expressed in
the submucosal glands and respiratory epithelium of the upper airways in both human and mice.
Britto et al. (Britto and Cohn 2015) showed that BPIFA1 provides protection against a variety of
pathogens, including bacteria and viruses, leading to the hypothesis that BPIFA1 functions as a
regulator of airway mucosal host defence.
The main hypothesis of the present study is that BPIFA1 plays a role in regulating IAV infections
in the airways. This was tested using murine models, including Bpifal deficient mice in a
collaboration between the host laboratory and Professor James Stewart’s laboratory at the
University of Liverpool. The in vivo studies were conducted at the University of Liverpool, where
the mice were infected intranasally, while the in vitro studies were performed at Sheffield. In the
previous chapter, mTEC cultures were established and validated, and the changes in transcription
that occur during differentiation were described.
At the start of this study, it was already known that differentiated mTECs could serve as a model
for IAV infection. Figure 4.1 shows how viral infection of the cells could be followed by staining

cultures with an antibody to IAV nucleoproteins (IAV-NPs). The images suggested that IAV

137 | Page



infection did not occur in BPIFA1-positive secretory cells, as the two antibodies did not initially
appear to stain the same cells. After longer infections, more cells became infected, and BPIFA1

protein staining was reduced. Further, some co-localisations of the two proteins were seen.

2 hpi 24 hpi 48 hpi

-
£

a
inf-A NP/

Figure 4.1. IAV-NP Staining Increases in Infected mTECs Over Time
IAV infection at an MOI of 0.5 was followed up over time via microscopy. IAV-NP staining (green)
increased over time in the infected mTECs and did not overlap with BPIFA1 staining (red) for the

most part. Adapted from Akram et al. (2018). IAV-NP, IAV nucleoprotein

Previous studies had also shown that IAV infection of Bpifal”- mTECs was more severe and
resulted in more rapid cell death and that loss of the protein removed a protective function,
which resulted in the cells becoming infected more readily. These findings suggest that BPIFA1,
secreted from secretory cells, contributes to the protective apical fluid layer in the airway
epithelium, providing defence against IAV infection in vitro. It was also suggested thatIAV infects
ciliated cells, as these cells have been identified as targets for other respiratory viruses (Ugonna,
Bingle et al. 2014, Wu, Yang et al. 2016).

These observations left several questions, which were addressed in this chapter. What cell types
in the mTEC cultures are the initial targets of infection? Could we study the transcriptional

responses of the infected mTECs?

The main focus of this chapter was as follows:

1. To better understand the effect of IAV infection on mTECs,
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2. To identify the cell types specifically infected with the virus and

3. Toinvestigate the transcriptional consequences of IAV infection on mTECs.

4.2 Results

4.2.1 Effects of Infection on the mTECs

Prior work from the host laboratory had established protocols for infection of mTECs with the
H3N2 mouse adapted IAV X31 strain (Akram et al 2018) As expected, these studies showed that
infection was proportional to both the infecting dose (multiplicity of infection [MOI] of 0.5-5.0)
and duration of infection (2—72 h) (Figure 4.2). Infections for >72 h were difficult to study, as large
numbers of cells became infected by that time and began to die, and BPIFA1 protein staining was

reduced.

BPIFAL/Inf-A NP/DAPI
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Figure 4.2. Time and Dose Dependence of IAV Infection in mTECs
As the time of infection and dose of IAV increased, Inf-A NP staining (green) became more
pronounced. Additionally, BPIFA1 staining (red) progressively decreased in the cells over time.

Adapted from Khondoker Akram. Inf-A NP, IAV nucleoprotein

The staining of BPIFA1 was shown to decrease during IAV infection, leading to the hypothesis
that gene expression could also change over the same period. End-point PCR was performed to

study the expression of Bpifal and Tekt1 during IAV infection in the mTECs.

Figure 4.3. Expression of Bpifal and Tekt1 During IAV Infection in mTECs

The results of a single end-point PCR experiment, as depicted in Figure 4.3, show the expression
of Bpifal and Tekt1 during IAV infection at two doses (0.5 and 5 MOI) and four time points (2, 24,
48 and 72 h). The expression of Bpifal and Tektl was analysed using primers specific to each

gene, and Oaz1 primers served as an internal control (n=1).

The data suggest that both Bpifal and Tekt1 expression is reduced in a dose- and time-dependent
manner, with the loss of Tekt1 (which was less highly expressed than Bpifal in the uninfected
cells) appearing more pronounced. Notably, the analysis involved a single end-point PCR and was
non-quantitative. The expression of Bpifal decreased most notably after 72 h with both doses of

the virus.
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4.2.2 Genome-Wide Analysis of the Gene Expression in the Infected mTECs

Prior to my project, RNA samples were generated by Khondoker Akram and sent to the Centre
for Genomic Research at Liverpool University for lllumina HiSeq analysis to examine the genome-
wide transcriptional response of the mTECs to IAV infection. The analysis was performed on RNA
samples taken at 24 h and with an MOI of 0.5. The data underwent cleaning and initial analysis
at the University of Liverpool and were presented in the form of annotated Excel spreadsheets.
The results showed that 224 genes were upregulated more than two log2-fold in the infected

mTECs. The analysis using DAVID (https://david.ncifcrf.gov/) showed that these genes were

predominantly correspond to the host response to the virus. Table 4.1 displays the top 50
induced genes in the data set. Many of these genes were not expressed in the uninfected mTECs
but were highly elevated following infection. Ifnb1, Ifnl2 and Ifn/3 were the most highly induced
genes, with many well-established ISGs present in the list. Some genes, such as Rsad2, Ifit3 and
1830012016Rik, were expressed in the uninfected cells but still highly induced in the infected
cells. Ifit3 was the most highly expressed gene in the infected cells. Other highly induced genes
included members of the pyrin domain-containing (Pyd) family, such as Pydc4 and Pydc3, and
members of the Schafen gene family, including SIfn4 and Slfn5. The list also contained some
unexpected genes, such as the olfactory receptor protein Olfr56, also known as IFN-Y inducible
protein 47, and Lypd8, a gene previously not associated with viral infection and not previously

considered to be an ISG.
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Table 4.1. Top 50 Induced Genes in the IAV-Infected mTECs
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9.07E-33
3.14E-44
5.52E-57
2.06E-63
3.09E-56
9.51E-32
1.01E-60
6.10E-40
5.62E-27
1.39E-51
3.09E-56
9.96E-54
7.37E-19
1.10E-46
1.07E-53
1.13€-51
1.63E-51
3.40€-48
6.B4E-51
9.45E-15
B.96E-33
3.7T2E-48
B8.59E-49
2.1BE-44
5.31E-42
1.48E-31
3.48E-43
1.04E-35
1.66F -44
1.96E-a44
9.56E-14
2.04E-44
2.18E-44
2.7T1E-41
3.92E-44
1.75E-40
9.62E-21
9.25E-40
4. 25E-38
1.60E-38
1.19E-13
5.36E-38
4.92E-39
1.08E-34
1.74E-38
1.07E-36

This table presents the expression level as fragments per kilobase of transcript per million

mapped reads (FPKM) ranked according to the p-value. The yellow- and green-highlighted genes

are those validated by PCR.
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4.2.3 Expression of selected genes in the IAV-infected mTECs

The following IAV-induced genes were selected for validation studies: Ifn/2, Slfn4 and Lypd8.
Table 4.2 shows the expression of these genes in the IAV-infected and non-infected mTEC RNAseq
data along with that of the housekeeping gene Oaz1 as well as Bpifal and Tektl. In absolute
terms, Bpifal was the most highly expressed gene. Neither the expression of Bpifal nor that of
either Oaz1 or Tektl dropped significantly following IAV infection. As shown in Table 4.1, the

expression of Ifnl2, Slfn4 and Lypd8 was significantly elevated in the infected cells.

Table 4.2. Expression of Selected Genes From mTEC RNAseq Data

Gene Mock Infected log2 Fold p p adj
Oazl 536.151973 440.749039 -0.2826846 0.43355939 1
Tektl 702.327731 590.937464 -0.2491389 0.47953851 1
Bpifal 33744.1302 29412.3908 -0.1982125 0.53132447 1
Ifnl2 0 232644816 Inf 2.44E-21 4.50E-19
Slfnd 2.09026111 1147.5181 9.10061803 3.68E-47 3.14E-44
Lypd8 10.4513055  447.620405  5.42052073 4.72E-23 9.62E-21

This table shows the expression of selected genes (expressed as FPKM) Fragments per kilobase
per million in the IAV-infected and non-infected mTEC RNAseq data along with the housekeeping

genes.

End-point PCR was conducted to confirm the induction of three ISGs (Ifnl2, Slfn4 and Lypd8) in
response to IAV infection in the mTECs for over 72 h to validate the RNAseq results. The results
showed that the expression of these genes markedly increased after 24 h compared with that of
the control samples and remained elevated at 48 and 72 h. This finding confirms the RNAseq
data. However, it appeared that there was a decrease in the expression of Tekt1 in the infected

cells compared with that in the control samples at 72 h.
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Figure 4.4. Expression of Target Genes in the IAV-Infected mTECs

RT-PCR was conducted using cDNA generated from mTEC cultures that were either infected with
IAV (MOI of 0.5) or mock infected for 24, 48 or 72 h. The primers used to amplify the genes were
Ozal, Tektl1, Bpifal, Infl2, Slfn4 and Lypd8. The reaction products were then separated via 2%

agarose gel electrophoresis and visualised. (n =1)

In parallel with the RNAseq experiment with the mTECs, Professor James Stewart’s laboratory at
the University of Liverpool also undertook RNAseq from the entire lungs of C57/BL6 mice infected
with IAV X31 and sampled at 4 days post-infection. Gene expression data were extracted on the
same six genes from the total lung data set to determine whether there was a conservation of
transcriptional responses in the context of the entire lungs (Table 4.3). In contrast to what was
seen in the mTECs, there was a significant reduction in Bpifal expression in the lungs after IAV
infection, alongside a slight reduction in Tekt1 expression. Further, the expression of Slfn4 and
Lypd8 was also significantly induced in the infected lungs, whereas that of /lfn2 was not

significantly induced.
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Table 4.3. Expression of selected genes from infected whole-lung RNAseq data

Gene
Oazl
Tektl
Bpifal
Ifni2
Slfnd
Lypd8

Mock
467.125484
1062.48149
35018.8405
0.91593232

217.07596
8.2433909

Infected
603.100657
749177445
3885.98426
6.83400178
11059.9776
757.719948

log2 Fold
0.36858865
-0.5040583
-3.1717794
2.89941772
5.67100469
6.52228301

p
0.46677286

0.30679859
6.47E-10
0.31802165
1.70E-22
7.04E-20

p adj

1

1
2.19€-07
1
6.90E-19
2.38E-16

This table presents the RNAseq data (FPMK) from the infected and mock-infected whole-lung

tissues such as Bpifal in mock is highest than infected Lypd8 is high expression infected also,

Slfn4 is same.

Taken together, these differential gene expression patterns may play important roles in the host

response to IAV infection.
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4.2.4 Cell-Specific Infection of the mTECs

The approach initially used to further understand the type of cells involved in IAV infection in
mTEC cultures was to use a lower MOI of 0.1. The media used was also switched to the
PneumaCult ALl culture media, as this media has specifically been designed for optimal
differentiation of cultures and is easier to use and should produce less variability in cell growth

(Schweitzer, Crue et al. 2021). The protocol for this study is illustrated in Figure 4.5.

1hr infection
Submerged culture of mTECs ALl culture of mTECs 24hr ALl
L L I
I T | 1
DAY (-9) DAY (-8) DAY 0 DAY 14
| | |
| l | | |
Dissection of Seeding Induction 1AV End of
mouse of mTECs of ALl infectlan  EXperiment
trachea l I l
RMA extraction RNA extraction
IF microscopy IF microscopy
Cell lysate sample Cell lysate sample

Aplcal wash

Figure 4.5. Schematic representation of the IAV infection protocol in differentiated mTECs. The
protocol is detailed in the materials and methods section.

The mTECs were cultured submerged in PneumaCult Expand* media on trans-well inserts until
they became confluent. They were then raised to the ALl and were fed from underneath the
semi-permeable transwell with PneumaCult ALl media. The cells were cultured in these
conditions until day 14, and at this stage, they were differentiated. The cells were infected with
0.1 MOI of X31 IAV and were sampled at 24 h.

Initially, IF microscopy was used to confirm that the cells cultured in the PneumacCult ALI media

differentiated as described before and could be infected with IAV.
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Figure 4.6. Day 14 infected cells stained with BPIFA1 and IAV.
(A) BPIFA1*ve cells (red) are mostly not stained for IAV (green), suggesting that the virus mostly
infects other cell types. (B) BPIFAL staining (red) in the mock-infected cells. The cells were

infected with an MOI of 0.1 and stained after 24 h.

The cells grown in the PneumaCult ALl media stained for BPIFA1, confirming that they had
undergone differentiation in this media like previous results. The cells infected with IAV on day
14 could be seen using an antibody to IAV-NP. At this dose and time point, most of the stained
cells showed no clear overlap of BPIFA1 and IAV staining. The lack of co-staining of IAV and BPIFA1
led to the consideration that infection initially occurred in the ciliated cells. The infected transwell
mTEC cultures were stained with an antibody to acetylated TUBULIN as a marker for ciliated cells

and with an antibody to IAV.
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Figure 4.7 shows images of the culture of the ALI day 14 IAV-infected mTECs. Abundant ciliated
cells are visible (shown in red) alongside a strong signal for IAV infection (green). The higher-
magnification image in panel B shows a limited amount of co-localisation of the two signals
(shown in yellow) in the images. The transwells appear to show some cells exhibiting overlaying
of red signals (representing the cilia axoneme) on top of the green IAV signals within the

cytoplasm, suggesting that some IAV infection is seen in the ciliated cell population.

This show the Cilia
on the top of green
AV(in the cytoplasm)

Figure 4.7. Co-Staining of Infected mTECs With TUBULIN and IAV-NP
ALl day 14 differentiated mTECs were infected with IAV and imaged 24 h later as described in the
materials and methods section. Acetylated TUBULIN is shown in red, IAV-NP in green and nuclei

in blue. The images were taken at two magnifications.
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4.2.5 IAV Infection of the Undifferentiated mTECs

With the observation from the differentiated ALI mTECs suggesting a potential infection of IAV in
the BPIFA1"® secretory cells and a proportion of ciliated cells, the susceptibility of the
undifferentiated mTECs to IAV infection was investigated. These cells lacked a differentiated
phenotype and were cultured on transwells as previously described until they reached
confluence in an undifferentiated state. The cultures were then infected with 0.1 MOI of X31 IAV

and sampled 24 h later. The experimental design is illustrated in Figure 4.8.

Submerged culture of mTECs 1 hr infection
24 hr at ALl
| |
I ] 1
DAY (-9) DAY (-8B) DAY 0 DAY 1
| ] | |
| | | |
Dissection of Seeding IAV End of
mouse of mTECs Infection  experiment
trachea l l
RMA extraction RMNA extraction
IF microscopy IF microscopy
Cell lysate sample Cell lysate sample
Apical wash

Figure 4.8. Schematic representation of the IAV infection protocol in the undifferentiated
mTECs

The protocol is detailed in the materials and methods section. Initially, IAV infection was directly
compared between the day 0 mTECs and ALl day 14 cultured cells. Figure 4.9 shows that IAV
staining was seen in both cell cultures. Ciliated cells were absent in the day 0 infected mTECs.

This observation shows that mTECs do not need to be differentiated to be infected by IAV.
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Figure 4.9. Co-staining of infected undifferentiated and differentiated mTECs with TUBULIN and
IAV-NP

After the establishment that the undifferentiated cells could be infected with IAV, the level of
infection was quantitated in the two conditions. Triplicate experiments (using three different cell

preparations from different batches of mice) were conducted, in which the day 0 and day 14 cells
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were infected with 0.1 MOI of X31 virus, and infections were allowed to proceed for 24 h. At this
time, the experiment was stopped, and the trans-wells were stained with IAV and acetylated
TUBULIN. It has previously been shown that the amount of IAV-NP staining can be used as a

surrogate marker for the levels of virus in cells.
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Figure 4.10. Co-staining of infected mTECs with TUBULIN and IAV-NP in undifferentiated and

differentiated mTECs

Figure 4.10 shows images of the day 1 and day 14 cells stained with IAV. The images suggest that
IAV infection is variable across cultures. A total of 12 images (four from each experimental

replicate in each condition) were obtained for quantitation as described in the materials and
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methods section. Figure 4.11 confirms that the day 0 undifferentiated cells were readily infected

by IAV X31 but at a lower level than the day 14 differentiated cells.

P value= 0.0013
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Figure 4.11. Infection of undifferentiated and differentiated mTECs with IAV.
IAV-stained and -infected mTEC cultures were imaged, and IAV staining intensity was quantitated
by used immunofluorescence of IAV staining NP nucleoprotein of IAV as a green across four fields

from each of the three replicates experiments (n=3).

4.2.6 Genome-wide transcriptional responses to IAV Infection of undifferentiated and
differentiated mTECs

The genome-wide transcriptional responses towards IAV infection in the day 0 (undifferentiated)
and day 14 (differentiated) cells were evaluated to examine the consequences of the infection in
the undifferentiated mTECs more thoroughly. In the day O cultures, IAV infected the basal cells,
which are the progenitor cells of the airway epithelium (Rock 2009) whereas the day 14 cells
were differentiated, yielding an increased number of ciliated and secretory cells.

The undifferentiated cells were infected on day 0 when they had become confluent, but samples
were taken 24 h after when the cells had been at the ALl for 1 day.

Triplicate samples of biological replicates were collected from the same isolations used for the
IAV imaging experiments. Total RNA was extracted using the Zymo system, and the quality was

assessed using the Agilent Bioanalyser. Only RNA samples with an RIN greater than 8 were used
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for further analysis. Microarray analysis was performed by Doctor Paul Heath at SITraN,
University of Sheffield, using the Mouse Clariome S microarray assay (Thermo Fisher Scientific).
The initial data analysis was performed by another PhD student in the laboratory (Miraj
Chowdhury) as previously described in Chapter 3. Owing to some unforeseen issues, data were
not available for all samples at each time point, and only two samples from the day 14 infected
cells could be used for the analysis.

The gene expression of the day 0 mock-infected cells and day 0 IAV-infected cells from the
microarray analysis was represented in scatter and volcano plots (Figures 4.12 and 4.13). The
dots on the plot indicate the expression of 6819 genes, with highly differentially expressed genes
represented by coloured dots. Green dots represent the overexpressed genes in the day 0 mock-
infected cells, while red dots indicate the overexpressed genes in the day 0 IAV-infected cells.
The further the red dots are from the midline, the higher the gene induction. The results showed
that among the day 0 mock-infected cells, 3146 genes were highly expressed, while 3673 genes
were lowly expressed; among the day 0 IAV-infected cells, 2880 genes were highly expressed,

while 3939 genes were lowly expressed.

Table 4.5 displays the top 50 most upregulated genes identified in this study. These genes can be
considered to be ISGs. The data showed that some of these ISGs were not expressed in the mock-
infected cells, while others were present but underwent a significant increase in their expression
after infection. Of the 50 genes, Lypd8 showed the highest level of induction upon infection. The
genes were identified as ISGs owing to their significant induction upon infection and considered

to represent the transcriptional response to the viral infection.
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Figure 4.12. Scatter plot of the Day 0 infected mTECs
Red dots indicate the genes upregulated in the infected cells, whereas green dots show the genes

lowly expressed in the infected cells.
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Figure 4.13. Volcano plot of the Day 0 infected mTECs
Red dots indicate the genes upregulated in the infected cells, whereas green dots show the genes

lowly expressed in the infected cells.
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Table 4.5. Top 50 Most Induced Genes between the Day 0 IAV- and Day 0 Mock-Infected mTECs
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The data of the ALl day 14 infected cells are depicted in scatter and volcano plots in Figures 4.14
and 4.15. A total of 7386 genes were found to be expressed; these are indicated in the plots in
the form of dots. The highly differentially expressed genes are represented by coloured dots. The
overexpressed genes in the day 14 mock-infected cells are indicated by green dots and the
overexpressed genes in the day 14 infected cells by red dots. In the day 14 mock-infected cells,
2810 genes were highly expressed, while 4576 were lowly expressed. In the day 14 infected cells,

2405 genes were highly, while 4981 were lowly expressed.
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Figure 4.14. Scatter plot of the day 14 infected mTECs
Red dots indicate the genes upregulated in the infected cells, whereas green dots show the genes

lowly expressed in the infected cells.
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Figure 4.15. Volcano plot of the Day 14 infected mTECs
Red dots indicate the genes upregulated in the infected cells, whereas green dots show the genes

lowly expressed in the infected cells.

The top 50 most induced genes are shown in Table 4.6. These genes were identified as ISGs. As
seen in the RNAseq induction data (Table 4.1), some of the genes were essentially not expressed
in the mock-infected cells, whereas others were expressed but also underwent a significant

induction. In this data set, Lypd8 showed the highest induction.
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Table 4.6. Top 50 most induced genes between the Day 14 IAV- and Day 14 mock-infected

mTECs

No Gonos AvG D14 Mock AvG D14 Int Fold Difference pval

7 Txcit 1 3.603 Ta.01 T1.308 0.000377111
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3 Cxcli 6,306 17.29 10.983 5.22000E 06
a Headz T80 T6.008 T0.670 7.S0GIZEOB
5 Gbpd 5.200 15.005 T0.611 Z.80216E-07
3 Itz 5.03 16.315 70,285 5.053E-06

7 =] B.33 18.555 10.225 1.98406E 09
B Cois 525 1547 T0.22 0.000650665
6] Pydcd aai6 14.605 70.108 5.07124E-06
0 Casli 3.773 13.68 5.006 0.000423565
e Cmpkz 7.0a3 16.85 9.806 2.61B00E-06 |
32 | mirioit 7.02 T7.645 5.725 T.0744E 06
13 [EE] B.943 16.38 9.436 1.70314E 08
7a Tgp 1 .79 14.105 9315 4.79613E-09 |
15 Sifnd 3.06 13.178 83185 3.147BIE-08
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17 Phil1b .25 15,365 9.115 4,162 72E-05
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FI3 Oasz 3.0z 1Z.555 8.535 5.74T30E-07
EL] Sinz 7.23 15.758 B.538 1.23419E 05
Fid Gmans1 a.07a TZ.535 B.AG1 Z.7GOBE-06
20 Xaft 6.353 14,7785 B.az1 1.46077E-0F
20 AlGO7873 7.883 16.27 8.386 0.000336073
30 | Anxaio a.833 13.185 B.351 7.06753E08 |
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36 GbpZ B.6a3 16.76 B.i20 0.000344259
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a8 | e ©.000 Ta.07 T.060 3.50001E-07
a0 Sifng 3.200 72185 7.851 T.06754E 07
a Ddx60 7.753 15.65 7.096 1.20437E-07
az | Gmsaar 6.45 14.085 7.608 4.10903E 06
a3 Kriz0 5.420 13.01 7503 T.72008E-06
ad Gbpab, Gbps | 3.566 11,138 7.560 0,000208712
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A dot plot showing the differential gene expression between the infected cell samples from the
ALl day 0 and 14 cells was generated (Figure 4.16).

The data demonstrated that the day 14 infected mTECs showed a higher gene expression than
did the day 0 infected cells. This confirms the data shown in Tables 4.5 and 4.6. The analysis was
complicated by the fact that the two different cell cultures were phenotypically quite distinct and

exhibited a significantly different transcriptional programme as outlined in Chapter 3.
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Figure 4.16. Scatter plot of the differentially expressed genes in the IAV-infected mTECs

A heat map of the genes that were >2 log2-fold differentially expressed between the different
samples was generated to better understand gene induction (Figure 4.17). The data showed that
there was a general similarity of the IAV-induced genes between the two conditions (Figure
4.17A). There was also a level of variability of the responses between the different samples at

the same time point. The level of induction of the genes in the day 14 infected cells was higher
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than that in the day O cells. Figure 4.17B and C shows expansions of the heat map and includes
some genes that were expressed more highly in the day 0 mock-infected cells than in the day 14
mock-infected cells but were induced by infection. In the genes highlighted in Figure 4.17C, the
level of induction appeared to be lower in the day 14 infected cells.

The data on the comparative expression of the top 10 most induced genes from the days 0 and
14 cells were also extracted (Figure 4.18A and B). Lypd8 induction was higher in the day 0 infected
cells than in the day 14 cells, whereas a less marked difference was seen in the other top 10 genes
from the day 0 cells. Among the top 10 genes from the day 14 cells, several genes (Cxcl11, Ccl5,

Pydc4 and Oasl1) were more highly induced.
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Figure 4.17. Heat map analysis of the IAV-induced genes in the undifferentiated and
differentiated mTECs

(A) Comparison of all differentially expressed genes (>2 log2) among the genes in the day 0 and

14 mock-infected cells and day 1 and 14 infected cells. (B) Genes highly expressed in the day 1
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and 14 infected cells and expressed in the day 0 mock-infected cells. (C) A block of genes was

expressed more highly in the day 0 infected cells than in the day 14 cells.
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Figure 4.18. Heat map data of the top 10 most induced genes in the Day 0 and 14 mTECs
The expression data for the top 10 genes from Tables 4.5 and 4.6 are plotted. Red indicates high

expression.

4.2.7 Expression of membrane-spanning proteases in the mTECs

In the study of IAV infection in the mTECs, the expression of four membrane-spanning proteases
was analysed: Tmprss2, Tmprs4, Tmprss11d (also known as HAT) and furin. Samples were taken
from the infected and uninfected mTECs on days 0 and 14, and the expression of the proteases
was determined. All four genes were expressed in all samples, apart from Tmprss11D in the day

0 mock-infected cells. Tmprss2 is a membrane-spanning protease that plays a role in the
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infectivity of IAV. Tmprss2 and Tmprss4 were the most highly expressed genes. The expression

of Tmprss4 and Tmprss11d increased in the infected mTECs at both time points.

Protease gene expression in day 0 and
day 14 mTECs plus and minus IAV
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Figure 4.19. Gene expression of membrane-spanning proteases during IAV infection
The expression data for Tmprss2 (2), Tmprss4 (4), Tmprss11D (11d) and furin were extracted from

the array data and are plotted as means and SDs. d = day of study; + = IAV-infected sample.

4.3 Discussion

IAV is a major cause of mortality and morbidity worldwide, particularly relative to respiratory
tract infections. The exact mechanisms by which the virus infects respiratory epithelial cells and
how the host protects these cells are not yet fully understood. The study hypothesis was that
BPIFA1 plays a direct role in epithelial cell infection.

We initially showed that differentiated mTECs could serve as a model for IAV infection, as shown
by the increased IAV-NP staining in the infected mTECs over time (Akram et al., 2018). However,
the BPIFA1-positive cells showed less infection and were not infected with IAV. This led to the

conclusion that BPIFA1 contributes to the protection of the airway epithelium from infection via
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its release from secretory cells and that BPIFA1-positive cells are somewhat protected from initial
infection.

Tracheal cell cultures from mice were obtained and cultured at the ALl to create well-
differentiated mTECs to test the study hypothesis. The impact of BPIFA1 on virus  infection in
the mTECs was then examined. As shown in Figures 4.1 and 4.2, the reaction of the virus (0.5 MOI
and 5.0 MOI) with BPIFA1 was tested for 48 and 72 h to determine the number of infections in
both non-ciliated and ciliated cells. These findings are in line with the previous reports by Gerlach
et al. (2004) and Quirouette et al. (2020).

However, notably, the present results are limited by the small number of replicates (only 2—3)
and the variation between the different samples. Further studies with larger numbers of
replicates from primary cells are mandatory to fully understand the role of BPIFA1 in IAV
infection.

For investigating the genome-wide transcriptional response of the mTECs to IAV infection, RNA
samples were initially taken at a single time point and MOI. Many of the genes induced were
either not expressed or lowly expressed in the uninfected mTECs. The ALl day 14 infected mTECs
induced a significant ISG response that resulted in the identification of the ISG gene signature.
This experiment also potentially identified Lypd8. In general, IAV titres are reduced by Bpifal in
vivo, and transmission is decreased as BPIFA1 prevents the entry of IAV into normal epithelial
cells. 1AV infects both undifferentiated and differentiated mTECs, indicating that the cell
specificity is unclear.

In addition to the findings that the differentiated mTECs were susceptible to IAV infection, the
study also showed that the undifferentiated mTECs could also be infected, although to a lesser
extent. The expression of Bpifal, Oaz-1, Tektl, Infl2 and Slfn4 was analysed in the infected
mMTECs. The Lypd8 gene was also studied, as it appears to be induced by IAV and may play an
undiscovered role in IAV infection. Figure 4.6 shows a decrease in Tekt1 expression in the infected
cells compared with the controls and a slight decrease in Bpifal expression in the infected cells.
The expression of Oaz1 was relatively unchanged during infection. In contrast, Ifn/2, Slfn4 and
Lypd8 showed robust expression in the infected cells at 24 h and remained elevated at 48 and 72

h, confirming, and validating the RNAseq data. By 72 h, there was a slight, but non-significant,
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decline in the expression of Tektl, Bpifal and Oaz1 in the infected cells compared with the
controls.

The gene Ifnl2 showed a high expression, leading to an elevated mRNA expression of IFN-68, IL-29
(IFN-y1) and IL-28A (IFN-y2). Generally, AT2 epithelial cells are the main source of type Il IFN
proteins and this is demonstrated in Figure 7 (Wang, Oberley-Deegan et al. 2009). Lypd8 is
expressed in intestinal and colonic epithelial cells and plays a crucial role in bacterial infections
in the gut by binding to flagellated bacteria and blocking bacterial invasion of the colonic mucosa
(Okumura, Kurakawa et al. 2016). In a previous study, Lypd8 in HEJ mice was upregulated for 1
day, suggesting that it may contribute to RSV resistance through regulation of cellular growth,
epidermal development, mucosal protection and anti-inflammatory processes (Marzec, Cho et
al. 2019).

Following infection, the transcription level of different genes in mTECs would be expected to
change over time. In this regard, a comparative transcriptional analysis of the day 1 and 14 mTECs
infected with IAV was performed. However, as shown in Figure 4.10, the extent of infection
varied based on the amount of virus present. Indicating that the level of virus determines the
extent of infection, as both differentiated and undifferentiated cells can be infected. Both the
day 1 and 14 cells induced significant levels of ISGs, but the day 14 cells had a higher level of
induction than the day 1 cells. Such differences were to be expected, as the level of virus and
number of IFN genes that would be induced generally increase over time. In the analysis, most
genes had similar expression patterns to their earlier phases, except for Lypd8, which showed a
high expression after infection, an upregulation on the first day and a reduced expression during
the second and third replication phases. In contrast, Ccl/5, Pydc4 and Oasl1 showed the highest
expression on day 14. Taken together, differential gene expression is critical for host cell
responses; therefore, genes whose expression is increased by day 14 can be expected to counter
the infection level.

The group of genes whose expression can be important to induce the immune response to IAV
are those encoding membrane spanning proteases (Shen, Mao et al. 2017). In this study, the
expression of protease genes during infection and mock infection conditions on days 1 and 14

was analysed, and the results showed that some protease genes had a high expression, while
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others had a low expression at the same time. The expression of trypsin and matrix
metalloproteases increased in various endothelial cells. The interaction between host cellular
factors, influenza virus, cytokines and proteases is the major mechanism behind a pathologically
increased permeability of blood vessels and failure of major organs in severe influenza cases
(Gopal, Marinelli et al. 2020). Thus, in vitro mTEC models accurately mimic the response of the
tracheal epithelium to viral infection. In this study, both the differentiated and undifferentiated
mTECs were affected by IAV, and the extent of IAV infection was dependent on both time and
dosage; further, the infection did not require differentiation to occur. However, the level of
infection varied, with the undifferentiated cells being less affected than the differentiated cells.
IAV infection had been shown to occur in BPIFAl-negative secretory cells and to be present in
small amounts in ciliated cells. Limited information is currently available on the Lypd8 protein in
mice, but it blocks flagellated microbiota, and its levels are higher at the start of infection

(Okumura, Kurakawa et al. 2016).

4.4 Summary

The in vitro mTEC model shows sensitivity to IAV infection and resembles the original tracheal
epithelium. 1AV infects both differentiated and undifferentiated mTECs, although the cell
specificity remains unclear. IAV regulation of genes is linked to the differentiation status in some
cases. The results show that IAV infection can occur in both differentiated and undifferentiated

mMTECs.
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Chapter 5: Generation of FLAG-tagged BPIFA1-VR1255

Constructs for functional studies
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5.1 Introduction

The exact function of BPIFA1 remains elusive, but there are several proposed roles for the
protein. Evidence suggests that BPIFA1 primarily acts as a defence mechanism for the RS. The
various defensive functions include regulating the ion transport and regulating the surface
tension of the airway secretion (McGillivary 2010, Rollins, Garcia-Caballero et al. 2010, Garland,
Walton et al. 2013, Liu, Di et al. 2013), some antimicrobial activities such as decrease in microbial
growth (Chu, Thaikoottathil et al. 2007, Chu, Gally et al. 2010, Gally, Di et al. 2011) and some
chemotactic and immunomodulatory properties (Gakhar, Bartlett et al. 2010, Liu, Di et al. 2013).
In my host laboratory, BPIFA1 has been previously shown to play a role in the host defence
against IAV infection. The data may support the role of BPIFA1 in respiratory host defence, but
the exact underlying mechanism is still not understood.

BPIFA1 has structural similarity with the BPI/LBP protein superfamily (Bingle and Craven 2002).
This initial modelling result has been further investigated by groups that were able to determine
the crystal structure of the protein confirming the similarity of BPIFA1 with other proteins of this
family (Garland, Walton et al. 2013, Ning, Wang et al. 2014). Further work has also shown that
the control of cleavage and activation of ENaC are mediated by the BPIFA1 protein, and the
region responsible for this lies in amino acids G22—A39. This region is also known as the S18
region (Garcia-Caballero, Rasmussen et al. 2009, Rollins, Garcia-Caballero et al. 2010, Garland,
Walton et al. 2013).

Considering current research findings on this protein, it has been proposed that BPIFA1 functions
in airway host defence and does so by interacting with pathogens in the airways. Previous work
from the researcher’s laboratory suggests that BPIFA1 performs a protective role against
influenza A and other pathogens. It seems likely that the ability of the protein to do this is

attributed to the specific regions of the protein.
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The BPIFA1 protein is seen among all mammalian species and has been shown to contain an N-
terminal domain that is divergent among species, which seems to confirm some functional ability
to the protein (Britto and Cohn 2015).

This chapter describes the bioinformatics analysis of BPIFA1 across species and the generation of
a range of BPIFA1 expression constructs that can be used to understand the role of specific
regions of the protein. The objective of this chapter was to understand this functionality.

BPIFA will be described in various species with a focus on the S18/N-terminal region of the
protein. Based on the findings, several expression constructs that could be used to generate the

recombinant BPIFA1 protein for functional studies were generated and validated.

5.2 Results
5.2.1 Sequence Analysis of BPIFA1
As the previous functional work on BPIFA1 and IVA in host group has been undertaken in mice,

the present work also focused on this protein.

The divergence seen in the N-terminal region of the BPIFA1 protein among different species
(particularly in rodents) was discussed in the introduction section. Several multiple sequence

alignments were then performed to further study the region of the protein.

Initially, a Basic Local Alignment Search Tool (BLAST) search was conducted using the reference
sequence of the mBPIFA1 protein (NP_035256.2) against the NCBI non-redundant protein
database. The schematic output is shown in Figure 5.1. In this output, sequence dissimilarity is
shown by red, and spaces are shown in white. As only the top 100 sequences are shown, the
alignment does not show the human protein. Blue brackets show where the sequences are
inserted into the alignment. Based on the findings, the most significantly different region is the

N-terminal region of BPIFA1, which is mostly seen in several rodent species.
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Figure 5.1. Comparative Analysis of mBPIFA1 Using the BLAST



A comparative analysis of mBPIFA1 was conducted using the BLAST. The analysis was performed
on the NCBI non-redundant protein database. The results are displayed with different amino
acids in red, gaps in the sequence in white and insertions in blue brackets.

The BPIFA1 sequences were compared across different rodent species using a multiple sequence
alignment. The source of these sequences was either the NCBI or Ensembl. The comparison
showed that compared with BPIFA1 the house mouse (Mus musculus), BPIFA1 from the Ryukyu
mouse (Mus caroli), Gairdner's shrew mouse (Mus pahari) and Algerian mouse (Mus spretus) had
insertions within their sequences, with 8, 16 and 16 extra amino acids, respectively. In contrast,
BPIFA1 from the deer mouse (Peromyscus maniculatus bairdii), wood mouse (Apodemus
sylvaticus) and Norway rat (Rattus norvegicus) had sequences that were 16, 8 and 8 amino acids

shorter, respectively.

Peromyscus
Rattus
Apodemus

Mus pahari
Mus_musculus
Mus caroli
Mus_spretus

Peromyscus
Rattus
Apodemus
Mus_pahari
Mus_musculus
Mus caroli
Mus spretus

Figure 5.2. Alignment of the N-terminal region of selected rodent BPIFA1 proteins

A multiple sequence analysis was undertaken with a selection of rodent BPIFA1 proteins using
Clustal Omega. The alignment shows the N-terminal region of the proteins. Colours of the amino
acids are based on their physicochemical properties: red = small + hydrophobic, blue = acidic,

magenta = basic, green = hydroxyl + sulfhydryl + amine.

Figure 5.2 identifies these eight amino acid blocks as (L/P)PLPL(N/G)QG repeats in the N-terminal

region of BPIFA1, which seem to be specific to rodents, because their occurrence is seen in the
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BPIFA1 proteins of wood mice, deer mice and rats. This repeat region is not present in the crystal

structure of mBPIFA1, which means that it may be unstructured (Little and Redinbo 2018).

5.2.2 BPIFA5 is a close paralogue of BPIFA1 but does not conserve the N-terminal regions

BPIF proteins show relatively low sequence similarity between paralogues (Bingle, LeClair et al.
2004); however, BPIFAS in rodents is an exception. BPIFAS is a lineage-restricted BPIFA protein
that is found in some rodents (LeClair, Nomellini et al. 2004) and that has arisen from a recent
gene duplication event (see the phylogenetic tree in Figure 5.3). Mouse BPIFA1 and BPIFAS are
62% identical (LeClair, Nomellini et al. 2004). Figure 5.4 shows a multiple sequence alignment
with mouse, rat and human BPIFA1 and mouse and rat BPIFAS. This figure shows the overall
conservation of the two types of proteins and that the N-terminal region showed the greatest
difference between BPIFA1 and BPIFA5. Mouse BPIFAS is 270 amino acids long, whereas BPIFA1
is 278 amino acids long. The alignment also shows three predicted N-glycosylation sites in

mBPIFA, two of which are conserved in the rat protein but are absent from hBPIFAL.
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Figure 5.3. Evolutionary relationship between BPIFA1 and BPIFA5
A phylogenetic tree of a subportion of the BPIFA1 proteins was obtained from Ensembl

(https://www.ensembl.org/). The expansion of the tree containing the BPIFA5 subtree is

highlighted (red dots).
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Figure 5.4. Lack of conservation of the N-terminal domains between rodent BFIFA1 and BPIFA5
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A multiple sequence alignment of mouse, rat and human BPIFA1 and mouse and rat BPIFA5 was
performed using Clustal Omega. White letters on a black background represent the identical
residue, whereas those on a grey background represent conserved residues. Gaps (-) are

introduced to reach the maximal alignment. Green highlights the N-glycosylation sites.

These observations suggest that BPIFA1 and BPIFA5 are unlikely to share functions, which is

consistent with their differential expression patterns. BPIFA5 is expressed in the papillary

structures of the tongue (LeClair, Nomellini et al. 2004), while BPIFA1 is abundant in the airways.
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5.2.4 Generation of FLAG-Tagged BPIFA1 constructs in the VR1255 Vector

After the establishment that the N-terminal domains of mBPIFA1 were distinct and given the
importance of the same region in the human protein, recombinant murine proteins were
designed for this study. Four different constructs were utilised as shown in Figures 5.5 and 5.6,
including a full-length protein, a short-deletion protein without the expanded rodent-specific
region, a long-deletion protein that omitted the same region and the S18 flanking region and a
mutant protein with the three N-glycosylation sites replaced by the amino acids present in the
human protein. Additionally, a similar protein construct for human BPIFA1 that had already been
created in the laboratory was used. Figure 5.6 presents the expected protein products of the
expression constructs. The Flag tag was added to the C-terminal end of the protein, as it was

expected that this region would not impact the structure of the proteins.

mouse long 1
mouse short 1
mouse 1
human 1
mouse long 6l
mouse 6l
human a7
mouse 120
human 96
mouse 180
human 157
mouse 238
human 2l

Figure 5.5. Sequences of BPIFA1 for construct production
This figure shows the BPIFA1 sequences for the FLAG-tagged expression construct. The S18

region of the human protein is shown in red and the N-glycosylation sites in green.
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Figure 5.6. Schematic diagram of the BPIFA1-FLAG constructs
The sequences of hBPIFA1-FLAG, mBPIFA1, mBPIFA1 Gly Mut, mBPIFA1 SD and mBPIFA1 LD are
displayed. The FLAG tag at the C-terminus is indicated in red, while the glycosylation sites are

represented by the letter ‘G. Gly Mut, glycosylation mutant; SD, short deletion; LD, long deletion

5.2.5 Production of VR1255 DNA for cloning reactions

BPIFA1 constructs were made in the mammalian expression vector VR1255 (Figure 5.7)
(Jayawardane, Russell et al. 2008). Initially, VR1255 was produced as a vector to deliver a DNA
vaccine (Hartikka, Sawdey et al. 1996). However, it has been employed for the synthesis of
recombinant proteins in high quantities (Hartikka, Sawdey et al. 1996, Norman, Hobart et al.

1997) .
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Figure 5.7. Map of the mammalian VR1255 expression plasmid

The luciferase sequence can be removed by digestion with BamHI and Notl.

After the VR1255 DNA was transformed into bacteria (E. coli), a maxi-prep was performed to
obtain enough DNA for cloning. The plasmid was digested using Notl and BamHI enzymes to
remove the luciferase sequence, producing a linear DNA that was suitable for cloning by gel
recovery. Figure 5.8A shows the results of the digestion, with visible bands of 1652 bp and 4761

bp. The cut vector was recovered from the gel, and the linearised VR1255 DNA fragment sized
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4761 bp was visualised through agarose gel electrophoresis to assess the quality of the DNA

(Figure 5.8B).

Skb 5kb

2kb

VR1255 Cut VR1255 recovered

Figure 5.8. VR1255 DNA digest for initiating cloning

Notl and BamHI enzymes were used for cutting a VR1255 maxi-prep. Consequently, fragments
sized 1652 bp and 4761 bp were resolved on the gel (A). The larger vector fragment was
recovered from the agarose gel, and a second gel was used with the extracted plasmid DNA to

assess its quality (B)

5.2.6 Generation of the mouse full-length BPIFA1-FLAG construct

The full-length mouse BPIFA1 sequence was generated using RT-PCR with RNA from the
differentiated mTECs. The RNA was treated with DNase to remove any genomic DNA and then
reverse-transcribed into cDNA. PCR was then performed using the primer pairs shown in Figure

5.9.
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mA1 Not | Forward:

Not | Kozak

5'-ATGCGGCCGCCGCCGCCACCATGTTTCTAGTTGGGAGCCT-3'

mA1 Stop Reverse:
BamH| Stop FLAG tag

5-GCGGATCCITACTTGTCATCGTCGTCCTTGTAGTCAACTTTGATGACAAACTGTAG-3'

Figure 5.9. Primers for the generation of the mBPIFA1-FLAG construct

The primer sequences include Notl and BamHI sites, with the forward primer containing a Kozak
sequence (highlighted in yellow) and the reverse primer including a FLAG tag (highlighted in cyan)
and a stop codon (highlighted in green). The Kozak sequence, located upstream of the start codon
in @ mRNA, is known to enhance the expression of a protein in some cases. The Kozak sequence
is recognised by the ribosome and helps to initiate translation efficiently, leading to increased
expression of the target protein. However, the impact of the Kozak sequence on the expression
level can vary depending on many factors, including the specific organism, cell type and presence

of other regulatory elements in the mRNA.

After RT-PCR, the BPIFA1 fragment was cloned into pCRII-TOPO and fully sequenced to confirm
its identity. The product was then digested from the plasmid using Notl and BamHI and sub-
cloned into the pre-cut VR1255 vector. The identity of the cloned products was confirmed
through minipreps and digestion, followed by full sequencing to ensure completeness. The

original cloning of full-length BPIFA1 was performed by Renata Caikauskaite.

5.2.7 Generation of FLAG-Tagged mBPIFA1 Mutant Constructs in VR1255
SDM was performed using the Q5 Site-Directed Mutagenesis Kit (NEB) to induce mutations in the
mMBPIFA1 sequence as outlined in Figure 5.6. The intention was to introduce two deletions around

the N-terminal domain and to allow the removal of the three N-glycosylation sites. Following the
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manufacturer’s guidelines, NEBaseChanger was used to generate five mutagenic PCR primer
pairs (http://nebasechanger.neb.com/). Table 5.1 shows the primer sequences. The initial
amplification step was performed using a specific primer pair and the sequenced VR1255
mBPIFA1-FLAG construct DNA as a template as outlined in the materials and methods section.
The resulting products were recovered following transformation, and mini preps of the plasmid
DNA were produced and sequenced to determine whether mutations had been made.

It was initially intended to introduce three separate mutations at the N-glycosylation sites
through PCRs in a sequential manner, with each mutation being introduced in an iterative

manner, so that different combinations of glycosylation sites could be generated.

Table 5.1. Primer sequence used in PCR for site-directed mutagenesis -

mBPIFAISDM1R mMBPIFA1 GCTGGGTTACAGCCAAA
mBPIFAISDM1F mBPIFA1 ACTGCCTTCAAAACCCAC
mBPIFAISDM2R mMBPIFA1 GCCAATTGCAAAAGACTT
mBPIFA1ISDM2F mBPIFA1 TGTGAAGCTGAAAATTAC
mBPIFAISDM3R mBPIFA1 CTTTGAACAGGAGTGACT
mBPIFA1SDM3F mMBPIFA1 CTTTTTAGACAAACTCACA
mBPIFA1Del1R mBPIFA1 CAGCTGTGCTGTGCTGTG
mBPIFA1Del1F mBPIFA1 AATCCCACAGATCTTCTTG
mBPIFA1Del2R mMBPIFA1 CTGGCCCAGGGGCAATGG
mBPIFA1Del2F mBPIFA1 GGTCTGCCTTTGGCTGTAA

The results of the SDM experiments were variable. | was unable to introduce single mutations
into the N-glycosylation sites of mBPIFA1-FLAG. PCR and transformation were undertaken on
several occasions. Various annealing temperatures were determined from the technical
datasheet and applied to attempt to optimise the PCR conditions.

However, even these changes did not yield any successfully mutated products. The SDM

reactions to introduce the two deletions in mBPIFA1-FLAG was more successful. In both cases,
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the required mutations were produced, which were confirmed by sequencing. An example of a
sequencing reaction and the translation of the product are shown in Figure 5.10.

Given that | was unable to generate the required N-glycosylation site mutations via SDM, gene
synthesis was used to generate these. Biomatik generated a single sequence in which the three
glycosylation sites were mutated in the pBSK (+) simple, an amp resistance vector. They
performed sequencing and restriction digestion for the verification of the mutant construct. The
sequence incorporated mA1F1Notl and mA1RSTOP sequences identical to the PCR primers at
each end of the mutant mBPIFA1 gene. The DNA of the synthesised product was double digested
with Notl and BamH1, and the recovered product was cloned into the double-digested VR1255
plasmid. Recombinants were mini prepped and fully sequenced to confirm that the constructs

were 100% correct.
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Figure 5.10. Sequencing of the mBPIFA1 long deletion clone from SDM
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The sequencing plot from FinchTV is shown (A), and the translation of the final construct shows
the deletion of the N-terminal region (red arrows), the FLAG tag and the start and stop codons

(B). The peaks in panel A indicate the quality of the sequencing.

5.2.8 Generation of Pig and M. pahari BPIFA1 Flag-Tagged Constructs

As it was previously shown that some rodents had longer N-terminal regions, and it was intended
that the function of one of these longer proteins was to be investigated, the protein from M.
pahari (Gairdner’s shrew mouse) was selected. In the multiple sequence analyses, some species
appeared to be even shorter than the human protein in this region. As an example of one of these
shorter sequences, the pig (Sus scrofa) sequence was also selected. Pig BPIFA1 is 241 amino acids
long. The multiple sequence alignment of the four sequences as well as the position of the eight

amino acid repeats is shown in Figure 5.11.
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Sus 134

Mus 222
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Homo 200

Sus 193

Figure 5.11. Alignment of BPIFA1 proteins for functional analysis
Mouse (mus), Mus pahari, human (homo) and pig (sus) BPIFA1 were aligned. The alternating blue

and red sequences identify the LPLPL repeat motifs.

The FLAG-tagged pig and M. pahari BPIFA1 sequences were synthesised by Biomatik in the pBSK
(+) simple vector. Both sequences contained a 5’ Notl and Kozak sequence, and the 3’ end had
an in-frame FLAG tag, a stop codon and a BamHlI site. The DNA of both synthesised products was
digested with Notl and BamH1 and the product cloned into the double-digested VR1255 plasmid.
Recombinants were miniprepped and fully sequenced to confirm that the constructs were 100%
as expected.

After all required constructs were successfully generated and validated, they were maxi-prepped

and underwent a diagnostic digest prior to use in the transfection assays (Figure 5.12).
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Figure 5.12. Diagnostic Digest of BPIFA1 Expression Constructs

Restriction digests were undertaken with WT mBPIFA1, long-deletion mBPIFA1, short-deletion
mBPIFA1L, glycosylation mutant mBPIFA1 and pig BPIFA1 with Pstl, while Mus pahari BPIFA1 was
cut with Hindlll and Notl.

5.2.9 Transfection of the BPIFA1-VR1255 plasmids into HEK Cells

Transient transfections of HEK293T cells were performed using all FLAG-tagged BPIFA1-VR1255
constructs to produce recombinant proteins. HEK293T cells were selected for this purpose owing
to their extensive use in the laboratory for this type of experiment. The transfections were
conducted using DMEM containing 10% foetal bovine serum. An EGFP plasmid was also included
in all transfection experiments as a marker, allowing the visualisation of successful transfections
by imaging green cells using a ZOE fluorescent cell imager (Bio-Rad). Figure 5.13 demonstrates
the successful transfection of the DNA into HEK293 cells as indicated by the green fluorescence

in each image. The cells were observed 24 h after transfection with WT mBPIFAL.
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Figure 5.13. Transient transfections of HEK293T cells

Transfection of the cells was monitored based on the GFP expression as an indicator of DNA
uptake by the cells. The transfections included (A) GFP as a control, (B) WT mBPIFA1, (C) long
deletion, (D) glycosylation mutation, (E) short deletion, (F) Mus pahari and (G) pig. The images

were captured after different time periods.

5.2.10 Production and secretion of the BPIFA1-FLAG recombinant proteins

The transient transfection of the HEK293T cells with the Flag-tagged BPIFA1-VR1255 constructs
was undertaken to examine whether proteins were expressed and released into the conditioned
media.

Initially, a T25 flask of HEK293T cells was transfected with FLAG-tagged mBPIFA1-VR1255 DNA
to confirm that proteins were secreted. SDS-PAGE and western blotting were used to test the
conditioned media. The media were collected 1, 2 and 3 days after the transfection, and the same

total volume was added to the gel. Following SDS-PAGE, transfer of the blot proteins was
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identified in the medium samples using an anti-FLAG antibody (Figure 5.14). In this experiment,
the recombinant protein was detected in serum-supplemented conditions. The results showed

the flag-stagged mBPIFA1 protein was secreted into the conditioned media for up to 72 h.

Figure 5.14. Secretion of mBPIFA1-Flag into HEK conditioned media
Equal volumes of conditioned media collected from transiently transfected HEK cells after 24, 48
and 72 h were western blotted using an antibody against FLAG as described in the materials and

methods section.

Next, similar transient transfection experiments were conducted with each of the different BPIFA
constructs under the same conditions, and the conditioned media were collected at 24, 72 and
96 h after transfection. Protein secretion in the media was identified by dot blotting followed by
antibody detection with the Flag antibody (Figure 5.15). Immunoreactivity was detected in most
of the samples, revealing that the recombinant proteins had been produced by the cells, although
the amount of protein appeared to be variable. Notably, dot blotting does not provide any
information about the size of secreted products. As this part of the study was conducted

immediately prior to the COVID-19 lockdown, | was unable to run the samples on SDS-PAGE gels.
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Figure 5.15. Secretion of different BPIFA1-Flag proteins into conditioned media
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The conditioned media were collected from different transfections at 48, 72 and 96 h, and equal
amounts were dotted onto a membrane. The proteins were then detected using the anti-FLAG

antibody as described in the materials and methods section.

5.2.11 Planned experiments with recombinant proteins
As the expression constructs were generated, and the initial transfections were performed just
prior to the COVID-19 lockdown, | was unable to complete the experiments planned to complete
this chapter.

I had planned to investigate how the different proteins function to prevent IAV infections by
doing the following:

1. Confirm the secretion of full-length BPIFA1 proteins using western blotting.

2. Scale up transfections into T75 or T175 flasks to produce more secreted proteins. These
transfections would have been conducted in serum/phenol red-free media to remove
potential contaminants that might interfere with the functional assay.

3. Evaluate the concentration and/or purification of the recombinant proteins. 10 kDa
molecular mass cut off filters would have been used to concentrate the BPIFA1 proteins
in the media and anti-Flag affinity resin used for batch-wise purification of the tagged
BPIFA1 proteins.

4. Establish a functional assay to study how BPIFA1 proteins could influence IAV infection in
mMTECs. This assay would have been because undifferentiated mTECs can be infected by
IAV as described in Chapter 4. Recombinant BPIFA1 proteins would have been added to
the IAV-infected undifferentiated mTECs, and the level of infection would have been
monitored via staining and quantitation of IAV-NP or direct quantitation of the virus levels

using qPCR. Dr Priyank Anujan showed the basis for this assay (Figure 5.16).
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Figure 5.16. Development of a functional assay: BPIFA1 containing ALl secretions block IAV
infection
In this experiment, day O undifferentiated mTECs were infected with 0.5 MOI of IAV X31, and
apical washes from WT and Bpifal”- differentiated mTECs were added to the cells. IAV-NP was
detected in the cells after 24 h, and the results were quantitated. The data suggest that BPIFA1

containing apical washes restrict IAV infection of mTECs (data from Priyank Anujan).

5. Identify the role of specific residues in BPIFA1 using blocking peptides. Several specific
peptides derived from the S18/N-terminal region of BPIFA1 were generated. Initially, a
peptide corresponding to the S18 region of human BPIFA1 along with a scrambled peptide
control was designed. Eight amino acid peptides corresponding to the three different
repeats seen in the expanded N-terminal region of the mouse protein along with
corresponding scrambled controls were also designed. These peptides would have been

added to the functional assay outlined above.
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Human S18 GGLPVPLDQTLPLNVNPA
Human S18sc NLOQVPPTVPLLNGPDLAN

This corresponds to the S18 region of the
human BPIFAl protein

Mouse 185t GLPLPLGQ
1% s¢ LGPPOLLG
Mouse 2™ GPPLPLNQ
2™ sc PGPPONLL
Mouse 4t GQLLPLAQ
3™ g¢ LOQPALGL

These correspond to the short regions with
in the variable region of mouse BPIFAl
Figure 5.17. BPIFA1l-derived peptides for functional studies
The sequences of specific peptides and the scrambled controls are given. The differences from

the first repeat sequence are highlighted in yellow.

5.2.15 Discussion

The function of BPIFA1, the most abundant protein secreted by non-ciliated cells in the pharynx
and URT, is not yet clear. Herein, the structure of BPIFA1 was analysed using bioinformatics tools
to better understand its role in immune functions.

A BLAST analysis was performed using the protein sequence obtained from the NCBI, and the
results showed that most regions with differences possessed N-terminal regions. Further, a
multiple sequence analysis using Clustal Omega was conducted based on the sequences from
selected rodents, and the results indicated that the alignment showed the N-terminal region
based on the physiochemical properties. The disulphide bond of mouse BPIFA1 and BPIl was
found in the same location within the protein structure. Mouse BPIFA1 has two cysteine residues
(C204 and C246) that participate in the disulphide bond, which is conserved across all organisms
and has been documented as critical to produce bioactive BPI protein. This implies that the

disulphide bond is essential for the function of BPIFA1.
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The human and mouse BPIFA1 protein arrangements were examined in greater detail, and the
results showed conserved regions, positions, and residues. In mouse BPIFA1, N-glycosylation
targets seen in humans were found. The loss of glycosylation in human orthologues indicates that
this post-translation modification is not critical for the function of BPIFAL or that at least its
absence does not lethally impact the organism.

The most interesting observation was the identification of eight amino acid block repeats in the
N-terminal region of the protein, which are specific to rodents and vary in number. No similar
protein repeats are found in other species, and it will be interesting to see how these function.
The repeats occurred in the region of the S18 peptide, which has been previously shown to be
important for ENAC activation. The crystal structure of both the human and mouse proteins did
not identify either region, suggesting that the proteins are not structured. The structural
paralogue of BPIFA1 and BPIFAS5 found in rodents has evolved through gene duplication events
and shows the highest level of conservation in the protein family, but the N-terminal region is
most diverse between BPIFA1 and BPIFAS. Hence, it is unlikely that BPIFAS functions in the same
way as BPIFA1, which is consistent with their differential expression patterns, with BPIFAS5 being
expressed in the tongue.

After the unique N-terminal domains of the BPIFA1 proteins were confirmed, the study focused
on generating recombinant murine proteins. To this end, four different types of constructs were
generated, two of which involved deletion of parts of this region, and one had the three N-
glycosylation sites removed. The initial plan was to create all mutant constructs through SDM,
but the results were inconsistent. In particular, the researcher was unable to make any mutations
in the case of the glycosylation sites. Instead, deletions were successfully introduced using this
system.

Given that some rodents produced longer N-terminals containing expansions of the eight amino
acid repeats, BPIFA1 from M. pahari was used. A construct of pig BPIFA1 was also made, as it
lacked any complete repeats to cover different lengths of the expanded N-terminal region. | also
planned to use synthetic peptides that corresponded to these repeats. All clones were verified

by sequencing and produced for transfections.
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Transient transfection of HEK293T cells was performed using all FLAG-tagged BPIFA1-VR1255
constructs to generate recombinant proteins. Transfection efficiency was visualised using a
fluorescent cell imager (Bio-Rad). Recombinant proteins were detected from transient
transfection of the HEK293T cells using western blotting of conditioned media and proteins
identified by anti-FLAG antibody. All proteins appeared to be secreted, although only the mouse
protein was detected in western blotting, and the other proteins were detected in dot blotting.
The output of the purification of the BPIFA1 recombinant proteins was inconsistent, which may
be attributed to inconsistencies in the transfections (Dalton and Barton 2014). Transient
transfection was utilised in the experiments, and recombinant protein production was decreased
after the cells were transported to serum-free culture conditions. Recombinant protein levels
have been previously shown to be low in serum-free cell culture conditions (Rezaei, Zarkesh-
Esfahani et al. 2013, Liu, Garcia-Diaz et al. 2015).

This portion of the study is incomplete. Owing to the COVID-19 lockdown, | was unable to
undertake any functional studies with the different constructs. Therefore, no conclusions on the

functional importance of the N-terminal region of BPIFA1 in IAV infection could be drawn.

192 | Page



Chapter 6: General discussion
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6.1 General Discussion

Multiple cells within the airway epithelium contribute to its function and are a primary means of
lung defence. These cells include basal, suprabasal, goblet, club, and ciliated cells as well as rarer
cells such as ionocytes and tuft cells. Together, these cells contribute to the regulation of airway
homoeostasis, and their function is key to a healthy airway. In respiratory diseases such as COPD,
asthma and CF, the number of goblet cells is found to increase, while that of ciliated cells is found
to decrease. Airway cells synthesise and secrete multiple HDPs and mucins. MUC5B and MUC5AC
are the major proteins, but others include MUC1, MUC4, MUC16, MUC20, MUC21 and MUC22.
These HDPs and mucins contribute to the airway surface lining fluid, which is critical for normal
lung function and mucociliary clearance.

Influenza is a major human pathogen because of its involvement in pandemics and seasonal
epidemics (Neumann, Noda et al. 2009). Once a person is infected, there is rapid replication of
the virus, leading to intense pulmonary distress and potentially to death (Nie, Stadtmuller et al.
2020). 1AV predominantly infects the RS and has developed a mechanism to bypass the innate
defences. IAV uses surface glycoproteins HA and NA to establish infection in the airway cells, and
infection and replication require proteolytic activation at multiple stages by cellular proteases.
Effective antiviral responses are induced by IAV, which leads to the upregulation of ISGs,
instigating inflammatory and adaptive immune responses and facilitating antiviral responses.
The abundant airway surface protein BPIFA1 exhibits a high degree of tissue restriction largely
limited to the nasal cavity, trachea, and airways. These areas are key sites of IAV infection and
where active innate defence is critical. BPIFA1 and other family members share structural
similarities with the HDPs BPI and LBP (Bingle, Singleton et al. 2002), and many studies have
shown that BPIFA1 may function in host defence (Britto and Cohn 2015). BPIFA1 proteins have
an extended B-barrel-like structure, and mouse and human BPIFA1 share 66% identity. Human
BPIFA1 is 256 amino acids long, whereas mouse BPIFA1 is 278 amino acids long. The N-terminal
sequence of mouse BPIFA1 includes a PLPL repeat region (Weston, LeClair et al. 1999), which is
not present in the sequence of human BPIFA1 (Bingle and Bingle 2000). The N-terminal region of
the protein is not seen in the crystal structure of either the human or mouse protein, suggesting

a flexible structure. This region of the protein contains what has been described as a functionally
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important region — the S18 sequence (Hobbs, Blanchard et al. 2013, Tarran and Redinbo 2014),
which has been shown to modulate the proteolytic cleavage of ENaC.

The expression of BPIFA1 is regulated by viral infection. A previous murine model study showed
that the BPIFA1 levels in the BAL were considerably lower in the mice infected with IAV. BPIFA1
is not an ISG. To examine the function of BPIFA1 in the airway epithelium, | used mTECs from
Bpifal”- and WT mice. The cells from the Bpifal”- mice were more readily infected with IAV, and
infection was more severe in the lungs of the Bpifal”- mice. Phenotyping of the mTECs revealed
that they were substantially similar, suggesting that the difference in IAV binding and infection
depends on the presence or absence of BPIFA and not on the number of cells that express IAV
receptors.

The present study aimed to further understand the role of BPIFA1 in antiviral responses against
IAV. BPIFA1 is a crucial component of the airway defence system against viral infections and
serves as a functional shield. The primary objective of this research was to build upon previous
laboratory findings and gain a complete understanding of the role of BPIFA1 as an antiviral host
defence mechanism. The focus of the study was to determine how BPIFA1 acts as a shield against
IAV and whether the functions are solely carried out by the protein or whether the protein works
in conjunction with other proteins in the ASL.

As previously noted, primary airway cells grown in 3D cultures are generally considered to be
good models of the airways. Epithelial cell differentiation occurs when the confluent cell layer
develops on the semi-permeable insert, and cells are fed with media from below. After this model
was initially established, a genome-wide analysis of the transcriptional events associated with
differentiation was conducted herein. Unsurprisingly, cellular differentiation was associated with
a marked transcriptional programme, as the cells changed from the basal cell-like phenotype to
a mucociliary epithelial phenotype. At this stage, the numbers of ciliated and secretory cells
increased, and a strong ciliary gene expression signature occurred. Similar studies have
previously been conducted in human and murine cells (Ross, Dailey et al. 2007, Tsou, Tung et al.
2018). The array analysis identified many genes that were differentially expressed under the
different culture conditions, confirming that the present data are like previous reports on mTECs.

Based on scRNAseq data, the potential cell types expressing different genes were identified. This
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advanced technique is becoming increasingly common. The transcriptional approach also
revealed that the original cell isolation was contaminated with various cell types, including
inflammatory cells and cells from the tissue that contaminated the tracheas during dissection.
The contaminating cells were lost from the cultures when they were maintained and
differentiated. The analysis of the cells on day 14 of differentiation indicated that they were
epithelial cells. Although 14 days is commonly used as the cut off for differentiation in the
researcher’s laboratory when working with mouse cells, it appears that ALl cells continue to
differentiate over time and that a more mature epithelial cell culture could have been obtained
if the cultures were kept for a longer period before using them. In the researcher’s laboratory,
human ALI cells are usually kept for up to 28 days at the ALl prior to use.

Bpifal, Bpifbl, Lyz2, Scgb3al and Sftpal were seen to be expressed predominantly in the
secretory cells, with some lower expression of Bpifal also seen in the basal cells. Sec14/3 was
expressed in the basal and secretory cells but was also robustly expressed in the ciliated cells.
The expression data for Bpifal in each cell type were extracted. Bpifal expression was seen in
several cell types, with the highest expression seen in the secretory cells. Among various
members of the Bpif family, the Bpifal gene exhibited the highest expression in the mTECs on
day 14. Bpifal has also been previously reported the most highly expressed gene, followed by
Bpifb1.

Given that the ALI cultures were established in the normal state, the main aim of this study was
to identify the cell types specifically infected with 1AV and to investigate the transcriptional
consequences of 1AV infection in the mTECs. Prior work from the host laboratory suggested that
IAV infects BPIFA1Ve cells. The present data suggest that although some ciliated cells take up the
virus, most infected cells are non-ciliated. The fact that undifferentiated mTEC cultures, which do
not contain ciliated cells, are infected confirms that the virus does not need to infect through this
cell type. The current study showed that the level of infection was low in the undifferentiated
cells. Exactly what cell type is preferentially infected or if there is any cell specificity to this can
be studied further using these cultures. This would have been a major part of the present study
but experiments of this nature could not be performed owing to the COVID-19 lockdown at the

time of the study. The researcher was away from the laboratory for 9 months and was unable to
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access the mice needed to undertake such experiments upon returning. The researcher was also
unable to access Bpifal”’- mice from collaborators at the University of Liverpool, as they stopped
breading them in March 2020.

The other major part of the study lacking experimental results is the generation and use of
recombinant proteins and peptides. As highlighted previously, the BPIFA1 protein is present in
all mammalian species, and the N-terminal region is divergent among the species. This region has
been suggested to be involved in the function of BPIFA1, so the study focused on this protein.
The objective of this chapter was to understand the functionality of this N-terminal region.
Although the N-terminal region had been highlighted before the existence of an eight-amino acid
repeated sequence in this region was identified, several recombinant murine protein expression
constructs were generated. These constructs corresponded to a WT protein, a short-deletion
protein that lacked the expanded rodent-specific region, a long-deletion protein that deleted this
same region and the S18 region that flanked it and a mutant protein that had the three N-
glycosylation sites. Constructs corresponding to proteins that had the maximal (n=6; M. pahari)
or minimal (n=0, pig) number of repeats were also made. These constructs were validated, but
having made them just before the lockdown, the researcher was unable to use them in any
functional studies. The researcher was also unable to use the repeat peptides generated to cover

the repeat regions.

6.2 Limitations of the Study
Although the two issues described in the preceding section are the major limitations of the study,
other limitations also exist.

| was unable to undertake enough studies with Bpifal”- mice to allow direct comparison of
IVA infection in the mTECs. The intention had been to evaluate shorter periods of infection
ranging from 2 to 24 h, as previous work has shown clear differences in the IAV infection rate at
24 h.
The transcriptional part of the study is limited by the small sample size. For technical reasons
outside of the researcher’s control, three replicates of each condition in the array experiments

were not obtained. Inter-sample variations could also be seen, which can be considered a limiting
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factor. However, there were trends in the data, and some of the differences were clear even in

the group of two samples.

Lastly, the study did not validate any candidate genes with methods other than PCR. The use of

protein or IHC data would have made this aspect of the study more robust.

6.3 Conclusion

In conclusion, the observations described in this thesis show that mouse tracheal epithelial cell
(mTEC) cultures are an appropriate model for studying influenza A virus (IAV) infection, and
that the BPIFA-1 protein plays a critical role in protecting the lungs from 1AV infection. The
major findings align with the study aims:

1.
2.
3.

An mTEC culture was established and validated for IAV infection studies.

A genome-wide analysis of mTEC differentiation was performed.

Transcriptional responses to IAV infection were analyzed in undifferentiated and
differentiated mTEC cultures.

BPIFA1l-based reagents were generated and validated for functional studies.

The key findings of the study also include the following:

IAV infection of mTECs is time- and dose-dependent, occurring without pre-
differentiation in BPIFA1-negative secretory cells and some ciliated cells.
Lypd8 may play a role in IAV infection acting as an ISG

IAV infection levels and membrane spanning protease expression vary in
undifferentiated and differentiated cells.

Together, these observations support the hypothesis mTECs are an appropriate model system to

investigate if BPIFA1 plays a critical role in protecting the lungs from IAV infection.
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