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Abstract 
 

By analogy to other members of the wider BPI-fold contain protein family, it has been 

assumed that BPI fold containing family B member 1 (BPIFB1), a secretory protein produced 

by the respiratory tract, functions in host defence but functional data supporting this 

suggestion remains limited. In vitro studies have been hampered by the fact that the gene is 

only expressed in differentiated primary airway cells grown at the air liquid interface (ALI). 

Our previous studies have shown that BPIFB1 is found in a subpopulation of “goblet cells” in 

the airway, and IL-13 treatment induces a “mucous” phenotype in the cells by inducing 

BPIFB1. A systematic genomic and structural analysis of BPIFB1 was performed and 

temporal and spatial analysis was undertaken using published whole genome and scRNA-Seq 

data. Further, my results demonstrated that gene expression analysis of primary mouse 

tracheal epithelial cells (mTECs) showed that BPIFB1 increases during 14 days of ALI 

differentiation, and western blotting confirmed production of BPIFB1 as an N-glycosylated 

protein. Microarray analysis of mTEC ALI cultures showed gene signatures of mucociliary 

differentiation alongside specific membrane associated proteins such as cadherin-related 

family members.  A series of FLAG-tagged expression clones including wild type, an N-

glycosylation mutant and truncated proteins corresponding to the N- and C-terminal BPI 

domains, were shown to produce recombinant murine BPIFB1 proteins. Influenza A virus 

(IAV) is a significant respiratory pathogen and lab based preliminary data demonstrated that 

Bpifb1 is reduced in lungs following IAV infection. Therefore, we hypothesised that BFIFB1 

contributes to the defence against IAV infections, which can be studied in vitro. IAV 

infection assays were developed in mTECs and gene expression studied by array analysis, 

with the aim to identify regions of BPIFB1 associated with viral infection using generated 

recombinant BPIFB proteins. In parallel to the mTEC studies, the HBEC3-KT cell system, a 

human immortalized cell line that expresses BPIFB1 as it undergoes mucociliary 

differentiation, was used to generate a CRISPR based BPIFB1 knock out cell line. Infection 

studies using recombinant BPIFB1 protein during IAV infection suggested a protective effect 

against viral susceptibility. Taken together, my study has established mTECs and HBEC3-KT 

cells as suitable model systems to further investigate the protective role of BPIFB1 in viral 

IAV infection. 
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TBE Tracheobronchial epithelial  
TBS Tris Buffered Saline 
TBS-T Tris Buffered Saline-Tween 
TH2  T helper type 2 
TIMP1 Tissue inhibitor 1 of metalloproteinases 
TLR Toll-like receptors 
TMM Trimmed Mean of M values  
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TPM Transcripts Per Million expression  
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UMAP Uniform Manifold Approximation and Projection  
Uniprot Universal Protein resource database 
URT Upper Respiratory Tract  
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VIM Vimentin 
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wt  wild-type 
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1.1 The Respiratory System 

The respiratory system is constituted of organs and tissues involved in breathing, which is the 

process of exchange of oxygen and carbon dioxide. It is divided into the upper respiratory 

tract (URT) (nasal cavity, pharynx, larynx), the conducting airways forming the lower 

respiratory tract (LRT) (trachea, bronchi, bronchioles) and a respiratory zone comprised of a 

large number of alveoli mediating gas exchange (Figure 1.1) (Marib, 2001). (MARIB, 2001).  

The entire respiratory tract, from the nasal cavity to the gas-exchanging alveoli is lined with 

respiratory epithelium in a continuous manner. In the respiratory systems of humans, 

cartilaginous airways extend from the parenchyma of the lungs as far as the bronchioles, and 

these are associated with fluid-secreting submucosal glands (SMGs), that secrete proteins 

involved in host-defence including the gel-forming mucins (Figure 1.2A). The respiratory 

system is a complicated organ system which forms more than just a barrier to the external 

environment and a means to achieve gas exchange; it contains multiple specialised cells that 

are able to respond to changes induced by environmental or microbial stimuli and are 

proficient in mediating immune and neural responses. However, a number of features of the 

respiratory epithelium still remain incompletely understood, especially during chronic disease 

states, where it displays significant intrinsic functional differences from that seen in normal 

conditions. 

 

Figure 1.1: Anatomical overview of the respiratory tract. The schematic outlines 
components of the upper and lower respiratory tracts and the respiratory zone (Hewitt and 
Lloyd, 2021), available via the PubMed Central (PMC) Open access Subset for unrestricted 
research re-use. 
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1.1.1 Human Airway Epithelium 

As outlined above the airway epithelium is made of a continuous cellular layer. However, it 

differs in phenotype throughout the respiratory tract.  The larger human airways are lined by 

a pseudostratified columnar epithelium, a single layer of cells located above the basement 

membrane, that have the appearance of being multicellular (Figure 1.2A). In the terminal 

bronchioles this epithelium becomes cuboidal, with the cells having a more cube-like shape. 

The respiratory epithelium is composed of multiple cell types (Breeze and Wheeldon, 1977; 

Widdicombe, 2019), and these cell types can be grouped into three primary categories: basal 

cells, ciliated cells, and secretory cells, including club (Clara) and goblet cells (Spina, 1998). 

However, more recent molecular studies have uncovered enormous cellular heterogeneity 

within the respiratory epithelium, describing for example new cell populations such as 

pulmonary ionocytes and new cellular subtypes or cellular differentiation states, such as 

deuterosomal or mucous ciliated cells (Deprez et al., 2020; Travaglini et al., 2020; Davis and 

Wypych, 2021).  

In larger airways, the epithelium consists mainly of ciliated, secretory, basal and 

undifferentiated cells (Figure 1.2A) and is paramount in facilitating easy airflow in and out of 

the alveoli (Knight and Holgate, 2003), this allows the essential gas exchanging function of 

the peripheral lung to take place. The epithelium also plays an important role in protecting the 

lung against inhaled particles, toxins, allergens and infectious pathogens. Ciliated and 

secretory cells work together to allow mucociliary clearance (MCC) to protect the host from 

pathogen attack (Knight and Holgate, 2003; Puchelle et al., 2006). The epithelium secretes a 

large number of mediators (for example antimicrobial proteins, mucins, and cytokines) that 

defend against foreign particles.  

The multiple cell types found within the airways are derived from a progenitor cell pool. The 

precise lingeage relationship between these different cells is complex and is still not fully 

resolved. This complexity has been accentuated by the advent opf single cell sequencing 

studies (Travaglini et al., 2020; Deprez et al., 2020). 

Many of the cells have the capacity to change their phenotypes under different conditions. 

There may also be some species-specific differences in these relaitonships, as for example, 

not all airway cell types are common between humans and mice (Travaglini et al., 2020).  
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Figure 1.2: The cell types constituting the human airway epithelium. A) The large airway 
epithelium or upper respiratory tract (URT) has a higher presence of secretory (goblet) cells, 
whereas in the small airway epithelium or lower respiratory tract (LRT) (B) these shift to the 
club cell type. Although the cell types are similar across the respiratory tract, the small 
airway epithelium has a higher number of ciliated cells. C) Overview of cell types in the 
respiratory epithelium. See text for more information on the specific cell types. SMG - 
submucosal glands. Adapted from (Hogan and Tata, 2019), copyright permission licence 
1335034. 

 
 
1.1.1.1 Basal Cells 

Basal cells are pyramidal in shape and are particularly numerous in the conducting airways 

making  up between 6 - 31 % of the epithelial cell population depending on the location 

(Ayers and Jeffery, 1988) (Boers et al., 1998). In the trachea, basal cells are situated amongst 

secretory and ciliated cells (Rock et al., 2009), and they are spread throughout all of the 

airway (Evans et al., 2001).  
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Basal cells attach to other superficial epithelial cells through desmosomes, and to the 

basement membrane of epithelial cells through hemidesmosomes, suggesting that basal cells 

are significant in maintaining the integrity of the epithelial surface (Crystal, 2014). They can 

be identified through expression of transformation-related protein 63 (Trp-63), cytokeratin 5 

(KRT5) or cytokeratin 14 (KRT14) (Figure 1.3) (Rock et al., 2010). However, more recent 

studies have suggested that basal cells exist as at least two transcriptionally different 

subpopulations, identified in human and mouse airways (Ghosh et al., 2011; Travaglini et al., 

2020).  

The major function of basal cells is to aid epithelial regeneration following injury by 

conversion into most other differentiated epithelial and therefore they act as key modulators 

of respiratory homeostasis (Figure 1.2C and Figure 1.3) (Boers et al., 1998; Hong et al., 

2004; Davis and Wypych, 2021). They can be considered to form a stem cell population that 

ultimately gives rise to all of the other cells in the airway epithelium. Therefore, it is not 

surprising that transcriptional dysregulation of basal cells through environmental factors like 

smoking has been have been found to contribute to chronic obstructive pulmonary disease 

(COPD) (Crystal, 2014; Ryan et al., 2014; Goldfarbmuren et al., 2020) and lung cancer 

(Ryan et al., 2014).  

 

1.1.1.2 Club Cells  

Dome-shaped club cells are important secretory cells located in the airway amongst ciliated 

cells and they dominate the epithelium in the respiratory bronchioles (Boers et al., 1999). 

Club cells are located in the proximal and distal airways, and require the transforming growth 

factor activin receptor-like kinase 5 (Alk5) for differentiation (Xing et al., 2010). Club cells 

possess stem cell functions and can perform epithelial tissue repair through dedifferentiation 

into basal cells, followed by subsequent rediffierention into other cell types. (Reynolds et al., 

2000; Tata et al., 2013; Zheng et al., 2017). They can also directly differentiate into goblet 

and ciliated cells. Club cells perform a secretory function in the bronchioles, by expressing 

and secreting SCGB1A1 (their traditional marker protein) as well as other host defence 

proteins and thus facilitating an intrinsic immune response (Figure 1.3) (Evans et al., 1978; 

Rawlins et al., 2009). Predictably, dysregulation of club cell homeostasis has been shown to 

contribute to a range of respiratory conditions like cystic fibrosis (CF) asthma, idiopathic 

pulmonary fibrosis (IPF) and COPD (Rokicki et al., 2016; Zuo et al., 2020). 
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1.1.1.3 Ciliated Cells 

The most common cell type in the airway epithelium is the columnar ciliated cell. These cells 

account for more than 50% of the population (Spina, 1998), and contain numerous 

mitochondria located directly beneath the apical surface that providing the energy required to 

maintain the normal cilia function. In the airways, ciliated cells function primarily to propel 

broncho-tracheal secretions upwards towards the pharynx through the process known as the 

mucociliary clearance.  

Ciliated cells can arise from either basal, club or goblet cells (Ruiz García et al., 2019) and it 

has been historically considered that ciliated epithelial cells are terminally differentiated 

(Ayers and Jeffery, 1988). These cells are distributed throughout the entire airway 

epithelium, where at least two transcriptional distinct subsets along the proximal-distal axis 

have been identified (Travaglini et al., 2020). Recently, an additional cell population has 

been described constituting a transitional cell state prior to full ciliated differentiation, and 

these cells are termed deuterosomal cells (Ruiz García et al., 2019). They represent an 

intermediate progenitor cell type, which are characterised by expression of the key regulator 

for centriole amplification (Revinski et al., 2018). Ciliated cell fate is mediated by the 

concerted action of MYB proto-oncogene (Ito et al., 2020), Notch signalling (Morimoto et 

al., 2012), geminin coiled-coil domain containing (GMNC) (Whitsett, 2018) and Forkhead 

Box J1 (FOXJ1), the last of these being required for cilia formation (You et al., 2004) (You 

et al., 2004). A common employed cilia marker is b-tubulin IV (Renthal et al., 1993). 

Cells with characteristic markers of both mucosal and ciliated cells have been identified both 

in vitro and in vivo, suggesting that the ciliated cells are able to transform into mucous cells, 

under certain conditions, for example following IL-13 exposure (Seibold, 2018). 

Additionally, ciliated cells have been described to be highly susceptible towards viral 

infections based on their expression of viral receptors. For example they have high expression 

of cadherin-related family member 3 (CDHR3), known to be targeted by viruses such as 

Rhinovirus-C (Griggs et al., 2017). 

 

1.1.1.4 Goblet Cells 

Goblet cells are interspersed amongst the ciliated cells and contain mucin-rich granules that 

release mucus onto the luminal surface of the airways, and together they facilitate effective 

mucociliary clearance (Figure 1.2) (Breeze and Wheeldon, 1977). A normal human trachea 
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contains mucosal cells, and secretions from the cells extruding through pores and pits that are 

fixed in situ, and they often project a fair distance into the lumen (Bonser and Erle, 2017; 

Ermund et al., 2017). It has been suggested that goblet cells do not completely discharge their 

contents before beginning to synthesize mucin again, rather, they elaborate mucus either 

continuously or on several occasions  (Hansson, 2019; Whitsett et al., 2019). 

Goblet cells differentiate from club cells, like their ciliated counterparts, however the 

differentiation is controlled by transcriptional pathways involving SAM pointed domain 

containing ETS transcription factor (SPDEF) and forkhead box A3 (FOXA3) (Rajavelu et al., 

2015; Whitsett, 2018). Recent studies have discovered two functionally different goblet cell 

subsets: the goblet-1 type, responsible for mucus production containing MUC5AC and 

MUC5B, and goblet-2 cells, which has a more antibacterial defence role by secreting 

zymogen granule protein 16 (ZG16B) orthologues (Figure 1.3) (Montoro et al., 2018). Both, 

qualitative and quantitative alterations in mucus secretion have been implicated in a number 

of lung diseases (Chen et al., 2009; Roy et al., 2014; Evans et al., 2015; Vieira Braga et al., 

2019).  

 

1.1.1.5 Pulmonary neuroendocrine cells (PNEC) 

Pulmonary neuroendocrine cells (PNEC) are rare cells present in the respiratory epithelium, 

where they are able to sense airway activity and appropriately secrete bioactive amines and 

neuropeptide (Branchfield et al., 2016). PNEC products modulate immune responses through 

mast cell recruitment or cytokine secretion, or a nervous response leading to vasodilation or 

bronchoconstriction (Atanasova and Reznikov, 2018). Specific PNEC markers are achaete-

scute family BHLH transcription factor 1 (ASCL1) or calcitonin related polypeptide alpha 

(CALCA) (Hogan and Tata, 2019; Mou et al., 2021). 

Although PNEC constitute only a very small proportion of the airway epithelium (0.3-0.5%), 

these cells form the key mediators and communicators between the airway epithelia, the 

neuronal and immune system (Mou et al., 2021). To briefly illustrate their immune 

modulatory function: the neuropeptide calcitonin gene related peptide (CGRP) produced by 

PNECs has been found to recruit activated type 2 innate lymphoid cells (ILC2), which are 

common lymphoid progenitor cells lacking the antigen specific B or T cell receptor. ILC2s 

produce type 2 cytokines such as IL-4 and IL-13 and regulate respiratory virus infections or 

the allergic immune response.  Whereas  PNEC derived g-aminobutyric acid (GABA) 
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stimulates goblet cell hyperplasia, resulting in excessive mucus production in response to 

pathogens, toxins or cigarette smoke (Sui et al., 2018). 

 

Figure 1.3: The cellular heterogeneity of the airway epithelium Basal cells are the 
principal stem cells of the respiratory epithelial and are able to differentiate into most other 
epithelial cell types. Outlined transcriptional networks (indicated on arrows) govern specific 
epithelial cell fates have been fully explored, however newly recognised cell types and 
subtypes require more investigation. See text for more information on the individual cell 
types and their associated functions (Davis and Wypych, 2021), copyright permission licence 
1344732. 

 

1.1.1.6 Rare cells  

The airway epithelium also contains other rarer cells . Tuft cells have been recently described 

as critical components of the immune response and require the transcription factor POU Class 

2 Homeobox 3 (POU2F3) for differentiation. Moreover, Taste 1 Receptor Member 3 

(TAS1R3) and the mechanistic target of rapamycin (mTORC1) have been shown to regulate 

homeostatic tuft cell differentiation and abundance (Gerbe and Jay, 2016; Howitt et al., 2016; 

Huang et al., 2018; Howitt et al., 2020; Strine and Wilen, 2022). They are not found 

exclusively in the respiratory tract (Montoro et al., 2018), rather this cell type has been 

described across various organs such as the digestive tract (Luciano et al., 1981; Höfer et al., 

1996; Luciano and Reale, 1997; Bezençon et al., 2008),  olfactory epithelium (Fletcher et al., 

2017),  urethra (Deckmann and Kummer, 2016), thymus (Bornstein et al., 2018) and auditory 
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tube (Krasteva et al., 2012). The name tuft cell is derived from the distinct microvillous tuft 

on the apical side, however other names based on other locations and appearances have been 

coined, such as brush and microvillous cells (Schneider et al., 2019). Recent scRNA studies 

determined the existence of three airway tuft cell subsets: immature tuft cell, tuft-1 and tuft-2 

cells (Figure 1.3) (Montoro et al., 2018).  Tuft cells express transient receptor potential cation 

channel subfamily M member 5 (TRPM5) and doublecortin like kinase 1 (DCLK1) and 

reportedly mediate various functions from chemosensory (tuft-1) to neuronal and 

immunological functions (tuft-2) (Bezençon et al., 2008; Von Moltke et al., 2016; Gerbe and 

Jay, 2016; Sharma et al., 2017; Schneider et al., 2019). This is consistent with the findings of 

arachidonate 5-lipoxygenase activating protein (ALOX5AP) protein and tyrosine phosphatase 

receptor type C (PTPRC) expression, which are associated with leukotriene synthesis and 

immunomodulation (Montoro et al., 2018).  

Pulmonary ionocytes in the respiratory airways have been a very recent discovery (Montoro 

et al., 2018; Plasschaert et al., 2018). They have been described to originate from basal or 

tuft-like cells and constitute less then 2 % of all airway epithelial cells (AECs) 

(Goldfarbmuren et al., 2020). These cells require Notch signalling for differentiation and 

express Forkhead Box I1 (FOXI1) and high levels of CF transmembrane conductance 

regulator (CFTR) (Figure 1.3) (Montoro et al., 2018; Plasschaert et al., 2018). The latter 

causes  CF development when it is mutated (Miah et al., 2019). 

 

1.1.1.7 Submucosal glands  

Submucosal glands (SMGs) contribute to the liquid film, the airway surface liquid (ASL) 

which coats and protects all airway surfaces and which contains a large number of secreted 

proteins, including the gel-forming proteins, MUC5B and MUC5AC, electrolytes and water. 

In order to allow for a large number of mucus-producing cells, without displacing the ciliated 

cells required for MCC, the glands are formed as tubuloacinar structures, containing a single 

collection duct, followed by branching secretory tubules lined with mucous cells, which end 

in serous acini (Figure 1.2A) (Widdicombe and Wine, 2015). The glands are lined with 

myoepithelial multipotent stem cells, which are positive for markers like smooth muscle actin 

alpha 2 (ACTA2) or tumour protein 63 (TP63), which facilitate contraction and thus expel 

the secretions of the glands (Makarenkova and Dartt, 2015). Acinar cells are either of serous 
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nature and are positive for demilune cell and parotid protein (DCPP1) (Maruyama et al., 

2016), or the mucous kind that  stain for MUC5B (Liu et al., 2002). 

 

1.1.1.8 Alveolar epithelial cells 

The two types of specialised epithelial cells that constitute the distal alveolar lung region 

carry out distinct functions. Alveolar type 1 cells (ATI cells) have a large surface area and 

facilitate gas exchange through the capillaries that they overlay. Specific molecular cellular 

markers are Podoplanin (PDPN) (Rishi et al., 1995) and advanced glycation endproduct–

specific receptor (AGER) (Treutlein et al., 2014). Alveolar type 2 cells (ATII cells) produce 

and secrete pulmonary surfactant that is critical to lower surface tension in the lung and to 

prevent alveolar collapse.  ATII cells can detected using markers such as Surfactant Protein C 

(SFTPC) (Sun et al., 2021) or dendritic cell lysosomal associated membrane glycoprotein 

(DC-LAMP) (Salaun et al., 2004) (Figure 1.2C). These cells also have stem cell capabilities 

for self-renewal within the alveolar space. 

 

1.1.1.9 Mesenchymal cells  

Besides epithelial cells, cell of mesenchymal origin are found associated with the airways 

(Fernandes et al., 2006). These are smooth muscle cells, characterised by the expression of 

myosin heavy chain 11 (MYH11) and ACTA2 (Dobnikar et al., 2018) and peribronchial 

fibroblasts, positive for the marker proteins glioma-associated oncogene homolog zinc finger 

1 (GLI1) and leucine rich repeat containing G protein-coupled receptor 6 (LGR6) (Fang et 

al., 2019).  ATII alveolar associated fibroblasts, can be identified using the marker platelet-

derived growth factor receptor-α (PDGFRA) (Shiraishi et al., 2019) and pericytes by platelet-

derived growth factor receptor-β (PDGFRB) (Muhl et al., 2020). 

 

1.1.1.10 Immune cells  

Alongside the respiratory epithelium, recruited or residing immune cells such as dendritic 

cells, lung based-neutrophils, alveolar resident macrophages, interstitial macrophages, 

basophils, eosinophils or lymphoid T and B cells mediate the respiratory immune response. 
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1.1.1.11 Differences in murine versus human airways architecture  

Mouse models and airway tissue samples have been used extensively in research studies to 

gain a better understanding of the respiratory epithelium, both in healthy and compromised 

conditions. Although these have proven to be invaluable tools for research, especially when 

human studies cannot be carried out, for example due the lack of samples, and practical or 

ethical reasons, it needs be acknowledged that murine airway architecture differs to the 

human in several areas.  For example, unsurprisingly, considering the organism size, the 

mouse tidal lung volume is much smaller and respiratory bronchioles are absent from murine 

airways (Pack et al., 1980; Mercer et al., 1994a). With respect to cell types and distribution, 

goblet cells are found much less abundantly, and cartilage and basal cells are absent from 

mouse intralobar airways (Mercer et al., 1994b; Boers et al., 1998). Furthermore, SMGs are 

present only in the upper trachea in murine airways (Tata et al., 2018). Human PNECs are 

mostly individual located and scattered across the airways and not in the clusters the are seen 

in mouse airways (Mercer et al., 1994b; Rock et al., 2010). Furthermore, due to the living 

environment of rodents and microbial exposure, the immune cell repertoire differs between 

murine and human models (Beura et al., 2016; Tao and Reese, 2017; Abolins et al., 2017). 

 

1.2 Protective functions of the respiratory epithelium  

1.2.1 Barrier function of the airway epithelium 

The peripheral and conducting segments of the airways in the human respiratory system have 

distinctly different roles in the innate immune defence and homeostasis of the host. The 

airway epithelium serves primarily as a physical barrier, preventing the internal milieu from 

being exposed to the external environment. The barrier function of the epithelium is 

facilitated by intercellular tight and adherens junctions (Pohl et al., 2009), the mucociliary 

escalator, which is  responsible for MCC, (Knowles and Boucher, 2002; Bustamante-Marin 

and Ostrowski, 2017) and secreted antimicrobial host defence products (Bals and Hiemstra, 

2004). 

Mucus and cilia are together responsible for the mucociliary function of the respiratory 

epithelium. Inhaled debris and pathogens are entrapped by the mucus, and the process of 

MCC then transports this towards the pharynx, away from the lungs, by the rhythmic beating 

of the cilia (Knowles and Boucher, 2002). Mucus hydration levels and the rate of ciliary 
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beating both determine the efficiency of mucus transport in the respiratory system (Puchelle 

et al., 1995). There are over 200 proteins found in the respiratory mucus, which are secreted 

by both the submucosal glands and goblet cells (Joo et al., 2015). Airway mucus is primarily 

composed of high molecular-weight glycoproteins such as mucins that interlink to make a 

barrier of mucus (Joo et al., 2015; Radicioni et al., 2016).  MUC5B and MUC5AC are the 

most abundant mucins found in a normal respiratory tract (Rose and Voynow, 2006). The 

former is predominantly made by submucosal glands, while the latter are found in goblet 

cells (Okuda et al., 2019). A number of inflammatory mediators such as neutrophil elastase, 

tumour necrosis factor-α (TNF-α), IL-17, IL-13, IL-1β, transforming growth factor β (TGF), 

and epidermal growth factor (EGF), and environmental factors, for example allergens, 

cigarette smoke and microbial pathogens, have been shown to cause mucus hypersecretion 

(Dohrman et al., 1998; Casalino-Matsuda et al., 2009). 

The speed and efficiency of MCC is dependent on the thin ASL layer that lines the airway 

surface. ASL is composed of two layers, a lower periciliary layer with large glycoproteins 

that are bound to its membrane (Sheehan et al., 2007), and an upper viscoelastic layer that is 

full of mucins and other proteins secreted from submucosal glands and goblet cells (Button et 

al., 2012). CF patients secrete excess mucus due to goblet cell hyperplasia and metaplasia. 

They also experience airway obstruction due to hypertrophy of the submucosal glands 

(Simonin et al., 2019). Persistent/recurrent infections of the respiratory tract can result from 

mucociliary dysfunction, as seen in COPD, ciliary dyskinesia, and CF patients (Sethi, 2000; 

Bhowmik et al., 2009). Mucin glycoproteins interact with a number of pathogens of the 

respiratory tract, such as the influenza virus and Staphylococcus aureus (Sajjan et al., 1992; 

Plotkowski et al., 1993). Further, they protect the underlying epithelium from pathogens and 

environmental toxins by erecting a physical barrier that restricts their access to target 

receptors on host cells. In addition, they can act as non-productive decoys that capture 

infectious agents. For example, mucins contain sulfate and sialic acid residues, where the 

sulfation provides extra protection of the underlying epithelium against bacteria, and the 

sialic acids represent one example of a cell surface glycan “decoy” receptor frequently 

targeted by viruses such as the influenza A virus (Derrien et al., 2010; Honigfort et al., 2021). 

Pathogens bound to the mucus of the airways are usually cleared, however disruption of 

MCC can allow these pathogens to persist in the respiratory tract, potentially resulting in an 

epithelium-damaging inflammatory response. 
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Adherens junctions and tight junctions are significant contributors to the respiratory 

epithelium’s barrier function. Adherens junctions mediate intercellular adhesion and promote 

tight junction formation, while tight junctions control ion and solute transport across the 

epithelium (Shin et al., 2006). These junctions protect the respiratory epithelium from 

environmental insults and inhaled pathogens and they also serve signalling functions, 

regulating both cell differentiation and proliferation (Koch and Nusrat, 2009). 

Bacterial or viral infections can result in temporary disruptions of the adherens and tight 

junctions (Kim et al., 2005; Sajjan et al., 2008) and repeated insults to junctional complexes 

affects the epithelial barrier function and also its’ ability to heal and differentiate. 

Inflammatory mediators from the host, such as TNF-α and interferons, are expressed 

following infection and they can prolong the disruption of tight junctions, allowing the entry 

of pollutants and allergens following the eradication of an infection (Baker et al., 2008; 

Tugizov, 2021). 

 

1.2.2 Host defence proteins 

The respiratory epithelium also functions as a biochemical barrier to pathogens as the 

epithelial cells secrete a large range of antimicrobial substances. Lysozyme, has antimicrobial 

effects against a broad spectrum of Gram-positive bacteria (Ibrahim et al., 2002). In the 

presence of lactoferrin, lysozyme is able to protect against Gram-negative bacteria (Ellison 

and Giehl, 1991). In addition, lactoferrin is able to prevents microbes from growing (Ganz, 

2002). It also exhibits antiviral properties against both DNA and RNA viruses by adhering to 

the pathogen or by causing the pathogen to adhere to a host cell (Ganz, 2003). 

Protease inhibitors such as antichymotrypsin, α1-antiprotease, elastase inhibitor, and 

secretory leukocyte protease inhibitor (SLPI) are all produced by epithelial cells. These 

molecules limit the effect of innate immune cells and pathogenic proteases. During infection, 

the homeostasis of the airway epithelium is dependent on the balance between proteinases 

and antiproteinases. Lysozyme and SLPI levels decrease in the presence of bacterial 

infections in COPD patients, whereas lactoferrin levels remain constant (Parameswaran et al., 

2011). SLPI administration to CF patients lowers elastase and IL-8 activity in lung secretions 

(McElvaney et al., 1992). 
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One of the most abundant antimicrobial peptides in the respiratory epithelium are the human 

β-defensins (hBD).  These defend against a broad spectrum of viral and bacterial pathogens 

and belong to a class of small cationic antimicrobial peptides. They act through disruption of 

the microbial membrane, which allow influx of water (Ganz, 2003; Kalenik et al., 2018). 

hBD1 is expressed constitutively, but hBD2, hBD3, and hBD4 are expressed in response to 

lipopolysaccharide (LPS) of bacteria via IL-1 and the activation of NFκB (Singh et al., 1998; 

Becker et al., 2000). hBD2 activity is attenuated in patients with CF due to raised 

concentrations of salt (Goldman et al., 1997). hBD2 levels are significantly lower in the 

sputum and pharyngeal wash of former/current smokers than in that of non-smokers; 

respiratory epithelium exposure to cigarette smoke in vitro was shown to prevent hBD2 

induction by bacteria (Herr et al., 2009). 

Another group of antimicrobials are the cathelicidins. The only human cathelicidin is LL37 

(other species contain more) and it binds to LPS and leads to its inactivation (Nagaoka et al., 

2020). LL37 overexpression in CF mouse models led to an increase in the destruction of 

Pseudomonas aeruginosa and a reduction in the ability of the bacterium to colonize the 

respiratory epithelium (Bals et al., 1998). 

The respiratory epithelium also produces oxidants, such as hydrogen peroxide and nitric 

oxide (NO). Three distinct NO synthases (NOS1, NOS2, and NOS3) contribute to NO 

production in the respiratory epithelium. NOS1 and NOS3 are constitutively expressed, while 

NOS2 is induced by pro-inflammatory cytokines and viruses. The lack of expression of 

NOS2 is responsible for the raised rates of viral replication in patients with CF, therefore it 

has been proposed that NOS2 overexpression is protective against infections from viruses  

(Zheng et al., 2004). Lactoperoxidase produces hypothiocyanite, a microbial oxidant that is 

effective at killing both Gram-negative and Gram-positive bacteria (Moskwa et al., 2007). 

 

1.2.3 Innate immunity of the respiratory system  

The airways allow the continuous flow of air to the peripheral lung and the immune system in 

the lung is required to maintain this uninterrupted gas exchange, as inhaled microorganisms 

or debris can cause pathology if they successfully invade the respiratory tract. The immune 

system needs to rapidly eliminate pathogens, to prevent inflammatory response from 

occurring. A highly ordered, progressive immune response involving a multi-tiered host 

defence system counters pathogens that enter the respiratory tract  (Johnston et al., 2021). 
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Immunity is divided into innate and adaptive. Innate immunity is the first line of defence 

against pathogens and allergens, and functions non-specifically without the need for an 

antibody (adaptive immunity) mediated (Koyama et al., 2008; Thaiss et al., 2016) response. 

The innate immune system exhibits specificity for different pathogen classes, mediated 

through leukocytes interactions and intrinsic epithelial mechanisms (Johnston et al., 2021). 

Type 1 immune responses are directed primarily at intracellular pathogens, particularly 

viruses, and are critical in controlling respiratory virus infections. This response is triggered 

through microbial nucleic acids and interferons, which are released from neighbouring 

epithelial cells. Epithelial responses lead to induction of type I and type III interferons (IFNs) 

as well as interferon-stimulated genes (ISGs), which impair viral replication (Schoggins, 

2019). Type 2 immune responses are directed primarily at multicellular parasites and fungal 

infections, which are stimulated by specific proteases and chitin, and responses include mucin 

hypersecretion through the IL-13 signalling pathway and chitinase release (Elieh Ali Komi et 

al., 2018; Weatherhead et al., 2020). Type 3 immune responses serve as a defence 

mechanism towards a wide range of extracellular microbial pathogens, such as bacteria and 

fungi, as well as viruses during their extracellular phase of infection and it triggered by LPS, 

lipoteichoic acid (LTA) or nucleic acids. The main stimuli include nucleic acids or bacterial 

wall components, such as lipopeptides and endotoxin. The defence responses to these stimuli 

are the release of antimicrobial peptides (AMPs) and a strong neutrophil recruitment (Tzou et 

al., 2000). Together, this multi-tiered system of innate immunity provides a strong defence 

barrier against infections caused by fungi, protozoa, bacteria, and viruses such as Influenza A 

(IAV).  

 

 
1.3 Influenza A virus 

IAV, a member of the orthomyxovididae family of viruses, causes approximately 650,000 

annual deaths through respiratory diseases (World Health Organization, 2018). IAV is an 

enveloped virus with a genome that is composed of single-stranded, negative-sense, 

segmented ribonucleic acid (RNA). Each virus contains eight segments, coding for 11 viral 

genes (Figure 1.4) and facilitate various functions to generate and release newly synthesised 

viral particles. Polymerase basic protein 1 (PB1), polymerase basic protein 2 (PB2) and 

polymerase acidic protein (PA) are the   three subunits that make up the viral RNA-dependent 
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RNA polymerase required for RNA synthesis and replication of IVA infected cells. The 

glycoproteins haemagglutinin (HA) facilitates binding to sialic acid containing receptors and 

subsequent viral entry; and neuraminidase (NA) is required for viral particle release and viral 

spread. Matrix 1 (M1) protein provides a scaffold function to maintain the viral shape and in 

combination with nuclear export protein (NEP), these proteins are responsible for movement 

of the viral RNA segments into the host cell. Membrane 2 (M2) protein forms a membrane 

located proton ion channel, essential for viral entry and exit. The RNA genome is bound by 

the viral nucleoprotein (NP), and the non-structural protein 1 (NS) is a virulence factor that 

inhibits host antiviral responses in infected cells (Figure 1.4) (Sriwilaijaroen and Suzuki, 

2012; Krammer et al., 2018b). 

 

Figure 1.4: Structure of the Influenza A virus. IAV is a negative sense RNA virus, 
containing eight single-stranded RNA segments (1-8). The function of these segments and 
their proteins is outlined in the text. Figure from Krammer et al., 2018, which has been made 
available via the PMC Open access Subset for unrestricted research re-use. 
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1.3.1 IAV Life Cycle  

The life cycle of IAV can be separated into a number of stages: host cell entry; viral 

ribonucleoprotein (vRNP) entry into the host cell nucleus;  replication and transcription of the 

viral genome;  vRNP export from the host cell nucleus; and lastly virus assembly and 

budding at the plasma membrane of the host cell, providing the viral particle with a lipid 

membrane (Figure 1.5) (Skehel and Wiley, 2000; Krammer et al., 2018b).  

A homotrimer of HA produces spikes on the lipid membrane of the virus, allowing it to 

adhere to sialic acid-containing molecules present on the host respiratory cell membrane, and 

subsequently triggering endosomal internalisation (Skehel and Wiley, 2000). The low 

endosomal pH induces a conformational change in the HA protein, causing the virus to fuse 

with the endosome membrane and vRNP release into the cytoplasm (Figure 1.5) 

.

 

Figure 1.5: Life cycle of Influenza A particles. Viral haemagglutinin (HA) spikes (dark 
yellow ‘head’ and ‘stalk’ shaped proteins) facilitate host cell attachment (1) through sialic 
acid-containing molecules present on the host cell membrane and subsequent internalisation 
(2). cRNP - complementary ribonucleoprotein, vRNP - viral ribonucleoprotein, M1 - matrix 
protein, M2 - membrane protein; NA – neuraminidase, NEP - nuclear export protein, NP - 
nucleoprotein; NS1 - nonstructural protein, PB1, PB2 and PA - viral RNA polymerase 
subunits. Adapted figure from Krammer et al., 2018, which has been made available via the 
PMC Open access Subset for unrestricted research re-use. 
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vRNP consists of PB1, PB2, PA RNA polymerase subunits in addition to NP. vRNP 

molecules are imported to the host cell nucleus, through the use of nuclear localization 

signals, utilising the cell’s nuclear import machinery (Azzeh et al., 2001; Crow et al., 2004). 

Only negative-sense vRNPs leave the nucleus through the chromosomal maintenance 1 

(CRM1) dependent pathway, and form viral particles prior to their exit from the host cell 

(Shapiro et al., 1987). IAV uses the host plasma membrane to form these particles that exit 

cells through budding from the apical side of polarized cells. NA, M2, and HA move towards 

the plasma membrane on the apical side, and glycolipid and glycoprotein sialic acid residues 

need to be cleaved prior the budding process to facilitate the exit, which occurs through NA 

(Palese et al., 1974).Viral particles with few/no vRNPs may be formed, but viral proteins like 

NA, M2, and HA must be present in the bilayer for the viral protein to form (Nayak et al., 

2009). 

The interaction between viral HA and the host cell receptors is important in the 

pathophysiology of respiratory diseases caused by the virus, as IAV particles target host cells 

through the α2,6- and α2,3-type receptors. Glycosylated oligosaccharides that end with a 

sialic acid residue are target entry points for IAV (Connor et al., 1994; Matrosovich et al., 

1997). α2,8, α2,6, and α2,3 linkages are formed through species-/cell-specific sialyl-

transferases, which join these residues to glycans (Li et al., 2011; Liu et al., 2022). 

 

1.3.2 The essential role of innate immunity in the defence against Influenza A 

virus mediated infections 

Airborne IAV commences its invasion of the host through the respiratory tract, and in the 

majority of cases, infections are limited to the respiratory system. IAV entering the 

respiratory tract of a host needs to firstly evade the mucus that coats the respiratory 

epithelium. If successful, it then invades the respiratory epithelial cells, after which it is able 

to spread to the immune cells of the respiratory system (Perrone et al., 2008).  

Viral RNA found in infected cells is detected as foreign by a range of pattern recognition 

receptors (PRRs). Viral infections are detected by the innate immune system by PRRs 

through pathogen-associated molecular patterns, which are found in the pathogen or are 

formed during infection (Janeway, 1989; Medzhitov, 2001). This leads to the secretion of 

multiple host defence proteins including chemokines, pro-inflammatory cytokines and type I 

IFNs such as IFNα and IFNβ (Pestka et al., 2004; Ivashkiv and Donlin, 2014). 
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At least three distinctly different types of PRRs, along with their respective ligands, are able 

to recognise the influenza virus. These are the: NOD-like receptors (i.e. LRR-, NOD-, and 

pyrin domain-containing 3 (NLRP3)), retinoic acid-inducible gene-I (RIG-I), encoded by the 

gene DDX54, and Toll-like receptors (i.e. TLR8 (single-stranded RNA), TLR7 (single-

stranded RNA), and TLR3 (double-stranded RNA)) (Pang and Iwasaki, 2012). 

 

Figure 1.6: The immune response upon viral infection. Virus attacks are countered by 
intracellular virus PRRs such as toll-like receptors (TLR) and rig-like helicases (MDA5 and 
RIG-I), which leads to release of type 1 and 3 IFNs. This in turn stimulates leukocyte 
recruitment, inhibits viral replication, and stimulates MHC class I levels, leading to increased 
CD8+ T cell activity. In addition, airway epithelial cells secrete proinflammatory cytokines, 
such as IL-1α, IL-1β, and TNF-α (Davis and Wypych, 2021), copyright permission licence 
1344732. 
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NLRP3 and RIG-I recognize viruses in the cytosol of cells that have been infected, whereas 

TLR8, TLR7 and TLR3 recognize viral RNA in sentinel cell endosomes after it has been 

taken up (Alexopoulou et al., 2001). Additionally, TLR3 potentially recognizes RNA 

structures, which have not yet been identified, from dying influenza-infected cells that have 

undergone phagocytosis (Kawai and Akira, 2008; Jiang et al., 2011). Further, the non-lethal 

doses of IAV are recognized by CD8+ and CD4+ T-cells, and CD8+ T-cells in conjunction 

with leukocyte infiltration and chemokine expression, are reduced in the absence of TLR3 

following a viral challenge, confirming a role for TLR3 in generating T-cell immunity (Heer 

et al., 2007).  

TLR3 promotes the recruitment of the adaptive and innate immune systems, both of which 

may damage the host, and induces signals that limit viral replication. TLR7 recognizes the 

single-stranded RNA genomes within the virions after they are taken up by endosomes in 

plasmacytoid dendritic cells (pDCs) (Lund et al., 2004; Diebold et al., 2004). 

RIG-I is essential for the detection of viruses and the production of type I IFN in alveolar 

macrophages, conventional dendritic cells (DCs), and infected epithelial cells (Kato et al., 

2005). RIG-I binds to short double strands with 5’ triphosphate moieties, found in the cytosol 

following viral replication (Pichlmair et al., 2006; Baum et al., 2010; Kell and Gale Jr, 2015).  

Bronchial epithelial cells in humans also express NLRP3 (Pothlichet et al., 2013), and 

NLRP3 inflammasomes have significant functions in defending against IAV (Allen et al., 

2009). NLRP3 was shown to be essential in recruiting leukocytes to the lungs following a 

challenge with a high viral dose of IAV (A/PR8 strain) (Thomas et al., 2009). Activation of 

NLRP3 inflammasomes raises the degree of tolerance in tissues challenged with high-dose 

IAVs, which occurs through tissue repair and cellular recruitment in the respiratory tract 

(Allen et al., 2009; Thomas et al., 2009). 

ISGs form a critical response to viral infections. Upon viral infection, a cascade of sensors, 

adaptors, signal transducers and transcription factors lead to IFN type I and III expression and 

secretion in the infected cell. These act on neighbouring cells by activating the JAK/STAT 

pathway, resulting in transcriptional induction of ISGs encoding antiviral effectors 

(Schoggins, 2014).  

A large number of ISGs such as IFN-inducible transmembrane (IFITM) proteins, MX 

proteins, and protein kinase RNA (PKR) perform different functions in preventing the spread 

of influenza within the host (Schoggins, 2014). IFITM proteins limit IAV replication by 



 39 

preventing virus-host membranes fusing following the attachment and endocytosis of the 

virus (Brass et al., 2009). MX proteins were some of the first ISGs to be identified with this 

function (Staeheli et al., 1986; Haller and Kochs, 2020). PKR, a threonine/serine kinase, 

adheres to viral double-stranded RNA and prevents translation, thus resulting in lower viral 

protein and total cellular synthesis rates, and therefore effectively lowering viral replication 

rates (Kumar et al., 1994).  

Cytokines such as IL-1, IL-6 and IL-18 are a part of the innate immune system, and they 

protect the host from infections by promoting the response of the adaptive immune system. 

IL-18 stimulates the production of IFNγ by CD8+ T-cells (Denton et al., 2007), whereas IL-1 

promotes DC migration to the mediastinal lymph nodes from the lungs (Pang et al., 2013). In 

contrast, IL-10 is a cytokine that impairs the defence mechanisms of viruses and is produced 

in lungs infected by viruses. Therefore, pro-inflammatory cytokines that promote the adaptive 

immune system’s reduction of the viral burden can also induce host resistance to viruses (Liu 

et al., 2016). 

In addition, host defence proteins play a significant role as pathogen-recognizers in the innate 

immune response. For example, the antimicrobial and antiviral peptide LL-37 is produced by 

neutrophils, macrophages and certain epithelial cells, and acts through inhibition of viral 

replication and reduction of virus-induced pro-inflammatory cytokine generation (Tripathi et 

al., 2013). Another example are the surfactant proteins A (SP-A) or D (SP-D), which confer a 

dual role as anti-infectious agents by mediation of clearance of IAV particles from the 

mucosa or as immune modulators (Watson et al., 2021). 

 

1.3.3 Influenza A research models 

As highlighted earlier, respiratory tract infections caused by IAV are a massive burden on 

human health and are one of the leading cases of deaths worldwide. Therefore, it is clear that 

research to fully understand viral pathogenesis and human and animal host factors involved 

in infection may lead to the development of more effective prophylactic or curative 

treatments.  

Disease models are either established in vivo involving a whole organism for example models 

of human influenza infection in humans (Lambkin-Williams et al., 2018; Sherman et al., 

2019), mice or ferrets (Radigan et al., 2015; Mansell and Tate, 2018; Greaney et al., 2020; 
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Veldhuis Kroeze et al., 2021), or the more commonly used in vitro models as outlined further 

below in more detail. However, research studies using in vivo or in vitro models are limited 

by factors such as ethical concerns, practical challenges, or incomplete representation of the 

respiratory epithelium and associated immune environment in cell-based studies and 

therefore need to be chosen and designed to specific experimental requirements. 

Additionally, when designing experimental studies of in vivo or in vitro nature, factors need 

to be considered such as donor availability, gender, age and life-style circumstances such as 

smoking, anatomic source of the material, culturing methods including supplemented factors 

and differentiation states of in-vivo cultures.  

Multiple respiratory cell culture models have been developed, which allow to study airway 

cell type – virus interactions, and a large number are based on immortalised cell lines 

(Rijsbergen et al., 2021; Barron et al., 2021). An example is the HBEC3-KT cell line, a 

normal human bronchial epithelial cells immortalized with CDK4 and hTERT, which has 

been employed to study IAV infection susceptibility (Ramirez et al., 2004). This approach 

provides a valuable tool if processes like replication mechanism or direct viral infection are 

investigated, but have their limitations in studies of infection dynamics, cellular response, and 

innate immune response due to the nature of a homogenous cell culture model lacking the 

architecture and cellularity of the respiratory tract (Rijsbergen et al., 2021). Alternatively, a 

more advanced experimental system aiming to bridge the gap between cumbersome in vivo 

and limited in vitro models are lung slices. This translational ex vivo tool allows for studies of 

infection stimuli and progression or response to drug compounds (Liu et al., 2019; Viana et 

al., 2022). 

More advanced in vitro models involve primary respiratory human airway epithelial cells 

(HAEC) in differentiated or undifferentiated states (Swain et al., 2010; Müller et al., 2013; 

Gowers et al., 2018). These cells are obtained from various anatomical respiratory tract 

locations such as nasal, tracheal or bronchial origin (Forrest et al., 2005) and can be obtained 

from resections, biopsies and brushings. Human cell samples are commercially available 

from multiple suppliers or can be obtained from patients (Müller et al., 2013). HAECs can be 

cultured immediately as undifferentiated cultures, however they can only be passaged a few 

cycles (Lopez-Souza et al., 2003; Gowers et al., 2018). For functional proximal airway or 

alveolar models, primary cells are cultured at an air-liquid interface (ALI). These cultures are 

increasingly thought to represent a suitable analogue for the respiratory barrier tissues as they 

mimic mucus formation, mucociliary flow, and a range of physiologically relevant responses 
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(Huh et al., 2010; Villenave et al., 2013; Gard et al., 2021). ALI cultures are usually 

established by seeding cells on top of a permeable transwell insert, with a pore size of 0.4 

µm, which has a basolateral lower chamber and an apical chamber where the cells are located 

(Müller et al., 2013). The cells grown submerged in expansion media remain undifferentiated 

and are not polarised, lack ciliated or goblet cells and therefore lack important characteristics 

of an airway model. In order to stimulate differentiation of HAECs, media is removed from 

the apical side, exposing cells to the air, while replenishing the basolateral side with 

differentiation medium containing specific growth factors. Over a period of 2-4 weeks, a 

polarised, a pseudostratified epithelium is formed containing a population of basal, goblet and 

ciliated cells (Pezzulo et al., 2011; Dvorak et al., 2011; Villenave et al., 2013).  

Besides human AECs, a well-established murine model are primary mouse tracheal epithelial 

cells (mTEC) (Eenjes et al., 2018). These can be extracted from specific engineered 

transgenic mouse models and thus provide a valuable tool for functional studies. In addition 

to human or mouse derived cell lines, ALI cell cultures can also be generated from other 

species (Wu et al., 2016b; Li et al., 2016; Rijsbergen et al., 2022) and primary ALI cultures 

could be co-cultured with inflammatory cells to mimic a closer host-pathogen scenario 

(Yonker et al., 2017). However, this model still has limitations as a continuous airflow, blood 

flow or the complete immune cell environment is still absent (Dvorak et al., 2011; Aydin et 

al., 2021).  

If the restricted life span of primary cells is an experimental limitation, stem cell derived 

cultures might be the better choice. They can be obtained from adult lungs by means of 

endobronchial biopsies or airway brushings, which are expanded in culture, embryonic tissue, 

or as induced pluripotent stem cells (Vazin and Freed, 2010; Butler et al., 2016; Chen et al., 

2017). Direct co-culture of biopsy samples with 3T3-J2 feeder cells in presence of the Rho-

associated protein kinase inhibitor, Y-27632, results in expansion of a greater number of 

basal epithelial stem cells (Butler et al., 2016). Methods have also been developed to expand 

the number of basal cells without the use of feeder cells (Mou et al., 2016; Butler et al., 

2016).  

Whereas the adult lung source carries the least ethical restraints. Stem cell models can be 

used to generate 3D cultures such as organoid structures which have the potential to self-

organise and renew (Chen et al., 2017; Gowers et al., 2018; Lehmann et al., 2019; Porotto et 

al., 2019). This model system is still less well explored but shows great potential to mimic 
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the human respiratory tract and can be maintained for a long period of time (Luo et al., 2021; 

Wang et al., 2022).  

 

1.4 Bactericidal/ Permeability-Increasing Protein (BPI) protein family 

As outlined previously, the innate immune system serves as the first line of defence against 

invading pathogens and induces immediate activation of effectors due to detection of 

conserved molecular patterns such as LPS present in gram-negative bacteria, or gram-positive 

bacteria cell wall component LTA. These act as potent inducers of the inflammatory response 

and are well conserved across a wide range of species. Detection of bacterial pathogens 

trigger pro-inflammatory responses such as TNF-a (Schultz and Weiss, 2007).  

Bactericidal/permeability-increasing protein (BPI) and lipopolysaccharide binding protein 

(LBP), function as innate immune system LPS sensors and have evolved from a common 

ancestor through gene duplication (Gray et al., 1993; Beamer et al., 1997; Elsbach and 

Weiss, 1998).  Cholesteryl ester transfer protein (CETP), and phospholipid transfer protein 

(PLTP) are lipid transfer proteins are that are related to these proteins and share conserved 

functional domains (Schumann et al., 1994; Bruce et al., 1998). CETP and PLTP are secreted 

by the liver and are involved in fatty acid transport and have limited function in bacterial 

pathogenesis (Tall, 1993; Yamashita et al., 2001; Beamer, 2003). However, they all share 

structural features of four conserved proline and two cysteine residues, as well a C-terminal 

octapeptide, suggesting that these residues are important in secondary structure formation and 

activity (Hubacek et al., 1997). In addition, the genes show a similarity of between 45 and 

65% (Schumann et al., 1994), and almost identical exons/intron junctions, resulting in almost 

identical exon sizes (Hubacek et al., 1997). Except for CETP on chromosome 16, all genes 

are located on chromosome 20, more specifically 20q11.23 (Gray et al., 1993; Hubacek et al., 

1997).  

 

1.4.1 LBP and BPI protein structure and function 

Human LBP shares 45% similarity with BPI, and is constitutively secreted from hepatocytes, 

lung and intestinal epithelial cells (Vreugdenhil et al., 1999; Dentener et al., 2000).  LBP 

expression is stimulated during acute phase of infections through interleukins (IL-1, IL-6) 



 43 

and steroids (Dexamethasone) (Schumann et al., 1990; Grube et al., 1994; Kirschning et al., 

1997).  

LBP mediates acute phase immunologic responses upon gram-negative bacterial infections 

by binding and presenting LPS to cell surface pattern recognition receptors such as CD14 and 

TLR4. LBP is required for a rapid acute phase response, however it does not facilitate LPS 

clearance from the circulation (Muta and Takeshige, 2001; Ciesielska et al., 2021). However  

LBP has been reported to mediate an immune response towards gram-positive pneumococci 

through binding of pneumococcal cell wall multimers, exhibiting a novel lipid-independent 

binding capability (Weber et al., 2003). 

Immediately upstream of LBP is the BPI gene. Both, BPI and LBP, are key mediators of the 

immune response to LPS, but one main difference is that BPI renders LPS non-inflammatory, 

whilst the LBP detects and relays the presence of low amounts of LPS to the host. Thus, these 

two proteins can be seen as being anti-inflammatory and pro-inflammatory respectively 

(Krasity et al., 2011). 

BPI encodes for a 55 kDa protein, which contains a 31aa N-terminal signal peptide and two 

conserved cysteine residues, required for disulphide bridge formation located in the LPS/lipid 

N-terminal domain, and overall displays a pseudo-symmetrical structure (Figure 1.7). The N-

terminal domain is essential for its biological activity and anti-angiogenic effects, which has 

been demonstrated to inhibit angiogenesis through specific induction of apoptosis in 

endothelial cells. Whereas the C-terminus is responsible for opsonophagocytosis and disposal 

of LPS/BPI complexes (WJ van der Schaft et al., 2002; Yamagata et al., 2006). Notably, the 

cytotoxic activity of BPI towards a multitude of Gram-negative bacteria species may be 

explained by a strong affinity of the very basic N-terminal half for the negatively charged 

lipopolysaccharides of the outer bacterial envelope  (Gazzano-Santoro et al., 1992). 
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Figure 1.7:  Structure and antibacterial functions of the BPI protein. BPI ribbon diagram 
of the structure which is bound to host phospholipids (indicated by asterisks). Alpha helices 
are indicated as cylinders, and beta-sheets as flat arrows. Flexible regions are depicted as 
lines. The N-terminus (light colour, aa 1-220) functions in endotoxin neutralisation, whereas 
the C-terminus (dark colour, aa 250-456) main task is to carry out antibacterial functions. 
Both domains are joined by a 21 aa centrally located proline-rich linker region (Schultz and 
Weiss, 2007). Copyright permission licence number 5510841311359.  

 
 

1.4.2 The PLUNC / BPIF protein family 

The PLUNC (Palate, Lung, and Nasal Epithelium Clone) protein family has been described 

in the past twenty five years, with members of the family predominantly being found in the 

respiratory, nasopharyngeal, and oral epitheliums (Bingle et al., 2004). The first family 

member was identified in a study investigating murine palate closure in the developing 

mouse (Weston et al., 1999). The human PLUNC orthologue was cloned and characterised 

(Bingle and Bingle, 2000; Bingle et al., 2011a) and this led to the identification of seven 

other PLUNC genes, located in the same region on chromosome 20 (Bingle and Craven, 

2002). These genes encode presumptive secreted proteins all containing an N-terminal signal 

sequences. These proteins were predicted to be structurally similar to BPI and LBP, 

suggesting analogous functions in host defence (Bingle and Craven, 2002; Krasity et al., 

2011). Based on the genomic structure and peptide length, the PLUNC genes were divided in 

two categories: “short” PLUNC (SPLUNC) and “long” PLUNC (LPLUNC) (Bingle and 

Craven, 2002).  

Despite showing a low homology with each other, they maintain a highly conserved exon / 

intron structure and protein length. SPLUNC genes contain between 8-9 exons and yield 

about 250 aa proteins, whereas LPLUNC genes are made up of 15-16 exons and lead to 480 
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aa proteins (Bingle et al., 2011a; Bingle et al., 2011c). The shorter SPLUNC proteins are 

homologous to and only contain the N-terminal BPI domain, whilst the long LPLUNC 

proteins are homologous to both N- and C-terminal BPI domains and contain both.  

PLUNC proteins have been reported to be rapidly evolving and are highly divergent, with 

members of this family predominantly found placental animals (Bingle et al., 2004). Some 

PLUNC gene were identified independently generating multiple names for the same genes 

such as parotid secretory protein (PSP) (Bingle et al., 2011b), bactericidal/permeability-

increasing protein-like 1, 2 and 3 (BPIL1-3) (Mulero et al., 2002), lung-specific X protein 

(LUNX) (Wheeler et al., 2002).  

As the PLUNC gene family enlarged, a systematic nomenclature was developed, which 

reflected the origin and ancestry of the proteins (Bingle et al., 2011b). This scheme uses the 

root symbol BPIF for ‘BPI (bacterial/permeability-increasing protein) fold-containing’ 

instead of PLUNC. Family members with a single BPI-domain, became BPIFAs and those 

that have two BPI-domains became BPIFBs (Bingle et al., 2011c) In this scheme SPLUNC1 

became BPIFA1 and LPLUNC1 became BPIFB1. These two proteins are secreted by the 

respiratory epithelium at high levels, whereas the other BPIF proteins are not found to be as 

significantly expressed within the respiratory system (Barnes et al., 2008; Bingle et al., 

2010).  

The BPIF protein family has  undergone rapid molecular change, reflecting their putative 

roles in host defence (Bingle et al., 2004). The fact that the genes are clustered close together 

on a chromosome provides evidence of gene duplication; however, the relatively low 

homology between the paralogues suggests that the genes have mutated individually (Bingle 

et al., 2004). 

The BPIF protein family is present in all mammals (Bingle et al., 2011b),.  The human BPIF 

gene family is located on chromosome 20q11, and encodes eight functional proteins, whereas 

it is found on chromosome 2 in mice, with 13 functional members (Figure 1.8). In rat, the 

gene locus is found on chromosome 3, while in cattle 14 members have been identified, 

located on chromosome 13 (Bingle and Bingle, 2000; LeClair et al., 2001; Bingle and 

Craven, 2002; Bingle et al., 2004; Musa et al., 2012) 

 



 46 

 
Figure 1.8: Organisation of the BPIF gene locus. Schematic representation of the human 
and mouse PLUNC loci. The upper panel represents the human locus on chromosome 20, and 
the lower panel depicts the mouse locus on chromosome 2, and respective positions of the 
locus are indicated by black arrowheads displaying nucleotide numbers. Lines between the 
two loci indicate orthologous relationships. BPIFA (SPLUNC) genes are illustrated in grey, 
while BPIFB (LPLUNC) genes are highlighted in with boxes. Pseudogenes (P or ps) are 
indicated by shaded boxes. Both loci are flanked by the unrelated genes SPA4L and 
CDK5RAP1 (Bingle et al., 2011a) copyright permission licence 6587841311359. 

 

1.4.3 BPI fold containing family B member 1 (BPIFB1) 

BPIFB1 was originally identified by expressed sequence tag (EST) and bioinfomatic analysis, 

and the complementary DNA (cDNA) was cloned from tracheal tissue (Bingle and Craven, 

2002; Barnes et al., 2008). Additionally, BPIFB1 was also found as a highly expressed 

transcript in EST studies of nasopharyngeal epithelial genes (Zhang et al., 2003), in the 

respiratory epithelium of  CF patients (Scheetz et al., 2004) and in the embryonic mouse node 

(Hou et al., 2004). 

BPIFB1 is found most abundantly in the trachea, in the submucosal glands of the larger 

airways, including some smaller airways, as well as the epithelium of the large airways and 

trachea, but it is essentially absent in epithelial cells of the peripheral lung and alveoli (Bingle 

et al., 2010). Notably, BPIFB1 has been further found to be weakly expressed in salivary 

glands, the duodenum, and the stomach (Musa et al., 2012; Alves et al., 2017).  

Interestingly, in the lung, BPIFB1 and the other main pulmonary family member BPIFA1, are 

found in different cell types. BPIFB1 is found in goblet cells of the respiratory system, 

whereas BPIFA1 is found in serous cells (Bingle et al., 2010). Furthermore, BPIFB1 is also 

found in minor glands of the oral and nasal cavities and biological fluids like nasal secretions, 
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bronchoalveolar lavage (BAL), and sputum (Bingle et al., 2010)  (Casado et al., 2005; Wu et 

al., 2005; Nicholas et al., 2006).  

BPIFB1 is the most studied two-BPI domain containing member of the BPIF-family. Its 

distribution in the respiratory tract, in combination with the observation that BPIFB genes are 

highly expressed in the nasal regions, as well as its structural relation to other innate immune 

proteins, supports the hypothesis that the protein functions in the immune system, where it 

may regulate the removal of debris and potential pathogens from the respiratory tract. 

 

1.4.3.1 Expression and biological functions of BPIFB1  

Functional analysis of BPIFB1 to date is still very limited. The majority of studies have 

focused on its tissue distribution, expression levels and potential implications in lung disease, 

immune defence (Bingle et al., 2012; Shum et al., 2013; Gao et al., 2015; Saferali et al., 

2015; De Smet et al., 2018), or malignant conditions (González-Arriagada et al., 2012; Wei 

et al., 2018a; Wang et al., 2019b). 

It has been suggested that BPIFB1 levels are likely to reflect respiratory epithelial 

homeostasis. Although BPIFB1 levels have been observed to be altered in certain illnesses, 

the spatial expression of the protein is preserved in severe lung disease (Bingle et al., 2012; 

Gao et al., 2015; De Smet et al., 2018). BPIFB1 levels are found elevated in patients with 

severe COPD. In these patients, epithelial cells develop into goblet cells as a result of 

increased irritation of the airways. Notably, BPIFB1 positively correlates with goblet cell 

hyperplasia, which has been found to be inversely proportional to airflow limitation, and 

BPIFB1 was shown to be localised to MUC5B-rich regions, suggesting that it is linked to 

goblet cells  (Gao et al., 2015). Moreover, COPD patients demonstrated higher amounts of 

glycosylated and secreted BPIFB1 compared to non-smokers as well non-COPD smokers. 

BPIFB1 levels in COPD patients who smoked were shown to correlate positively with lung 

function changes during a four-year follow-up (Gao et al., 2015). These findings are 

consistent with studies establishing increased BPIFB1 levels in COPD patients and positive 

correlation with disease severity (Bingle et al., 2012; Bingle et al., 2013; De Smet et al., 

2018). Thus, BPIFB1 levels are likely to reflect respiratory epithelial homeostasis; they may 

be upregulated in COPD due to chronic infections, smoking, and increased immune responses 

(Ghafouri et al., 2002; Titz et al., 2015; Ghosh et al., 2016). BPIFB1 staining was still 

limited to the epithelium in respiratory tract, suggesting that the exact spatial expression of 
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the protein is preserved in severe lung disease (De Smet et al., 2018). This is in agreement 

with the initial studies carried out by Bingle et al. (2012) and Bingle et al. (2013).  

Another lung disorder exhibiting markedly increased levels of BPIFB1 is CF, and it has been 

suggested that the observed increased production of BPIFB1 may be a response to the 

epithelial remodelling associated with this condition (Bingle et al., 2012).  

BPIFB1 may influence respiratory homeostasis though an association with mucin regulation 

within the lung. It has been reported to co-localise to MUC5B-rich regions and goblet cells 

(Gao et al., 2015). However, BPIFB1 only demonstrates limited overlapping localisation with 

the other major gel-forming mucin MUC5AC (Bingle et al., 2013). In line with this finding is 

the observation that Bpifb1 knockout mice display an increased MUC5B expression by 

approximately three-fold, suggesting that the protein is associated with MUC5AC and 

MUC5B function (Donoghue et al., 2017; Rogers et al., 2022). 

Another angle of BPIFB1 function might be mediated by a role as an auto-antigen. It has 

been reported that there is a significant link between BPIFB1 and the autoimmune disease 

polyglandular syndrome type 1 (APS1), an immune-cell dysfunction displaying severe 

endocrine gland and gastrointestinal dysfunctions (Guo et al., 2018). Screening of a large 

cohort of APS1 samples showed the presence of autoantibodies to BPIFB1 in 9.6% of all 

tested cases, which represented 100% of ASP1 samples with clinical interstitial lung disease 

(ILD). Investigation of ILD specific samples showed a 12 or 14.6% (idiopathic vs connective 

tissue disease-associated, respectively) BPIFB1 autoantibody presence (Shum et al., 2013). 

However, it could be also argued that inflammation and recruitment of antigen presenting 

cells may cause the appearance of antibodies to lung proteins. It is also unclear if such 

antiantibodies themselves are causativ. 

Another potential protective function of BPIFB1 has been suggested from a murine model 

studying bacterial or inflammation-induced acute lung injury. In conjunction with light-

elicited circadian rhythm protein Period2 (PER2), it was shown that alveolar barrier function 

was improved during Pseudomonas aeruginosa-induced acute lung injury. Moreover, during a 

genome wide mRNA screen under these conditions, it was found that BPIFB1 forms a novel 

downstream target of intense light-elicited alveolar type 2 (ATII)-PER2 mediated lung 

protection (Oyama et al., 2022). 

Of note, the BPIFB1 knock out model has been used in a few studies, but overall KO mice 

have no significant phenotypes related to immune defence or respiratory function aside the 
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mentioned dysregulated mucin MUC5B protein levels by 3-fold detected in lung lavage fluid 

(https://www.mousephenotype.org/data/genes/MGI:2137431) (Hou et al., 2004; Donoghue et 

al., 2017; Rogers et al., 2022). In addition, a derived knockout cell line was used in the host 

lab and did not display a gross phenotype. 

Additionally, BPIFB1 has also been found to be differentially expressed during infection with 

Vibrio cholerae in the gut, where it decreased proinflammatory innate immune responses to 

V. cholerae and Escherichia coli LPS (Shin et al., 2011). This effect of BPIFB1 was dose-

dependent and arose in a TLR4-dependent manner. Immunostaining demonstrated expression 

of BPIFB in Paneth cells in cholera patients and as well as controls (Shin et al., 2011).  

 

1.4.3.2 BPIFB1 in cancer 

Inflammation has been associated with certain cancers in patients (Moore et al., 2010; 

Bremnes et al., 2011; Ullman and Itzkowitz, 2011) due to chronic infections, and recent 

studies have found abnormal BPIFB1 levels in a range of cancers, suggesting a potential role 

of BPIFB1 in tumour development or progression (González-Arriagada et al., 2012; Luo et 

al., 2018; Wei et al., 2018b; Zhou et al., 2019; Li et al., 2020). 

BPIFB1 differential expression has been described in nasopharyngeal carcinomas (NPC), 

where it is markedly downregulated (Zhang et al., 2003). From a functional point of view, 

BPIFB1 inhibits STAT3 activation and suppresses the NPC cell proliferation that is induced 

by IL-6 (Liao et al., 2014). Additionally, this protein is able to prevent NPC cells from 

metastasising and invading other tissues (Wei et al., 2018b). Furthermore, an additional study 

in this context reported that co-expression of BPIFB1 inhibits vitronectin (VTN)-mediated 

radioresistance (Wei et al., 2018a). How BPIFB1 can affect NPC tumour growth has been 

explored more recently. For example, a recent finding showed that BPIFB1 negatively 

regulates expression of the glucose transporter 1 (GLUT1), which mediates tumour 

neovascularization (Jiang et al., 2022). This is in agreement with the previous observation 

that BPIFB1 expression is found strongly downregulated NPC tumour tissues (Zhou et al., 

2008). Furthermore, it was found that overexpression of BPIFB1 induced apoptosis and DNA 

damage in a NPC derived cell line, whereas silencing of BPIFB1 showed the reverse effect. It 

was shown that BPIFB1 overexpression generates a G0/G1 cell cycle arrest through 

regulation of the MEK/ERK signalling pathway, in addition to an augmented anti-
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proliferative effect of chemotherapy drugs (Xu et al., 2019). Therefore, BPIFB1 has been 

suggested to be a potential treatment target for NPC (Xu et al., 2019).  

 

BPIF protein expression patterns have been suggested to have the potential to be used as an 

auxiliary tool for the diagnosis of high-grade mucoepidermoid carcinoma of the salivary 

gland (González-Arriagada et al., 2012). This particular cancerous tissue showed a positive 

staining for BPIFA1 and BPIFB1 in respective 90% or 93% of cases, mainly in mucous cells, 

mucin plugs, and intermediate cells across all investigated grades (González-Arriagada et al., 

2012). To date there have been no functional studies of BPIF proteins in salivary gland 

cancers. 

 

1.4.3.3 BPIFB1 protein structure  

As previously mentioned, BPIFB1 contains two BPI domains and shares structural features of 

the BPI protein family (Bingle et al., 2011b). The structure of BPIFB1 has not been solved. 

However, using human BPIFB1 sequence with the Protein Homology/analogY Recognition 

Engine V 2.0 (Phyre2) online tool (Kelley et al., 2015). (http://www.sbg.bio.ic.ac.uk), it is 

possible to generate a predicted structure, which highlights the two distinct BPI domain 

containing folds, illustrated as N- and C-terminus (Figure 1.9). The Phyre engine uses a 

library of known protein structures taken from the Structural Classification of Proteins 

(SCOP) and the Protein Data Bank (PDB) database. It scans a user submitted query against a 

non-redundant sequence database and constructs a profile which is deposited in the ‘fold 

library’ and allows for prediction of its secondary structure. This profile and constructed 

secondary structure are then scanned against the ‘fold library’, which returns an alignment 

score. The top 10 scoring alignments are then used to construct full three-dimensional models 

of the query (Murzin et al., 1995; Berman et al., 2000). 

The secondary structure elements are highlighted in red and purples for alpha helices and 

beta-sheets respectively. The conserved disulphide bond is illustrated in green and is located 

in the N-terminal part of the protein (Figure 1.9). Both domains form hydrophobic pockets 

contained by two alpha helices, which would allow for lipid binding similar to what has been 

reported for BPI (Beamer et al., 1997). 

The universal protein resource (UniProt) database allows for visualisation of the amino acid 

(aa) position of the main protein features and permits comparison between human and other 
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species orthologues such as mouse (Figure 1.10). The human BPIFB1 protein is a 484 aa long 

protein with an N-terminal signal peptide, which directs the protein for secretion, a disulphide 

bridge between amino acid 158 and 201, and three predicted N-glycosylation sites at aa48, 

aa264 and aa401 (Figure 1.10A). 

 

Figure 1.9: Predicted BPIFB1 protein structure. Human BPIFB1 was modelled using the 
Protein Homology/analogY Recognition Engine V 2.0 (Phyre2) online tool (Kelley et al., 
2015) (http://www.sbg.bio.ic.ac.uk). The model illustrates the N- and C-terminal BPI 
domains containing regions, a linker region, as well alpha helices in red and a beta-sheets in 
purple. The conserved disulphide bound is shown in green.  

These features and positions are largely conserved in the murine orthologue, with the 

exception that there are four presumptive N-glycosylation sites, compared to three in 

hBPIFB1 with only two of these being conserved (aa264 and aa401 in hBPIFB1, and aa263 

and aa400 for Bpifb1) (Figure 1.10B). 
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Figure 1.10: Comparison of BPIFB1 structural features between human and mouse. 
Human BPIFB1 (Q8TDL5) (A) and murine Bpifb1 (Q61114) (B) features have been 
visualised using the universal protein resource (UniProt) database, highlighting the amino 
acid positions for protein features such as the N-terminal signal peptide, disulphide bond 
formation and N-glycosylation positions (https://www.uniprot.org/).  

 

There is biological evidence for the existence of a range of glycosylated forms of BPIFB1 

from BAL, sputum, saliva, nasal secretions and differentiated tracheobronchial epithelial 

(TBE) cells cultured at the air-liquid interface (ALI) (Casado et al., 2005; Wu et al., 2005; 

Nicholas et al., 2006; Bingle et al., 2010; Bingle et al., 2012; Musa et al., 2012). Enzymatic 

assays assessing BPIFB1 protein migration patterns before and after cleavage of N-glycans 

demonstrated altered molecular weights, thus suggesting that N-glycosylation modifications 

were present (Figure 1.11). However, no conclusion could be drawn concerning which sites 

have been post-translationally modified. Also, no studies have investigated if BPIFB1 N-

glycosylation is required for biological function  (Bingle et al., 2010).  

ALI HBECs secrete more BPIFB1 as they undergo differentiation; in healthy subjects, 

proteolytically cleaved products have not been found in the airway-lining fluid or TBE 

secretions (Bingle et al., 2010). BPIFB1 was identified as a major secretory product of TBE 

cells in acute lung injury models; its secretion was shown to decrease with IL-4 treatment 

(Candiano et al., 2007). These findings support the view that BPIFB1 functions within the 

milieu that protects the host’s local mucosal surfaces (Bingle et al., 2010). 
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Figure 1.11: Human BPIFB1 protein is N-glycosylated. Protein samples from human 
bronchoalveolar lavage (BAL), and apical washes from primary airway cells at the air-liquid 
interface (ALI) culture, were digested with PNGase (+) to enzymatically remove N-linked 
glycosylation sites. Samples were run on a western blot and probed with an antibody against 
hBPIFB1. Following treatment with PNGase a smaller sized product can be seen due to the 
loss of N-glycosylation, resulting in an altered molecular weight and associated migration 
pattern (Bingle et al., 2010). This article is distributed under a Creative Commons license. 

 
The best characterised BPIF protein to date is BPIFA1, but recently more effort is made to 

extend research studies to BPIFB1, which is also constitutively expressed across most of the 

respiratory epithelium. However, it is still not entirely clear if BPIFA1 and BPIFB1 carry out 

redundant, compensatory roles and are expressed in a more mutually exclusive manner, 

especially in an abnormal lung health conditions (Musa et al., 2012; Bingle et al., 2012; De 

Smet et al., 2018; Vieira Braga et al., 2019; Saferali et al., 2020).  

 

 

1.5 Aims and objectives  

A number of recent studies have found that BPIFB1 is a significant contributor to host 

immunity within the respiratory system. However, no specific role for BPIFB1 has been 

identified. Our central hypothesis is that BPIFB1 may be involved in the homeostasis of the 

immune system within the airways.   

There is limited functional data supporting specific biological roles for BPIFB1. As 

highlighted above, there is more data on the function of BPIFA1. Our lab has shown that 

BPIFA1 may function as regulator of IAV infection (Britto and Cohn, 2015; Akram et al., 

2018). Furthermore, our lab has also reported that BPIFB1 and BPIFA1 levels are modulated 

in the lungs of mice challenged with MHV-68 a d-herpes virus (Leeming et al., 2015). To 
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begin to address the potential antiviral function of BPIFB1 in preliminary studies the lab 

challenged Bpifb1-/- mice with both viruses. Data from these experiments suggested that 

Bpifb1-/- mice have higher viral loads when challenged with either IAV or MHV68 d-herpes 

virus (Leeming et al., 2015). Due to the structural similarity between these two proteins and 

their sites of expression in the respiratory tract, this project was designed to determine 

whether BPIFB1 influences the rate of infection and disease progression, following infection 

with IAV. Specifically, this thesis was designed to test the hypothesis that BPIFB1 functions 

as a modulator of respiratory tract homeostasis and provides a protective function against 

infection with IAV.   

 
To achieve this aim, the objectives of the study are: 

(i) Extend the knowledge of BPIFB1 and its potential function using available online 

bioinformatic tools with regards to gene homology and evolution, protein 

structure and published single-cell RNA sequence (scRNA-Seq) data in health and 

disease conditions 

(ii) To use cell and microarray data-based validation of the ALI culturing model of 

mTECs as potential experimental system for IAV infection studies 

(iii) Generation of murine BPIFB1 constructs in the VR1255 mammalian expression 

vector and validation of expression of recombinant BPIFB1 

(iv) Generation and functional validation of a BPIFB1 knock out cell line using a 

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) approach 

to establish a biological assay for IAV infection  

(v) Assessment of a protective role of BPIFB1 during IAV infection  
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2 Chapter  
 

 

Chapter 2 

Materials and Methods 
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2.1 Materials 

2.1.1 Chemical compounds and reagents 

If not specified otherwise, compounds or reagents were purchased from Sigma-Aldrich. 

 

2.1.2 Bacterial media and agar selection plates 

Luria Bertani (LB) was prepared using a ready to dissolve mix containing 10 g/L Bacto-

Tryptone (Becton, Dickinson and Company), 5 g/L Bacto-yeast extract (Becton, Dickinson 

and Company), 10 g/L NaCl and 1 g/L glucose. LB selection media was prepared with either 

100 µg/mL Ampicillin or 50 µg/mL Kanamycin (Gibco). LB agar selection plates were 

prepared by using LB media and supplementing it with 15 g/L of agar. After autoclaving, LB 

agar was prepared supplemented with appropriate antibiotics prior pouring, as stated above. 

 

2.1.3 Antibodies 

Primary antibody dilutions were prepared as outlined in Table 2.1 in 5% milk/TBST 

supplemented 0.02% (w/v) with sodium azide. Secondary antibody dilutions were prepared 

as primary antibodies as outlined in Table 2.1, without NaN3 supplementation. 

 

Table 2.1: Primary and secondary antibody list including dilution factors and species. 

 
 

antibody clonal host dilution supplier 
Primary
Bpifb1 polyclonal rabbit 1:200 in house 
Bpifa1 polyclonal rabbit 1:200 in house 

Anti-Flag M2 monoclonal mouse 1:1000 Sigma-Aldrich
BPIFB1 polyclonal rabbit 1:200 in house 

OLMF4 (D1E4M) polyclonal rabbit 1:1000 CellSignalling

Secondary
anti-mouse HRP polyclonal goat 1:2000 Dako
anti-rabbit HRP polyclonal goat 1:2000 Dako
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2.1.4 Plasmids 

The vectors used in this study were the cloning vector pCRII-TOPO (Invitrogen, Appendix 

I), the expression vector pVR1255 (kindly provided by Professor James Stewart from the 

Institute of Infection and Global Health, University of Liverpool, Appendix II), pBSK(+) 

Simple mBPIFB1 (Biomatik, Appendix III) containing the four N-glycosylation mutations, 

abrogating N-glycosylation (Appendix IV, pBluescript SK (Biomatik) for generation of 

BPIFB1 N- or C-terminal truncations Appendix V and VI respectively), the CRISPR 

targeting plasmid pSpCas9(BB)-2A-GFP (PX458) (Addgene, Plasmid #48138) (Appendix 

VII) was a gift from Feng Zhang (Addgene plasmid # 48138 ; http://n2t.net/addgene:48138 ; 

RRID:Addgene_48138) (Ran et al., 2013c) and the eGFP expression plasmid pEGFP-N1 

(Clontech) (Appendix VIII). 

 
 

2.1.5 Primers  

Gene expression analysis of selected genes was carried out by amplifying equal amounts of 

cDNA by endpoint polymerase chain reaction (PCR) and Oaz1 served as an internal positive 

control. Primers were generated by Sigma, received lyophilized and were resuspended using 

sterile water, at a final stock primer concentration of 1 µg/µl, before further dilution to 0.1 

µg/µl, which served as PCR working stock concentrations (Table 2.4). All primer pairs used 

for RT-PCR crossed intron/exon boundaries.  

 

2.1.6 Buffers  

2X SDS sample buffer: 100 mM Tris-Cl (pH 6.8), 2% (w/v) sodium dodecyl sulfate (SDS), 

0.2% (w/v) bromophenol blue, 20% glycerol, 100 mM dithiothreitol (DTT), protease 

inhibitor tablet (Roche). 

DNA loading buffer (10x): 0.00125 g/mL Bromophenol Blue, 40% sucrose, 60 % glycerol, 

0.1M EDTA. 

Phosphate buffered saline (PBS) buffer: pH 7.4; 137 mM NaCl, 2.7 mM KCl, 10.1 mM 

Na2HPO4, 1.76 mM KH2PO4.  
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PI/Triton X-100 staining solution: to 10 ml of 0. 1 % (v/v) Triton X-100 in PBS add 2 mg 

DNAse-free RNAse A and 0.4 ml of 500 µg/ml PI (Roche, 11348639001). 

Running buffer: 25 mM Tris, 192 mM Glycine, 1% SDS 

Tris-buffered saline (TBS): 10 mM Tris, 150 mM NaCl 

Tween supplemented TBS (TBST): 0.1% Tween in TBS. 

Transfer buffer: 10 % (w/v) Methanol, 25 mM Tris, 192 mM Glycine, 1% SDS 

 

2.1.7 Influenza A viruses  

The mouse-adapted A/PR/8/34 (PR8, H1N1) Influenza virus strain, which contains NS 

segments of PR8 fused with an eGFP fluorescent reporter gene was generated in Madin-

Darby Canine Kidney Cells (MDCK) cells. The virus was produced by Yoshi Kawaoka  

(Fukuyama et al., 2015). Purified viral aliquots were provided by Professor James Stewart 

from the Institute of Infection and Global Health, University of Liverpool. 

 

2.2 DNA Techniques  

2.2.1 Cloning strategy for murine BPIFB1 

Amplification of full-length murine BPIFB1 was performed using cDNA prepared from RNA 

extracted from mTEC ALI cell cultures, isolated from the CD-68 BL6 mouse strain. PCR 

amplification reactions were performed using the primer pair mB1F1NotI/mB1RSTOP (Table 

2.2), which introduced the following sequences into the PCR product: Forward primer: Not1 

site; Kozak sequence; ATG start codon; Reverse primer: BamH1 site; STOP codon and a 

FLAG tag sequence. PCR amplification was performed in a final volume of 20 µl as outlined 

below (Appendix IX). 



 59 

Table 2.2: Primer sequences used to clone the murine BPIFB1 gene. Red nucleotides represent the 
NotI restriction enzyme sequence; grey indicates the Kozak sequence; green marks the ATG start 
codon; Blue represents the BamHI restriction sequence; orange represents the STOP codon and 
purple marks the FLAG-tag sequence. 

 
 
 

2.2.2 Polymerase chain reaction (PCR) 

PCR amplification reactions were performed in a final volume of 20 µl, by combining the 

following reagents:  1 µl cDNA, 1 µl forward primer, 1 µl reverse primer, 7 µl nuclease-free 

water and 10 µl of Maxima Hot Start Green PCR Master mix (2X) (Thermo Scientific). The 

negative control contained the regular reaction mix but only 1 µl of Nuclease-free water 

instead of cDNA template. PCR reactions were carried out in a thermocycler (DNA Engine), 

using the following cycle conditions. An initial denaturation step of 95°C for 4 min, followed 

by 35 cycles of 95°C denaturation for 1 min; 60°C annealing for 1 min and 72°C extension 

for 1 min. After completion of the 35 cycles, the PCR products were extended using a final 

extension step of 72°C for 7 min, and the PCR products were run on agarose gels alongside a 

1 kb DNA hyperladder (Bioline) to determine the size of the PCR products. 

 

2.2.3 DNA gel electrophoresis 

PCR amplified products were separated and visualised by gel electrophoresis. 10 µl of each 

reaction was run on a 1% (w/v) agarose gel containing ethidium bromide (0.5 µg/ml), in Tris-

acetate-EDTA (TAE buffer) (Fisher-Bio-Reagents). Agarose gels were prepared by 

dissolving 1g of agarose in 100 ml of TAE buffer using a microwave (medium power). The 

agarose was then cooled in a fume hood to around 55oC and ethidium bromide solution added 

to a final concentration of 0.5 µg/ml, subsequently poured into a gel casting tray and allowed 

to set at room temperature (RT) for around 45 min. For electrophoresis, gels were run at 100 

volts (V) for 30 min, using the Bio-Rad gel electrophoresis tank containing TAE running 

buffer. After completion, gels were examined under UV light in a Bio-Rad Chemi-DocTM 

XRS+ system. Digital images were taken, and the size of the PCR products were determined 

by comparison to the 1 kb DNA hyperladder (Bioline).  

Primer name Gene Primer Sequence 5’→3’
mB1F1NotI ATGCGGCCGCCGCCGCCACCATGGCCGGCCCGTGGATTAT
mB1RSTOP GCGGATCCTTACTTGTCATCGTCGTCCTTGTAGTCGGAGGAGGCTGGAGTGAGCTTGAmBPIFB1
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2.2.4 Transformation of bacteria 

Cloning reactions were transformed into competent bacterial cells for amplification and 

subsequent plasmid extraction. 3 µl of the reaction mixture was combined with 17 µl of 

competent E. coli cells (TOP10 One Shot cells) (Invitrogen), gently mixed and incubated for 

30 min on ice. The plasmid and competent E. coli cell mixture was subject to heat-shock for 

45 sec at 42°C, and immediately placed on ice for 5 minutes. 100 µl of Super Optimal broth 

with catabolite repression (SOC) medium (Invitrogen) was gently added to the cells and 

incubated for 1 hr at 37°C while shaking.  A 100 µl aliquot of the sample was plated onto a 

LB agar plate, containing 50µg/ml Ampicillin.  The plate was incubated overnight at 37°C 

and transformed colonies were picked and re-inoculated into 2 of ml Lysogeny broth (LB) 

medium, containing 50 µg/ml Ampicillin, and cultured overnight in a shaking incubator at 

37°C, and 225 rpm. 

 

2.2.5 Preparation and purification of plasmid DNA 

Plasmids were amplified in E. coli bacteria, and recombinant constructs extracted using the  

Isolate II Plasmid Mini kit (Bioline) for Minipreparations, and Maxipreps were performed 

using Qiagen Plasmid Maxiprep kit and protocol according to the manufacturer’s 

instructions. The eluted plasmid DNA yield was quantified using a NanoDrop 1000 

Spectrophotometer (ThermoFisher Scientific) and stored at -20°C for further use. 

 

2.2.6 Restriction endonuclease reactions 

Plasmid DNA was digested with restriction endonucleases (Promega) in a 10 µl final reaction 

volume. Generally, 2ug of plasmid DNA was combined with 1µL of restriction endonuclease 

and 1µL of 10x reaction buffer (Promega). Reactions were incubated overnight at 37ºC prior 

agarose gel resolution alongside the 1 kb DNA hyperladder (Bioline) on 1% or 2% agarose 

gels containing ethidium bromide. 
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2.2.7 DNA extraction from agarose gels and ligation reactions 

DNA samples which were resolved by agarose gel electrophoresis post endonuclease 

digestion for subcloning, were visualised on a UV transilluminator. DNA fragments of 

interest were isolated from the agarose gel with a scalpel and recovered using the GeneJET 

Gel Extraction and DNA Cleanup Micro Kit (Thermo Scientific). Concentrations of 

extracted DNA products were determined using the NanoDrop ND-1000 (ThermoScientific). 

For subcloning purposes, ligation reactions of digested plasmid DNA were performed in 10 

µl reaction volumes. Respective DNA was incubated for 18 hours at 15ºC in presence of the 

destination vector / or cloning fragment, 1 µl T4 DNA ligase 10x buffer (Promega) and 1 µl 

T4 DNA ligase (Promega). 

 

2.2.8 DNA sequencing 

Plasmid DNA and recombinant constructs were sequenced to confirm that inserts were 

generated correctly and did not show any sequence alteration. For sequencing of pCRII-

TOPO vectors, 10 µl of the recombinant plasmid DNA construct (100 ng/µl), together with 

1pmol/ µl of both the Sp6 reverse, and T7 forward primer (Table 2.3), were submitted to the 

University of Sheffield, Core Genomics facility and sequenced using the BIgDye v3.1 chain 

termination kit in an Applied Biosystems systems 3730 DNA sequence analyser 

(www.genetics.group.shef.ac.uk). DNA sequences were analysed using the FinchTV 

sequencing programme downloaded from: (https://digitalworldbiology.com/FinchTV). 

Plasmids with the correct cloned sequence were used in the subsequent sub-cloning 

procedures as well as served as templates for PCR. 

Plasmid DNA of VR1255 constructs were extracted using a Midi-prep kit and was sequenced 

at the University of Sheffield Core Genomic facility by using a small aliquot of plasmid DNA 

(10 µl at a concentration of 100 ng/ µl), submitted together with the relevant forward and 

reverse primer sequences as outlined in Table 2.3. The DNA sequence chromatogram was 

analysed using the FinchTV DNA analysis software. 

Table 2.3: Sequencing primers 

 

Plasmid DNA Forward primer (1pmol/ μl) Reverse primer (1pmol/ μl)

pCRII-TOPO 5’-TAATACGACTCACTATAGGG-3’ (T7) 5’-ATTTAGGTGACACTATAG-3’ (Sp6)

pVR1255 5 ́-AATAGCTGACAGACTAACAGACTG-3 ́ 5 ́-GAGTGAGCTGATACCGCTC-3 ́
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2.3 RNA Techniques 

2.3.1 RNA isolation  

RNA was isolated from cultured cells using the Direct-zol RNA MicroPrep (Zymo Research, 

R2062) according to the manufacturer’s instructions. Briefly, cells were treated with TRI-

reagent and the lysate was transferred to a spin column, followed by an in-column DNase I 

digestion step, to prevent any contamination from genomic DNA (gDNA). After buffer 

washes, the RNA was eluted from the column using nuclease-free water. RNA concentrations 

were determined using the NanoDrop ND-1000 (ThermoScientific), and samples were stored 

at -20ºC. 

 

2.3.2 RNA quantification  

The assessment of the extracted RNA quality was performed using 1µL in a Nanodrop ND-

1000 instrument (ThermoScientific), which determined quality and concentration of the 

RNA. The accepted value for the 260nm:280nm ratio was greater than 1.7 for all samples 

used. 

 

2.3.3 cDNA synthesis 

Genomic DNA free RNA was reverse transcribed into cDNA using the AMV Reverse 

Transcriptase kit (Promega). A reaction mix was generated by adding 0.5 µl OligoDT and 0.5 

µl of random primers (Promega) to the DNAse treated RNAse sample in a final reaction 

volume of 19 µl using nuclease free water to top up. Samples were subsequently heated at 

70 ̊C for 5 minutes and 6 µl mastermix containing 5 µl 5x AMV buffer, 0.5 µl 100uM dNTPs, 

0.25 µl AMV RT enzyme and 0.25µl RNasin ribonuclease inhibitor was added to RNA 

samples before placing in a thermal cycler for cDNA synthesis. The thermal cycler settings 

were set to 42 ̊C for 1 hour, followed by 95 ̊C for 5 minutes. Samples were used either 

immediately for RT-PCR or stored long-term at -20 ̊C. Alternatively, the FastGene Scriptase 

II ready mix (NIPPON Genetics LS64) was employed for later experiments according to the 

instructions of the manufacturer. 
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2.3.4 RT-PCR reactions 

To quantify and detect gene expression end-point real-time polymerase chain reaction (RT-

PCR) was conducted. The gene Oaz1 was used in all RT-PCR reactions as an unrelated 

control and reference. Maxima Hot Start Green PCR Master Mix (ThermoFisher Scientific) 

was used to amplify genes using 1 µl template cDNA. Each reaction contained in addition 

12.5 µl of Maxima Hot Start Green PCR Master Mix, 4.5 µl of nuclease free water, and 1 µl 

each of forward and reverse primers. Table 2.4 details the RT-PCR primer pair information. 

PCR reactions were performed in a thermocycler using an initial enzyme activation step for 

95ºC for 4 minutes, followed by the cycle block of a denaturation step at 95ºC for 1 minute, 

annealing at 60ºC for 1 minute and elongation at 72ºC for 1 minute with a final elongation 

stage at 72ºC for 7 minutes. PCR reactions for all genes were run for 35 cycles with the 

exception of Bpifa1, which was amplified for 30 cycles. PCR products were separated by gel 

electrophoresis and visualised using a Biorad ChemiDoc TM XRS+. 

 

Table 2.4: Primer sequences for endpoint PCR reactions 

 
 
 
 
 
 

Construct Size [bp] Forward primer (5’ -> 3’) Reverse primer (3’ -> 5’)

Bpifb1 148 CCCTGACCAAGATCCTTGAA GAGGCTGGAGTGAGCTTGAG
Bpifa1 127 GGTGCACAACATTGCTGAAT CAAGAGGCAGGAGACTGAG
Tekt1 373 CAGTGCGAAGTGGTAGACG TTCACCTGGATTTCCTCCTG
Oaz1 274 ACAGAGGAGCCGACGTCTAA CCAAGAAAGCTGAAGGTTC
Ifnl2 200 GACAAGAACCCAAGCTGACC ACCTCAGGTCCTTCTCAAGC

BPIFB1 207 CCCTGCCCAATCTAGTGAAA TCACCTTCCCCTGTGAGTCG
BPIFA1 466 ATGCCCTCAGCAATGGCCTGC GAGAGGCTGTCCAGAAGACC
TEKT1 198 TGGAGCTGTGTCGTCATGTC GCATACACAGCACTTCGTCG
OAZ1 164 CCAACGACAAGACGAGGATT AGCGAACTCCAGGAGAACTG
IP-10 190 CCAATTTTGTCCACGTGTTA CCTCTGTGTGGTCCATCCTT
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2.4 Cell Culture 

2.4.1 Cell lines, culture conditions and media 

Human embryonic kidney 293 (HEK293) cells were used for initial transfection studies of 

mBPIFB1 expression constructs and initial protein expression trials. This cell line was 

obtained from ATCC and maintained in DMEM media (Invitrogen) supplemented with 10% 

FBS (Invitrogen). Cells were passaged every 2-3 days as a 1:10 split. 

Human bronchial epithelial cells (HBEC3-KT) immortalized with cyclin-dependent kinase 

4 (CDK4) and human telomerase (hTERT) (Reddle, 1988; Lundberg et al., 2002; Nakauchi et 

al., 2019) were employed as a model for IAV infection studies. While HBECs are 

immortalized, they do not display cell phenotypes such as disruption of the p53 pathway, 

extensive copy number changes, lack of contact-inhibition or anchorage-independent growth 

(Ramirez et al., 2004; Sato et al., 2006). Most importantly, immortalized HBECs retain the 

ability to differentiate into structures found in the normal bronchial epithelium (Vaughan et 

al., 2006; Delgado et al., 2011). HBEC3-KT were maintained in keratinocyte serum-free 

media (KSFM) supplemented with 50 ng/ml human recombinant epidermal growth factor 1-

53 (EGF 1-53), 5 µg/L bovine pituitary extract (BPE) and 100 U/ml penicillin (Table 2.5). 

Cells were maintained in a humidified environment at 37 ⁰ C with 5% CO2. Confluent cells 

in T25 flasks were trypsinised for 3 minutes at 37 ⁰ C followed by neutralization of 

trypsin using soybean trypsin inhibitor. Detached cells were spun at 250 x g for 5 minutes 

and the supernatant was discarded. Cells were seeded at either 106 cells for a T25 flask, 6 × 

104 cell in a 24 well format, or 3 × 104 cells in each transwell (Falcon 353095) for ALI 

culture in complete media. For ALI culture, cells were media supplied only from the 

basolateral side of the transwell with the PneumaCult-ALI complete media (StemCell) as 

outlined in Table 2.5. The medium was changed and replaced every second day, and the 

apical side of the ALI culture surface was washed with Hank’s Balanced Salt Solution 

(HBSS) (Gibco). ALI cultures were differentiated for up to 21 days. To note, PneumaCult-

ExPlus medium is a defined, serum- and BPE-free cell culture medium that supports more 

expansion of primary human airway epithelial cells at each passage, compared to other 

commercially available expansion media. This medium has been reported by the 

manufacturer to support at least two additional passages of cell expansion with better 

differentiation potential, defined as the ability to form a pseudostratified mucociliary 

epithelium at the ALI. 
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Table 2.5: HBEC3-KT media components and supplier information. 

  
 
 

2.4.2 mTEC extraction and culture conditions 

Primary mouse tracheal epithelial cells (mTEC) were extracted from tracheal epithelia 

derived from C57BL/6 mice in sterile conditions. Cells were isolated and cultured based on 

well-established protocols (You et al., 2002; You and Brody, 2012), which have been further 

modified in our lab (Mulay, Akram et al. 2019). Briefly, resected tracheas were cleaned of 

adhered tissue, opened longitudinally and placed in sterile mTEC basic media containing 

antibiotics (Table 2.6). Tracheas were incubated overnight in 0.15% pronase solution (Roche) 

in mTEC basic media at 4ºC. Subsequently, pronase activity was neutralised with 10% FBS 

final concentration, and epithelial cells were gently dislodged from tracheas by gentle tube 

inversions. The pooled cell pellet collected by centrifugation was resuspended in cold 0.5 

mg/ml pancreatic DNase I and 1 mg/ml bovine serum albumin (BSA) solution and incubated 

in a cell culture dish for 3-4 hours at 37°C, to allow the fibroblast population to attach to the 

surface. The non-adherent cells, enriched for epithelium, were collected, and resuspended in 

mTEC plus media (Table 2.6) and a small population was used for RNA extraction, serving 

as an original or wt cell reference. The remainder of the isolated epithelial cell population 

was seeded at the density of 3-3.5x104 cells per transwell (Falcon) insert.  

KSFM expansion medium 
Component Supplier Final concentration 
KSFM Gibco (17005034) 
Penicillin Lonza (DE17-602e) 100 U/ml 
EGF (1-53) Sigma (E9644) 50 ng/ml
Bovine Pituitary Extract Gibco (13028014) 5 ng/ml

PneumaCult™-ExPlus 
Component Supplier Final concentration 
ExPlus basal medium STEMCELL (05041)
50x supplement STEMCELL (05042) 1x
Hydrocortisone STEMCELL (07925) 96 ng/mL 

PneumaCult™-ALI complete media
Component Supplier Final concentration 
ALI basal medium STEMCELL (05002)
Supplement STEMCELL (05003) 10x
Maintenance supplement STEMCELL (05006) 100x
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Table 2.6: mTEC media and supplier information 

 
 
 

2.4.3 Air Liquid Interface (ALI) culturing conditions 

Extracted and expanded mTEC cells were seeded into transwells at a density of 3-3.5x104 

and were cultured in submerged conditions using mTEC plus media in both chambers until 

they reached confluency, which usually took seven to eight days (Table 2.6). When 

confluent, this day was termed Day 0 (D0) and mTECs were differentiated into upper airway-

like epithelium in ALI conditions for at least 14 days (D14) using mTEC ALI media in the 

basal chamber only (You et al., 2002; You and Brody, 2012) (Figure 2.1 and Figure 4.1). 

Media in the basal chamber was exchanged every two days and the apical cell surface washed 

with HBSS. 

HBEC3-KT cells were similarly differentiated as outlined for mTEC cells (Figure 2.1). 3 × 

104 cells were seeded in each transwell of a 24-well plate (Falcon 353504) in a submerged 

fashion using PneumaCult-ExPlus media (Table 2.5). After reaching confluency, cultures 

were subjected to ALI culture (D0) by applying PneumaCult-ALI complete media in the 

Medium Component Supplier Final concentration 
mTEC extraction medium
mTEC basic 

DMEM/F12 Gibco (31330038) conaining 
containing HEPES, L-Glutamine

Penicillin ThermoFisher (15140122) 100 U/ml 
Streptomycin ThermoFisher (15140122) 100 μg/ml 

mTEC proliferation medium 
mTEC plus media 

MTEC basic 
Fetal Calf Serum ThermoFisher (A5256701) 5%
Insulin Sigma (I3536) 10 μg/ml 
Transferrin Sigma (T8158) 5 μg/ml 
Cholera Toxin Sigma (C8052-0.5mg) 0.1 μg/ml 
Murine EGF BD Biosciences (734-1304) 0.025 μg/ml
Bovine Pituitary Extract Gibco (13028014) 0.03 mg/ml
Y-27632 (add fresh) Tocris Bioscience (1254) 10 μM
Retinoic Acid Sigma (R2625-50mg) 0.01 μM

mTEC differentiation medium 
mTEC ALI media

MTEC basic 
BSA Sigma (A9418) 1mg/ml
Insulin Sigma (I3536) 5 μg/ml 
Transferrin Sigma (T8158) 5 μg/ml 
Cholera Toxin Sigma (C8052-0.5mg) 0.025 μg/ml 
Murine EGF BD Biosciences (734-1304) 0.005 μg/ml
Bovine Pituitary Extract Gibco (13028014) 0.03 mg/ml
Retinoic Acid Sigma (R2625-50mg) 0.01 μM



 67 

lower basal chamber and exposing the apical surface to air for 14-21 days. Basal chamber 

media was changed every two days and apical cell surfaces washed with HBSS. 

 

Figure 2.1: Schematic of ALI culturing and differentiation timeline. Human bronchial 
epithelial cells such as HBEC-KT were expanded in flasks and cultured in a submerged phase 
until reaching confluency. Cells were seeded into transwell inserts on the apical site and 
cultured until confluent. Differentiation into pseudo-stratified epithelium was initiated by 
elimination of the apical medium and replacement of the basal medium with differentiation 
medium, for consecutive 14-21 days. The image was provided by Zeyad Alharbi 
(unpublished). 

 

2.4.4 Thawing and freezing of mammalian cells 

Mammalian cell cultures were prepared for long term storage by trypsinisation, pelleted at 

250x g for 5 minutes, and the collected cell pellet resuspend in 1 ml of FBS supplemented 

with 10% (v/v) DMSO, and immediately transferred to cryovials. Cells were frozen at -80°C 

overnight and then transferred to the vapour phase of liquid nitrogen. 

 

2.4.5 Manual cell counting and assessment of viability 

For cell seeding and cell number determination, cells were prepared as single cell solutions 

and 10 µl was applied to a Bright-Line hemacytometer (Sigma). Cells were counted manually 

from four independent areas of the chamber, average values calculated, and cell density 

determined as cell number per ml. Cell viability was determined by using the exclusion dye 

trypan blue, by mixing equal amount of cell suspension with a 0.4% trypan blue solution 

prior application to the counting chamber. Positive stained cells lost their integrity of the cell 

membrane and were deemed non-viable.  



 68 

2.4.6 Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) 

targeting strategy 

Guide RNAs (gRNAs) for gene-editing of BPIFB1 using the CRISPR-Cas9 technology were 

designed using the online tool E-CRISPR (http://www.e-crisp.org/E-

CRISP/designcrispr.html) (Ran et al., 2013a; Hsu et al., 2013; Heigwer et al., 2014). Three 

gRNAs were selected targeting exon 2 of BPIFB1 containing the start codon (Table 2.7). 

Each double stranded guide RNAs was cloned in vector PX-458 to facilitate enhanced green 

fluorescence protein (eGFP) selection following successful plasmid delivery into the target 

cell. Vector PX-458 was linearized with the restriction enzyme BbsI and purified from the gel 

after agarose gel electrophoresis (Figure 2.2). Individual gRNAs were annealed with the 

respective complementary sequences (Table 2.7) by thermal renaturation and ligated into the 

linearized plasmid using a T4-DNA ligase reaction. For detailed cloning steps and oligo 

design refer to the following protocol provided by Addgene: 

https://media.addgene.org/cms/filer_public/6d/d8/6dd83407-3b07-47db-8adb-

4fada30bde8a/zhang-lab-general-cloning-protocol-target-sequencing_1.pdf. 

 

 
Figure 2.2: Schematic of the expression cassette of pX330 type vectors such as the pX-
458. Two expression cassettes allow for co-expression of the Streptococcus pyogenes Cas9 
(SpCas9) nuclease along with the incorporated guide RNA through the BbsI restriction sites, 
respectively. The annealed guide RNA / complementary oligo can be cloned scarlessly. The 
gRNA oligos are designed based on the target site sequence (20bp) and need to be followed 
on the 3' end by a 3bp NGG PAM sequence. Notably, it has been observed that addition of an 
additional guanine nucleotide to the 5’ of the 20-bp guide can increase targeting efficiency 
(Hsu et al., 2013) (Hsu et al., 2013). Image from addgene:  
https://www.addgene.org/crispr/zhang/. 

 
After ligation, plasmids were transformed by heat shock into competent E. coli strain Topo10 

and selected on LB-agar plates containing 100 µg/ml ampicillin. Selected colonies were 

cultured in LB broth followed by a plasmid extraction using the Isolate II Plasmid Mini kit 
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(Bioline). Lastly, the generated plasmids were sequenced using Sanger’s di-deoxy method 

employing the U6 primer for confirmation of the guide RNA insert. Sequences were analysed 

using the FinchTV software. 

 

Table 2.7: Single gRNA sequences for BPIFB1 CRISPR targeting approach. Reverse 
complementary sequences (cgRNA) for each respective sgRNA outlined below.  The oligo 
design incorporated the sgRNA scaffold as highlighted in bold: 5’ – 
CACCGNNNNNNNNNNNNNNNNNNN – 3’, 3’ – CNNNNNNNNNNNNNNNNNNNCAAA – 5’. 

 

 

2.4.7 DNA transfection 

2.4.7.1 Transient transfection using calcium phosphate protocol for mBPIFB1 protein 

production 

To optimize conditions for HEK293 transfection to maximize mBPIFB1 protein production 

and secretion, HEK293 cells were seeded at a density of 3x105 cells per well in a 24-well 

plate and incubated overnight. Two hours prior to transfection, the media was exchanged. In 

order to monitor transfection efficiency, pEGFP-N1 (0.1 µg) was used as positive control 

alongside FLAG-tag mouse BPIFB1-pVR1255 constructs (0.5 µg; wild-type and N-

glycosylation mutant) in a co-expression approach. A DNA-CaCl2 solution was prepared by 

combining 3.75 µl of 2.5 M CaCl2 and sterile water in a final volume of 30 µl with 30 µl of 

2X HEPES buffered saline (HBS). The mixture was incubated at room temperature for 15 

mins before being added to the cells dropwise. The plate was swirled slowly by hand, 

incubated overnight and the media was changed the next day, and following further 24h 

culture the supernatant was collected. 

After successful small-scale transfection, the optimized transfection conditions were repeated 

and expanded using T75 flasks. HEK293 cells were seeded at a density of 4.5 x 106 cells per 

flask and incubated for 24 hours. Two hours prior transfection, cells were co-transfected with 

sgRNA sequence (5'-3') target location
gRNA1 CACCGGTGAGCACAGAGGGACCTG

cgRNA1 AAACCAGGTCCCTCTGTGCTCACC
gRNA2 CACCGGGCATCATGGGCCTGCCCT

cgRNA2 AAACAGGGCAGGCCCATGATGCCC
gRNA3 CAGGGAGCTGGCTGCCATAAGACA

cgRNA3 AAACTGTCTTATGGCAGCCAGCTC

intron region exon 1-2

intron region exon 1-2

intron region exon 2-3
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FLAG-tag mouse BPIFB1-pVR1255 constructs (15 µg; wild-type mBPIFB1, N-glycosylation 

mutant, N-terminal domain and C-terminal domain), and pEGFP-N1 (3.75 µg). A DNA-

CaCl2 mix containing 140.6 µl of 2.5 M CaCl2 and sterile water in a final volume of 1.125 

ml) was combined with 1.125 ml of 2X HBS, mixed by pipetting, and incubated for 15 mins 

at room temperature before being added dropwise to the cells. The flask was swirled slowly 

and then incubated overnight. After 24 hours, the media was exchanged with DMEM 

containing 10% (v/v) FBS. The following day, the media was discarded, the cells were 

washed 3 times with PBS, and incubated with serum-free and phenol red-free DMEM. The 

following day, the media was collected and fresh serum-free DMEM was added, and this 

process was repeated for an additional 3 days. All conditioned media samples that were 

collected were stored at -20°C.  

 
 
2.4.7.2 Transient transfection using FuGENE HD reagent 

Plasmid delivery to mammalian cell cultures was also performed using the non-liposomal 

FuGENE HD Transfection Reagent (Promega), which allows for transfection of plasmid 

DNA variety of cell lines with high efficiency and low toxicity in the presence of serum. 

Initial experiments were performed to optimise the FuGENE HD transfection reagent to DNA 

ratio, incorporating the manufacturers’ recommended range of 1.5:1 to 4:1, as well as ratios 

of 3:1 and 2.5:1. For the cell line HBEC3-KT the ratio of 1:4 was used for plasmid delivery. 

FugeneHD transfection reagent was combined with either the empty vector pX458 (serving 

as background control) or with a combination of vectors expressing the individual sgRNAs 

(pX458-sgRNA) (Table 2.7). 

 

2.4.8 Fluorescence-activated cell sorting (FACS) and clonal expansion  

Cells were microscopically observed at 48 hours post transfection for green fluorescence 

protein expression, indicating successful delivery of the vector and assumed expression of the 

Cas9 protein alongside sgRNAs. Transfected cells were selected based on fluorescence levels 

from vector driven eGFP co-expression. Cells were fluorescence-activated cell sorted 

(FACS) on the BDFACSAria Ilu cell sorter (Research Core Facility, the Medical School, 

University of Sheffield, UK) by Sue Clark (Flow Cytometry Core Facility technician). This 

allowed GFP positive and GFP negative cells from the transfected population to be identified, 
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separated and collected. Individual fluorescent cells were collected in 96 wells, for clonal 

expansion of a founder cells for 1-2 weeks. Upon reaching confluency, clonal populations 

were validated for the desired genotype by endpoint PCR. 

 

2.4.9 Genomic DNA isolation and PCR validation for desired genotype 

Clonal CRISPR target cell lines were validated by endpoint PCR for identify genomic 

mutations. Genomic DNA isolation was performed using DNAreleasy Advance (FastGene) 

lysis reagent, specially formulated to eliminate nucleic acid purification for PCR analysis. 

DNAreleasy Advance replaces time consuming and tedious extraction and purification 

methods and allows for the released DNA to be used directly in a PCR reaction or it can be 

stored at -20 °C for several months. HBEC-KT cells were grown to confluency in 96 wells 

and lysed with 30 µl DNAreleasy Advance lysis reagent. The lysate was transferred into a 

PCR tube and incubated in a thermocycler for at 65 °C for 5 min, following 95 °C for 5 min 

and finally 5 min at 20 °C. The reaction was spun and 1 µl used in a PCR reaction with 17 ul 

Maxima Hot Start Green PCR Master Mix (ThermoFisher Scientific) with the primer pair 

outlined in Table 2.8. PCR reactions were carried out in a thermocycler (DNA Engine), using 

the following cycle conditions. An initial denaturation step of 95°C for 4 min, followed by 35 

cycles of 95°C denaturation for 1 min; 60°C annealing for 1 min and 72°C extension for 1 

min. After completion of the 35 cycles, the PCR products were extended using a final 

extension step of 72°C for 7 min, and the PCR products were run on agarose gels alongside a 

1 kb DNA hyperladder (Bioline) to determine the size of the PCR products. 

 

Table 2.8: PCR primer sequences for CRISPR target validation in HBEC-KT cells 

 

 

Forward (5' - 3) Reverse (3' - 5')
wt 551

HET/HOM 319

Primer sequencesize (bp)Amplicon

CAACAGCCTCTCCTGGACAC CAGGTGAAGGCAGTGGGAG
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2.5 Protein techniques 

2.5.1 Immunoblot analysis 

Conditioned media protein samples were collected over three days as described above and 

were analysed via western blotting. Samples were resolved on polyacrylamide gels of 12% or 

15%, depending on the molecular weight of the protein of interest. Apical wash samples were 

either prepared by equal amount of total protein or by equal volume and combined with 2x 

lysis buffer. Samples were denatured at 90˚C for 5 minutes and run alongside a reference 

marker (BioLabs Color Protein, Broad Range 11-245 kDa standard) until the dye reached the 

front on the gel. Resolved gels were placed in transfer buffer and transferred to a methanol 

activated polyvinylidene difluoride membrane (PVDF) (Milipore), using a Western blotting 

transfer system (BioRad, Trans-Blot Turbo) at transfer conditions 1.0 A and 25 V for 30 

minutes. Subsequently, membranes were blocked in a 5% skim milk / Tris buffered saline 

(TBS) solution for 1 hour at room temperature (RT) on while agitated. Next, membranes 

were incubated with primary antibodies (Table 2.1) prepared in 5% skim milk / TBST on an 

orbital shaker at 4°C overnight. The following day, membranes were washed three times at 

10-minute intervals with TBST prior secondary antibody incubation (Table 2.1), prepared in 

5% skim milk / TBST. The secondary antibody solution was incubated for 1 hour at RT, and 

membranes were washed three times at 10-minute intervals with TBST. The enhanced 

chemiluminescence (ECL) western blotting detection kit (Geneflow) was used to detect the 

HRP-conjugated secondary antibody, and luminescence signals captured on X-ray film 

(ThermoFisher Scientific) and processed using a Compact X4 automatic X-ray film processor 

(Xograph). For higher molecular weight protein bands, the Biorad ChemiDocTM XRS+ with 

Image Studio Software was used.  

 

2.5.2 Determination of protein concentrations 

Total protein concentrations of cell lysates or washes were determined colorimetrically using 

the Bradford reagent according to manufacturer’s instructions. To calculate protein 

concentrations in lysates, a bovine serum albumin (BSA) standard curve was prepared, 

covering a range of concentrations from 0.0625 mg/ml to 1.4 mg/ml. Typically, 5 µl of BSA 

standards or lysate samples were added in triplicate to 250µl of Bradford reagent in a 96 well 

format. Samples were incubated for 1 minute at room temperature, and absorbance values of 
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samples were determined at a wavelength of 595 nm on a plate reader (VarioScan). Protein 

concentrations were then calculated using the linear regression curve equation derived from 

the BSA standard curve points. 

 

2.5.3 Densitometric analysis 

Quantitative analysis of Western blots bands was carried out using the LI-COR software 

(Image Studio Version 5.2.5). Scanned X-Ray images were analysed in the grey channel, and 

the spot pixel density of the individual bands were detected, associated average background 

subtraction of each position performed, and plotted as arbitrary densitometry units (ADU) 

using Excel software (Microsoft Office). 

 

2.5.4 PNGase assay 

The PNGase assay was carried out using the Peptide-N-Glycosidase F enzyme (PNGase F) 

enzyme (NEB) to cleave N-linked glycans from ALI supernatant proteins. Enzymatic 

reactions were prepared according to manufacturer’s instructions. In brief, 1 µl of PNGase F 

enzyme was combined with 20 µg of supernatant sample in a total reaction volume of 20 µl. 

Reactions were incubated at 37°C for 1 h and subsequently lysed in 2x SDS lysis buffer and 

analysed by Western blotting. 

 

2.6 Cell biological techniques 

2.6.1 Live cell density assay 

Cell proliferation was assessed using the MTS chemical (3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium), which in the presence of 

phenazine methosulfate (PMS) or the more stable phenazine ethosulfate (PES) is bio-reduced 

by cells into a soluble coloured formazan product. This product is stable and non-toxic in cell 

media and can be measured by a colorimetric assay using the absorbance at 490 nm. The 

MTS assay was carried out in a 96-well plate format, by seeding 5000 cells in a 96-well plate 

(Greiner) format at 100 µl/well. Wells containing only culture medium without cells served 

as background control and were used to generate a average value for background subtraction. 

The proliferation assay was carried out over a period of 72 hours and a plate seeded for each 
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timepoint interval of 24 hours. At a given time point, 20 µl MTS solution containing PES at a 

final concentration of 0.33 mg/ml were added to each well, incubated for 4 hours in a cell 

culture incubator and absorbance recorded on a plate reader (Varioscan) at 490 nm. Data 

were expressed as percent cell growth or viability. In order to calculate cell viability and cell 

growth over time, absorbance values were processed from raw data by subtracting 

background absorbance (cell-free wells containing only media) and forming a mean over all 

replicates of the same condition. Cell proliferation was calculated using a reference plate 

reading at timepoint 0 and expressed as percentage increase. 

 

2.6.2 Cell cycle analysis 

Cell cycle analysis was carried out by means of DNA content quantification using the DNA 

intercalation dye propidium iodide (PI). Samples were produced as single cell solution and 

washed with a cold protein-free PBS buffer without Ca2+ or Mg2+ ions. The wash step was 

repeated twice, and cells pelleted at 200 x g for 5 minutes at 4°C. 2x 106 cells were prepared 

in 1 ml ice cold buffer and fixed by slowly adding the cell suspension dropwise to 9 ml of 

70% ethanol in a 15 ml polypropylene centrifuge tube, while gently vortexing. The fixed cell 

solution was stored at 4°C between 12 - 24 hours. Cells were prepared for PI staining by 

centrifugation at 200 x g for 10 min at 4°C, the cell pellet was resuspended in 3 ml cold PBS 

and cell suspension transferred to a Falcon 12 x 75 mm polystyrene tube (Falcon 352235) 

using the nylon filter cap to remove cell clumps. Cells were pelleted at 200 x g for 10 min at 

4°C and resuspend in 500 µl PI/Triton X-100 staining solution, and incubated at 37°C for 15 

minutes, before tubes were transferred to ice or stored at 4°C protected from light. Data was 

acquired on the BDFacs Melody (BD) flow cytometer, cell cycle fitted using the BD 

FACSChorus Software, and graphs and statistical analysis plotted with GraphPad Prism 9. 

 

2.6.3 Cytokine array 

Conditioned media post PR8 infection of undifferentiated HBEC3-KT cells were collected at 

2h, 8h, and 24h timepoints post viral challenge, and the entire sample of 1ml was applied to 

the cytokine membrane (Mouse Cytokine Array Panel A, R&D Systems). Incubation and 

wash steps were carried out according to manufacturers’ instructions. The signal detection 

was generated by means of an HRP- Streptavidin conjugated antibody and detected using the 
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Biorad ChemiDocTM XRS+ equipment. Data processing and signal quantification was 

performed using the LI-COR software (Image Studio Version 5.2.5). The spot pixel density 

of the individual positions on the array in duplicate were detected, average background 

subtraction of each spot was performed, and signal reads extracted. Data were imported and 

processed in Microsoft Excel, normalising the array data per condition to the corresponding 

control using the average signal of the reference spots per array. The average signal pixel 

density of each positive detected cytokine duplicate pair and associated standard deviation 

was calculated in Excel. Spot intensities were presented as arbitrary units (mean spot 

intensity) (not fold increase over control) alongside the associated control and statistical 

significance was determined using Prism GraphPad 9 applying an unpaired t-test. 

 

2.6.4 IAV virus infection of undifferentiated or differentiated ALI cultures 

2.6.4.1 PR8 infection time course in undifferentiated HBEC3-KT cells 

Undifferentiated parental HBEC3-KT were cultured in KSFM or ExPlus media and seeded at 

6 x 104 cells per 24 well. Upon reaching confluency, the PR8 virus strain was added in a 

volume of 1000 µL respective culture medium at an MOI of 1, and incubated for 1 hour at 

37°C. Subsequently, the inoculum was removed, the wells washed twice with pre-warmed 

HBSS, and 1000 µL of culture media added. Cell morphology and virus induced GFP co-

expression was monitored by brightfield microscopy or the green-fluorescent channel, 

respectively, 2, 8 and 24 hours post infection (Zoe fluorescent microscope). Fluorescent 

negative and positive cells were either counted manually per field and displayed as cells per 

field along the standard deviation or fluorescent images of cells were quantified by mean 

fluorescence per field using ImageJ (Version 1.53k), background subtracted using a non-

fluorescent control and the average mean fluorescence from three replicate experiments 

alongside the respective standard deviation displayed using GraphPad Prism 9. 

 

2.6.4.2 PR8 infection of HBEC3-KT cells in presence of CRISPR clone derived washes 

Undifferentiated HBEC3-KT cells were cultured in KSFM and CRISPR, and generated wt 

clone 7 apical washes or BPIFB1 knockout clone 13 washes applied at a concentration of 250 

µg/ml total protein. Subsequently, cells were challenged with the PR8 virus strain at an MOI 

of 1. Cells were assessed microscopically (Zoe fluorescent microscope) by brightfield and 
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green-fluorescent imaging 24h post infection. Fluorescent negative and positive cells were 

either counted manually per field and displayed as cells per field along the standard deviation 

or recorded fluorescent images of cells were quantified by mean fluorescence per field using 

ImageJ (Version 1.53k), background subtracted using a non-fluorescent control and the 

average mean fluorescence from three indented experiments alongside the respective standard 

deviation displayed using GraphPad Prism 9. 

 

 
2.6.4.3 PR8 infection of HBEC3-KT cells in presence of recombinant BPIFB1 

Undifferentiated parental HBEC3-KT were cultured in KSFM and seeded at 6 x 104 cells per 

24 well. Upon reaching confluency, the PR8 virus strain was added in a volume of 1000 µL 

respective culture medium at an MOI of 1, and co-incubated for 1 hour at 37°C with 

recombinant human BPIFB1 protein (13275-H08H, Sino Biological) between 0-2.86 µg/ml 

final protein concentration. Subsequently, the inoculum was removed, the wells washed twice 

with pre-warmed HBSS, and 1000 µL of culture media added. Cell morphology and GFP 

virus expression was monitored by brightfield microscopy or the green-fluorescent channel, 

respectively, 24 hours post infection (Zoe fluorescent microscope). Fluorescent negative and 

positive cells were either counted manually per field and displayed as cells per field along the 

standard deviation or recorded fluorescent images of cells were quantified by mean 

fluorescence per field using ImageJ (Version 1.53k), background subtracted using a non-

fluorescent control and the average mean fluorescence from three indented experiments 

alongside the respective standard deviation displayed using GraphPad Prism 9. 

 
 

2.6.5 Statistical analysis 

Data are represented as means ± SD. Statistical differences between samples were assessed 

by one-way analysis of variance (ANOVA) with Tukey’s test to compare more than two 

groups, or two-tailed student’s t-test was used to compare two groups of interest. P-values 

less than 0.05 were considered as statistically significant (*p < 0.05). Significance levels 

represented on graphs are as follows: ns - not significant; *p≤0.05; **p≤0.01; ***p≤0.001; 

****p≤0.0001. GraphPad Prism (version 9) was used to perform all statistical analysis, data 

analysis and preparation of graphs. 

 



 77 

2.7 Bioinformatic analysis 

2.7.1 Basic bioinformatic analysis 

Sequences for BPIFB1 protein, RNA, and genomic DNA were retrieved from National 

Center for Biotechnology Information (NCBI) (www.ncbi.nlm.nih.gov) website. These 

sequences were aligned using Clustal Omega at European Bioinformatic Institute (EBI) or 

visualised using Uniprot (https://www.uniprot.org). Protein structures were predicted using 

the Phyre2 Protein Homology/analogY Recognition Engine V 2.0 (Phyre2) online tool 

(Kelley et al., 2015) or SWISS MODEL (https://swissmodel.expasy.org). PCR primers were 

designed using Primer-BLAST at NCBI (https://www.ncbi.nlm.nih.gov/tools/primer-blast) 

(Ye et al., 2012). Gene annotations were performed using BioGPS (http://biogps.org/)(Wu et 

al., 2016a). 

 

2.7.2 RNA-Seq data analysis 

2.7.2.1 Raredon et al 2019 data set analysis 

Using Lung Connectome (http://lungconnectome.net/), an interactive platform created by 

Raredon et al., 2019 to allow transcriptional exploration of single cells gene expression in 

healthy adult lung across species, pre-clustered tSNE plots were generated to visualize the 

entire mouse and human single cell RNA sequencing datasets for both species. Each dataset 

was then searched for BPIFB1 expression and fold change visualized in the form of a tSNE 

plot and violin plots on the interactive platform. Gene expression for each cell type in 

each species was further visualized with a heatmap (pkg. matplotlib) in order to demonstrate 

cell type expression of BPIFB1 in both mouse and human lung tissue. 

 

2.7.2.2 Deprez et al 2020 and Vieira Braga et al 2019 data set analysis 

In order to identify which regions of the respiratory tract express BPIFB1, single cell RNA-

Seq datasets were identified containing nasal, bronchial, and parenchyma samples. Two 

datasets, created by Deprez et al., 2020 and by Vieira Braga et al., 2019, contained analysis 

of cell populations from all three sections of the respiratory tract. The expression of BPIFB1 

was visualized using the cellxgene custom platform 

(https://www.covid19cellatlas.org/deprez19/) for the single cell RNA-Seq generated by 

Deprez et al., 2019. The BPIFB1 gene expression, breakdown of populations belonging to 
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each area of the respiratory tract, and distribution of sample collection were demonstrated 

using generated UMAP plots on the interactive platform. The percentage of cells in each part 

of the respiratory tract expressing BPIFB1 fold change > 1 was calculated and visualized 

using pie charts. The percentage of cells expressing BPIFB1 fold change > 1 as varied 

by sampling method via brushing or biopsy sampling methods were also visualized using pie 

charts. In order to further investigate how BPIFB1 expression might vary based on location in 

the respiratory tract, the Lung Cell Atlas (https://asthma.cellgeni.sanger.ac.uk/), an interactive 

platform created by Vieira Braga et al. 2019 in order to examine cell populations throughout 

the respiratory tract, was used. Datasets containing nasal, bronchial, and parenchyma samples 

were visualized using UMAP plots to view clusters and BPIFB1 expression. A heatmap 

was generated (via pkg matplotlib) in order to view how the expression of BPIFB1 varies 

by cell type in different parts of the respiratory tract. 

 

2.7.2.3 Miller et al 2020 and Beauhemin et al 2016 data set analysis 

To identify whether BPFIB1 expression is present in the developing lung, a single cell RNA-

Seq dataset was identified containing cells collected from foetal lung tissue at week 11.5 -21 

of development collected by Miller et al., 2020. The expression of BPIFB1 was visualized 

using the cellxgene interactive platform (https://www.covid19cellatlas.org/miller20/) for the 

single cell RNA-Seq generated by Miller et al., 2020. The percentage of cells expressing 

BPIFB1 fold change >1 in each cell type, timepoint, and location was visualized using a 

heatmap (via pkg matplotlib). In order to identify the gene expression of BPIFB1 in mouse 

lung development as compared to human, data from Beauhemin et al., 2016 was downloaded 

from their web interface (http://lungdevelopment.jax.org/) and visualized as a heatmap (via 

pkg matplotlib). This data provided valuable interrogation of BPIFB1 expression during 

lung development from embryonic (E) day 9.5 -postnatal (P) day 56 in three mouse lines 

including A/J, C3H/HeJ, and C57BL5/J, as well as BPIFB1 gene expression at different 

stages of lung development. 
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2.7.3 Clariom S mouse microarray study and analysis 

2.7.3.1 Microarray data sample generation 

The exposed apical surface of ciliated, polarized pseudo-stratified mTEC cultures at D0 or 

D14 was washed four times with pre-warmed HBSS and removed prior X31 infection at MOI 

of 1. The basolateral media in the lower chamber was replaced with 1mL of pre-warmed 

mTEC differentiation medium (Table 2.6). The X31 virus strain was added in a volume of 

200 µL mTEC differentiation medium to the apical side of the transwell culture, and 

incubated for 1 hour at 37°C. Subsequently, the inoculum was removed, the apical side of the 

ALI cultures washed once with pre-warmed HBSS, and the apical surface was maintained dry 

at 37°C for 23h. IAV infection levels were assessed through viral induced by mean of green 

fluorescence expression. RNA was extracted and collected by Fawaz Aljuhani and Priyanka 

Anujuan. 

 

 
2.7.3.2 Chip preparation 

Extracted RNA samples were assessed for quantity and quality using the NanoDrop 1000 

Spectrophotometer (ThermoFisher Scientific) and the Agilent Bioanalyser 600 (Agilent). A 

total of 200ng RNA was prepared for analysis per condition on the Clariom S mouse 

GeneChip (Thermo Fisher) according to the manufacturers’ recommendations. mRNA was 

transcribed into double stranded cDNA with the incorporation of a T7 polymerase binding 

site at the 3’ end of the RNA molecule. Antisense RNA (aRNA) was generated with the T7 

polymerase. 15ug of aRNA was used to generate a sense DNA strand, subsequently 

fragmented and end labelled with biotin, combined with a hybridization solution and 

incubated with the Mouse Clariome S microarray Gene Chip (Thermo Fisher). Following 

hybridisation, the chip was washed using the fluidics station and incubated with a 

streptavidin-phycoerythrein cocktail. The generated fluorescent signal was correlated with the 

hybridization level of the labelled material to the oligonucleotide probes on the chip. Gene 

Chips were scanned on the Gene Chip 7000G scanner, and the images collected as CEL files. 

This work was undertaken as a service by Dr Paul Heath (SiTRaN, University of Sheffield) 
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2.7.4 Bioinformatic analysis of Chip data 

Microarray data in CEL files was analysed using Affymetrix Expression Console and raw 

data were processed using GeneSpring GX version 11.5 (Agilent Technologies). The initial 

raw data processing was performed by Miraj Kobad Chowdhury.  

The Clariome S data sets were converted into a spreadsheet format using Transcriptome 

Analysis Console (TAC) tool version 4.02 and analysed in Microsoft Excel for gene specific 

intensity, fold change, and p-values. All calculations and statistical analyses such as average, 

standard deviation, p-value calculation and differential analyses were performed using Excel 

(Microsoft) and plotted using GraphPad Prism 9. Log2 intensity less than 5 was considered as 

negative for expression and Log2 intensity above 5 was considered as positive for expression 

of individual genes (Miller et al., 2014). Microarray data were normalized and background-

corrected using robust multi-array average-linear models for microarray data, and 

differentially expressed genes identified using limma voom (Ritchie et al., 2015) with the 

criteria of absolute fold change > 1 and limma adjusted p-value < 0.05. p-values were 

adjusted using the Benjamini and Hochberg method (Gold et al., 2009). Multidimensional 

scaling plot were generated using limma voom and gene ontology analyses were performed 

using Database for Annotation, Visualization and Integrated Discovery (DAVID) version 6.8 

(Dennis et al., 2003).  



 81 

 

 

 

 

 

3 Chapter 
Chapter 3:  

 
Bioinformatic analysis and data mining of the 
human and murine BPIFB1 gene and protein 

products 
 

 

 

  



 82 

3.1 Introduction 

BPIFB1 is the prototypic 2 domain containing family member of BPIF protein family.  The 

full complement of BPIF genes has only been identified in placental mammals (Bingle and 

Craven, 2003; Bingle et al., 2011a). It has been previously shown that birds do not have 

BPIFB1, BPIFB5 or BPIRB9 or any BPIFA genes (Bingle et al., 2011c). As has been 

highlighted in the introduction, BPIF family members belong to the wider family BPI related 

proteins and BPIFB proteins share homology with both the N-terminal and C-terminal 

domains (Bingle and Craven, 2002; Krasity et al., 2011). An interesting observation made on 

members of the wider BPIF-family is that they share relatively limited sequence similarity 

both within and between species (Bingle et al., 2004, Bingle and Craven 2011). Therefore, in 

this chapter I sought to study the gene diversity and evolutionary development of BPIFB1 

more systematically.  

 
BPIFB1 expression has been localised in mouse tissues to the tongue, more specifically the 

epithelium and minor glands of the dorsal tongue, ventral surface of the palate and lining of 

the upper pharynx and in the large airways (Musa et al., 2012). This expression pattern is 

generally recapitulated human tissue with the gene being present in nasopharyngeal epithelial 

cells and submucosal glands and upper respiratory tract, with high abundance in 

nasopharyngeal and respiratory secretions, lavage fluid and sputum (Zhang et al., 2003; 

Bingle et al., 2010; Gao et al., 2015). The more well-studied single domain containing 

paralogue BPIFA1, shows a partially overlapping expression pattern with BPIFB1, and has 

been found localised in the respiratory epithelium of the nasal passages, as well as in the 

large airways (Weston et al., 1999; LeClair et al., 2001; Genter et al., 2003; LeClair et al., 

2004). Interestingly, it appears that the two proteins are produced by different cells in the 

respiratory tract. BPIFB1 is localised to a limited population of goblet cells in the upper 

airways whereas BPIFA1 found in non-ciliated/non-goblet cell population of the upper 

airway and the bronchial passages, (Bingle et al., 2010; Musa et al., 2012). As BPIFB1 

shows partial overlapping expression patterns with BPIFA1, and as they share structural 

similarity, it could be speculated that BPIFB1 and BPIFA1 carry out similar biological roles 

in the upper respiratory tract.  

A study investigating COPD patients suggested that BPIFB1 levels correlate with severity of 

COPD (Gao et al., 2015; De Smet et al., 2018) or severity of CF (Bingle et al., 2012; Saferali 

et al., 2015). Moreover, a number of studies have found that BPIFB1 appears to be 
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ectopically produced in multiple types of tumour tissue, suggesting that it may play a role in 

malignancies (Zhang et al., 2003; González-Arriagada et al., 2012; Wei et al., 2018b; Li et 

al., 2021b). 

Therefore, constructing a solid understanding of BPIFB1 gene and protein expression and 

sequence and structural conservation, combined with temporal and spatial expression 

patterns, and information regarding dysregulation associated with respiratory diseases, may 

inform a better understanding of the to the biological function of BPIFB1 and allows for 

more targeted experimental approaches to be designed to uncover its biological function. 

 

3.2 Aims 

This chapter focuses on gathering and extraction of BPIFB1 expression data and disease 

association information based on current literature and published data sets, and by 

extrapolation of functional information of closely related PLUNC family members, such as 

BPIFA1. A specific focus was made on comparisons between human and mouse orthologues, 

as existing mouse model could provide important tools to further study BPIFB1 function in a 

more physiological relevant setting. 

Using multiple online platforms in conjunction with published studies, the aim was to extract 

functional and expression data specific for BPIFB1 and related family members. In addition, 

the aim was to focus on human and murine orthologues establishing the following goals: 

- Identification of gene diversity and evolutionary development of BPIFB1 

- Exploration of BPIFB1 protein structure and conserved domains, and comparison 

between human and murine protein structures 

- Study of BPIB1 expression on RNA and protein basis, from organ level down to 

specific cell type using published single cell RNA-Seq databases 

- Investigation of genetic variations of BPIFB1 and potential links to disease states with 

specific focus on correlations to lung diseases 

  



 84 

3.3 Results 

3.3.1 Comparative analysis of BPIFB1 across multiple genomes 

BPIF genes are known to be rapidly evolving and have been found to be highly divergent 

(Bingle et al., 2004). To more fully investigate the molecular evolution of BPIFB1 I 

identified orthologs of human BPIFB1 on Ensembl ( https://www.ensembl.org/index.html). 

 
Figure 3.1: Species distribution of BPIFB1 (ENSG00000125999) and respective 
orthologue numbers were identified  using the ENSEMBL database. 

 
The orthologue analysis carried out using the Ensembl database confirmed that there are no 

clear orthologs found in birds, reptiles, fish and invertebrates (Figure 3.1). This is consistent 

with a previous study, showing the lack of the BPIFB1 orthologue in chickens, despite the 

presence BPIFB2, BPIFB3, BPIFB4 and BPIFB6 (Chiang et al., 2011). However, it is 

important to bear in mind that not all species are represented in the Ensembl database and 

certain species appear not to have orthologs as the genome assembly may not be complete. 

BPIFB1 is found in the majority of placental mammals (82 of 90 species) of which 32 out of 

38 species belonging to the Laurasiatherian superorder encompassing the orders of moles, 

shrews, hedgehogs, bat, carnivores, ungulates and whales. Furthermore, rodents and related 

species (23 out of 24 species) and Primates (23 out of 23 species) share exclusively a single 

orthologue of BPIFB1 (Figure 3.1). Overall, several BPIF genes are found in birds and 

reptiles, but BPIFB1 is not (Bingle et al., 2011c). 
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Employing the ENSEMBL database, a phylogenetic tree was extracted using the human 

BPIFB1 protein sequence as query and covering all mammalian branches (Figure 3.2). For 

simplicity some of the branches are compressed. The tree confirms that BPIFB1 orthologs are 

present in all classes of mammals. It also suggests that there may be more divergent orthologs 

present in marsupials, but not in species further away in evolutionary distance (Figure 3.2). 

 
Figure 3.2: Phylogenetic tree of BPIF1 proteins. The phylogenetic tree was generated 
using  the human BPIFB1 protein sequence as query (shown in red). Blue nodes contain at 
least one paralog of query. The size of a collapsed node (shown as triangle) is approximately 
relative to the number of homologs in that node (mentioned at each node). These are 
collapsed for clarity. The gene-tree was obtained from the ENSEMBL database 
(ENSGT01020000230460). 

 
To examine the extent of conservation of BPIFB1 more specifically across species, a BLAST 

search was performed, analysing the reference sequence (RefSeq) protein database with the 

human BPIFB1 sequence. The output of this analysis is shown in Figure 3.3 as a multiple 

sequence alignment (MSA). The image is shaded to show differences in red (Figure 3.3). 
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Figure 3.3: BPIFB1 multiple sequence alignment. Homologous mammals derived FASTA 
sequences of BPIFB1 were aligned using the online tool, BLAST 
(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins). Conserved regions are highlighted 
in grey and amino acid differences are shown as red. Blue lines feature regions of sequence 
inserted in an individual protein sequence. 

The most striking observation is the difference between the primate BPIFB1 sequences and 

those derived from other species. Not only can it be clearly seen that there is highest 

homology in this group, but another striking difference is the variation in protein lengths 

(Figure 3.3) with those from non-primates being shorter.  

Next, I aimed to analyse the level conservation of BPIFB1 in more detail across a selected 26 

mammalian species using the multiple sequence alignment and employing the Clustal Omega 

alignment tool (https://www.ebi.ac.uk/Tools/msa/clustalo) (Figure 3.4) To achieve this, 

sequences were employed that have corresponding examples within the phylogenetic tree 

shown above and which cover all of mammalian phylogeny (Figure 3.2). These sequences 

were extracted from Genbank as RefSeq sequences and were visually examined to ensure that 

they appeared to be complete predictions.  

Overall, the most conserved (*) regions span amino acid residues 36 - 257 (the BPI domain 

1) and 334 - 471 (the BPI domain 2/ LBP BPI CETP C). These contain predominantly 

glutamine (G), asparagine (N), proline (P), leucine (L), lysine (K), valine (V), alanine (A), 

cysteine (C) and phenylalanine (F) amino acid residues (Figure 3.4).  

The C-terminal extension is found in higher land mammals such as primates and humans but 

is absent in lower species such as rodents (Figure 3.4).  This region, which exhibits 

conservation in primates, contains a ten amino acid sequence that is rich in serine (S) and 

prolines (P) residues, these are typical sites of (Manning et al., 2002a; Manning et al., 2002b) 

phosphorylation.   

The MSA also illustrates the conservation pattern of the N-Glycosylation sites (NXT or 

NXS) among 26 species, which are confirmed through Uniprot, and are indicated by red 

colour within a blue box. N-Glycosylation sites NAT, NLS, NES, NNS and NVS are 

identified in 8, 2, 2, 23 and 11 species respectively.  Interestingly, the glycosylation site at 

position 264 (human) is found conserved across all species (with the exception of cattle and 

hedgehog), whereas the other glycosylation site positions vary. In addition, N-Glycosylation 

site at position 48 appears to be primate specific (with the exception of rabbits). Notably, 

rodents possess a fourth site, which also forms a cluster of two closely positioned sites (153 

and 160), which are specific to mice and rats (Figure 3.4). 
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Figure 3.4: Multiple sequence alignment of BPIFB1 protein across 26 mammalian 
species. Highly conserved amino acid residues are shown in dark grey colour, while semi-
conserved are represented in light grey. N-Glycosylation sites NAT, NLS, NES, NNS and 
NVS are highlighted in red, whereas cysteine residues involved in formation of a disulphide 
bond are highlighted with a yellow box. A star (*) indicates completely conserved residues, a 
colon (:) residues which are semi conserved and share the same hydropathy and similar size, 
while period (.) indicates weakly similar residues, where the size or hydropathy has been 
conserved during the course of evolution. 

 

It has previously been shown that BPIF proteins contain a two cystine residues that form a 

disulphide bond, which most likely carry an important function due to its conserved nature 

across the LBP/BPI family and related members (Beamer et al., 1997; Beamer et al., 1998; 

Stenvik et al., 2004; Krasity et al., 2011). The cystines involved in this potential disulphide 

bond formation are conserved among all 26 species in the MSA, present at position 137 and 

174 (with -1 or -2 residues) in alignment, suggesting that they serve an important role in the 

tertiary structure and potentially biological activity (Figure 3.4). 

Next, it was of interest to investigate BPIFB1 on protein level with regards to genetic 

variations and potential clinical implications. 

 

3.3.1.1 Genetic variations of the human BPIFB1 

In the preceeding section I showed that BPIFB1 proteins from across mammalian evolution 

conserve a relatively limited number of amino acids. It seems lilely that these will be key 

structural or functional residues for the protein. Therefore, it was of interest to analyse 

potential genetic modification and/or protein modifications in a more systematic manner.  

 

Studies of genetic variations seen with in BPIFB1 might allow us to draw conclusions about 

potential hotspot regions or disease associations. Amino acid residues that are critical for 

function might be expected to have fewer variants. With regards to BPIFB1, this gene shows 

an indicated somatic mutation frequency of 0.9% (https://www.cbioportal.org) (Figure 3.5). 

Overall, most identified alterations are missense mutations (green pins) or splice variant 

mutations (orange pins), which occur commonly between exon 11-12 and 13-14 (Figure 

3.5A).  
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With regards to missense mutations, these occur across the entire protein in an even manner 

and at a similar frequency, including the N-terminal signal peptide. Consequently, no hotspot 

regions could be identified (Figure 3.5B). Taking a closer look at these recorded amino acid 

modifications, it appears that observed mutations occur across all amino acids with a similar 

frequency (Figure 3.5C). 

 
Figure 3.5: Human BPIFB1 protein domain structure and genetic variations. A) BPIFB1 
identified mutations frequency has been illustrated by stick and ball symbols, highlighting the 
amino acid position and respective corresponding exon, where missense mutations are shown 
in green and splice variants in orange. This figure was generated by cBioPortal 
(https://www.cbioportal.org). B) Cartoon of BPIFB1 highlighting structural features such as 
the N-terminal signal peptide, position of glycosylation motifs and disulphide bridge 
formation. C) Identified missense mutation are obtained from the Pharos website 
(https://pharos.nih.gov) and illustrate which amino acids have been found altered at their 
respective position.  
 
To take a closer look at these reported missense mutations I examined BPIFB1 gene 

modifications using the gnomAD v2.1.1. data base (https://gnomad.broadinstitute.org/). From 

this it became apparent that 938 variation events have been recorded in the gene (Figure 

3.6E). These modifications were classified as 30 cases of predicted loss of function mutations 

(Figure 3.6 and Figure 3.5A), missense or in frame insertions or deletions in 271 events 

(Figure 3.6B), and 121 synonymous mutations (Figure 3.6C). Other genetic alterations such 

as splice or intronic modifications made up the remaining 516 events (Figure 3.6D).  
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Using the Genomic variation as it relates to human health (ClinVar) data base, which holds 

genomic variation information and its relationship to human health 

(https://www.ncbi.nlm.nih.gov/clinvar/), four benign missense mutations have been recorded 

to date (accessed 17.04.2022), which contain the synonymous mutation P4P, and the three 

missense mutations K39R, P113S and T140A (Figure 3.6F).  

 

 
Figure 3.6: Overview of BPIFB1 protein variations. The gnomAD v2.1.1. data base was 
used (https://gnomad.broadinstitute.org/) to extract information regarding BPIFB1 recorded 
mutations and its respective location on the gene locus (bottom panel), highlighting loss of 
function mutations (30 events) (A), missense or in frame insertions or deletions (271 events) 
(B), synonymous (121 events) (C), or other genetic alterations such as slice or intron 
modifications (516 events) (D), leading to a total modification count of 938 events (E). F) 
Selected most common variations have been extracted and assembled in a table, showing the 
frequency of missense or synonymous alterations by allele count and penetration to both 
alleles in number of homozygotes. The clinical significance has been annotated where 
available through ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/), Genome build GRCh37 / 
hg19, used Ensembl gene ID ENSG00000125999.6, with the Ensembl canonical transcript 
ENST00000253354.1. 
 
 

Furthermore, additional missense mutations were selected in this table, based on their high 

frequency of mutation (allele count) and the homozygote penetration (number of 

homozygotes). The variant ID also highlights the specific amino acid alteration (Figure 3.6F). 

To show in a more detailed manner, all recorded variations of human BPIFB1, Table 3.1 
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displays a summary including the frequency of events. The most common recorded 

alterations are intron variants (13636), as well as upstream (4032) or downstream (3977) gene 

variations at a similar rate or non-coding transcript variants (2024) versus non-coding 

transcript exon variants (713). On protein level, the highest number of variations occurred as 

missense (482) or as synonymous (238) modification. Frameshift changes (19), insertions (1) 

or deletions (9) occurred the least frequent (Table 3.1).  

 

Table 3.1: Human BPIFB1 gene variation table. overview of occurring BPIFB1 variations. 
From http://www.ensembl.org/Homo_sapiens/ 

 
 

Taken together, I have shown that BPIFB1 is found in mammals with no clear orthologs 

identified in birds, reptiles, fish and invertebrates. Although BPIFB1 orthologs are present in 

all classes of mammals, more divergent orthologs are present in marsupials. As expected, 

primate BPIFB1 sequences are closest related to the human counterpart. Moreover, a C-

terminal extension is found in primates and humans, but is absent in other species, including 

rodents. This region may be functionally important. Finally, the post-translational N-

Glycosylation modification sites show a variable conservation pattern, with only one position 

(aa 264 in human) found to be conserved across all species. 

With respect to genetic modification or protein mutations, alterations were discovered at an 

even manner and at a similar frequency, indicating the absence of hot spot regions. The use of 

gnomAD and ensembl.org databases allowed to further study coding vs non-coding regions 

of the gene. However, these databases likely differ in sample number, sample background 

and sample bias.  
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After this detailed exploration of BPIFB1 sequence and protein variations in the human 

proteins, I next investigated BPIFB1 structure at the protein level and compared it to the 

murine counterpart.  

 

3.3.2 BPIFB1 protein structure 

BPIFB1 contains an N-terminal signal peptide of which are the first 21 amino acids 

(MAGPWTFTLLCGLLAATLIQA) are illustrated, followed by the remainder of 463 

residues (Figure 3.5B) (Bingle and Craven, 2002). As BPIFB1 is a secreted protein released 

into the extracellular space, the signal peptide is required to direct correct entry of the protein 

into the secretory pathway (Gao et al., 2015). Comparing the human and murine N-terminal 

signal peptides, they show an 81% identity (17 out of 21 aa), or 85% positive overlap (18 out 

of 21 aa) (Figure 3.7). 

 
Figure 3.7: Comparison of the N-terminal BPIFB1 signal peptide between human and 
mouse. The initial 21 residues containing the signal peptides of both species have been 
aligned. Amino acids with the same chemical properties are indicated by a +. Lower case 
numbers denote the amino acid position of the respective protein. 
 
 
 
3.3.2.1 Comparison of the mouse and human BPIFB1 protein 

In order to investigate the conservation between murine and human BPIFB1 further, the 

online tool Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) was used. The 

sequence alignment shows a 59% conservation on protein level, which is lower than the 

average conservation between orthologues of about 70 % (Figure 3.8A) (Waterston et al., 

2002). 

Genomewide comparative analysis of sequence conservation in orthologues with structural 

domains has shown that such proteins generally share much greater levels of identity than it 

is observed in BPIFB1 (Waterston et al., 2002). An alternative measure of the evolutionary 

pressure on proteins is the Ka/Ks ratio, which compares the number of nonsynonymous 
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substitutions per nonsynonymous site (Ka) to the number of synonymous substitutions per 

synonymous site (Ks) (Hurst, 2002).  

It has been highlighted that higher Ka/Ks ratios are often associated with proteins involved in 

host defense (Emes et al., 2003). BPIFB1 has a Ka/Ks ration of 0.32 (Bingle et al., 2004) and 

as a family BPIFs have Ks/Ks ratios higher than other rapidy evolving proteins (Waterston et 

al., 2002; Bingle et al., 2004) . 

Overall, homology is a superficial indication. If structure and function is conserved, highly 

structured, domain-containing regions are often more compared to less-structured inter-

domain regions based on secondary structure level rather than primary protein sequence. In 

other words, protein function might be conserved despite a divergent primary protein 

sequence. Conserved residues are highlighted in dark grey colour, while semi-conserved 

residues are shown in light grey (Figure 3.8B). A star (*) indicates highly conserved residues, 

a colon (:) residues which are semi conserved and share the same hydropathy and similar 

size, while period (.) indicates less similar residues, where only the size or hydropathy has 

been conserved. An example of a strictly conserved feature amongst both proteins are the 

cysteine amino acid residues involved in disulphide bond formation, indicated by an orange 

box, connecting aa 158 - 201in the human protein and 157-200 in the murine counterpart 

(Figure 3.8B). 

Investigating the more conserved N-terminal part of the mouse protein in further detail, it was 

observed that it contains extra aromatic residues between positions aa76-83. Specifically, 

phenylalanine at position 76 (F76) and tyrosine at position 83 (Y83) (Figure 3.8B. It is 

possible that these additional aromatic residues serve as a mouse-specific protein-protein 

interaction site, whereas analogues to that the extended C-terminus observed in higher 

mammals could support this function (Figure 3.8B).  
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Figure 3.8: Sequence alignment between hBPIFB1 and mBPIFB1. A) Comparison of 
mouse (ENSMUSG00000027485) versus human BPIFB1 (ENSG00000125999) proteins 
regarding amino acid length, percent homology (% identity), coverage and genomic location. 
B) Conserved and semi-conserved residues are shown in dark grey and light grey colour, 
respectively. Cysteine amino acid residues involved in disulphide bond formation are 
surrounded by a yellow box, while N-glycosylation motifs are highlighted in red. A star (*) 
indicates highly conserved residues, a colon (:) residues which are semi conserved and share 
the same hydropathy and similar size, while period (.) indicates weakly similar residues, 
where only the size or hydropathy has been conserved. This sequence alignment was 
generated using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/). 

 
Another feature which is divergent between both orthologues is the number of putative N-

glycosylation motifs, which are highlighted in red (Figure 3.8B).  Human BPIFB1 contains 

three N-glycosylation sites at aa48, aa264 and aa401, whereas in the murine protein aa153, 
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aa160, aa263 and aa400 have been identified. Interestingly, two sites are conserved between 

both species 264/263 (NNS) and 401/400 (NIS/NVS), whereas the other sites seemed to have 

evolved independently. In murine BPIFB1, these two sites centre around the cysteine 

responsible for forming the conserved disulphide bridge (Figure 3.8, dark yellow box).  

In order to study the protein sequences more in detail with respect to their secondary 

structures, an alignment between murine and human BPIFB1 proteins was generated using 

the UCSF Chimera online tool (https://www.cgl.ucsf.edu/chimera/download.html), aligning 

aa 84-471 for human and aa 83-470 for mouse (Pettersen et al., 2004) and manually 

annotating alpha helices and beta sheets (Figure 3.9). Of note, no secondary structures could 

be identified below aa 84 or 83 for human or mouse respectively. 

Human BPIFB1 contains seven alpha helices and 18 beta sheets, compared to five alpha 

helices and 15 beta sheets in murine BPIFB1 (Figure 3.9). Structural differences are observed 

at position V142-R144 (VER) in the fourth beta sheet in mouse and at position S155 

converted into loop with respect to human BPIFB1. The sixth beta sheet is extended from 

position D156-L168 (DCSSNESTLRLSL). There is additional alpha helix in human BPIFB1 

spanning from K261-F263 (KWF) and Q286-L297 (QDVVKAAVAAVL), while I283-S284 

is formed by a beta sheet, A382-S384 (ASS) is converted into a loop in human BPIFB1.  
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Figure 3.9: Structural conservation patterns between hBPIFB1 and mBPIFB1. Grey 
ribbons indicate alpha helices and beta sheets in structure. The UCSF Chimera online tool 
(https://www.cgl.ucsf.edu/chimera/download.html) was used to acquire structural 
information, which was manually assigned to the alignment. Proteins were aligned from aa 84 
- 471 for human BPIFB1 and aa 83 - 470 for mouse BPIFB1, as the structure before aa 83/84 
was too flexible for crystallography approaches. 
 

Assembling this information in a more visual manner, the UCSF Chimera online tool 1.1.12 

was used to model murine and human BPIFB1 secondary structures (Figure 3.20A). 

Due to its’ known similarity with other BPIF proteins, BPIFB1 exhibits a mixed secondary 

structure containing a combination of both alpha helices and beta sheets, specifically 22 % 

alpha helices and 32 % beta sheets. Highly conserved amino acid residues spanning from aa 

119 - 133 represent block A, while aa 187 - 238 form block B. These residues include G119, 
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N121, L124, K126, V129 and are mostly hydrophobic in nature (Block A), while L188, 

V196, L200 demonstrate hydrophobicity in Block B, and approximately 36% of the residues 

are predicted to be solvent exposed. Putative protein binding sites were identified by Predict 

Protein Open software (https://predictprotein.org) between T274-D276 (TLD), I283-S285 

(IVS), L306-P311 (LDSVLP), N424-I426 (NII), whereas potential DNA binding sites were 

predicted in the same manner between aa W5-L9 (WTFTL), G74 and L470-P478 

(LTPASLWKP). No putative RNA binding sites have been identified (Figure 3.11).  

 
Figure 3.10: Structural conservation of hBPIFB1 versus mBPIFB1. Comparison of 
structural conservation between mouse (A) and human BPIFB1 (B) using Chimera 1.1.12 
(https://chimera.software.informer.com/1.5/). Highly conserved residues are indicated with 
purple (A) or blue (B) sticks. Disulphide bonds are shown in red (A) or yellow (B).  
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Murine BPIFB1 is structurally similar to its human counterpart, displayed in rose pink, 

illustrating highly conserved residues with blue sticks (Figure 3.10B). Highly conserved 

residues span from aa residue 118 – 132 representing Block A, while aa 186-237 are located 

in Block B. These residues include L123, K125, V128, N120, G119 are mostly hydrophobic 

nature, while L187, V195, L199 exhibit hydrophobicity in Block B (Figure 3.10). Thirty-

seven percent of the residues are solvent exposed and putative protein binding sites were 

identified by Predict Protein Open software between residues L305-V308 (LRFV), L415-

F416, Y431-T432, which are divergent to the regions predicted in the human protein (Figure 

3.11). Predicted DNA binding sites were identified by similar means for residues W5-L9 

(WIITL), D73-S74 and T443-S448 (TGVPMS), of which T443-S448 is diverse between both 

species.  

 

 
Figure 3.11: Predicted structure and interaction sites of BPIFB1 protein. The online tool 
Predict Protein Open software (https://predictprotein.org) was utilised to explore human (A) 
or mouse (B) BPIFB1 secondary structure (top panel), where purple sections depict alpha 
helices and red sections illustrate beta strands.  Further, solvent accessibility has been 
predicted with blue stretches showing solvent exposure and orange areas highlights buried 
amino acids (second panel). Putative protein binding (third panel) sites, DNA binding sites 
(fourth panel) or RNA binding regions (bottom panel) are highlighted in blue. See text for 
detailed respective amino acid positions. 
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Finally, the online tool SWISS MODEL (https://swissmodel.expasy.org) was used to 

superimpose the human and murine BPIFB1 secondary structure to assess how similar the 

two proteins are (Figure 3.8A).  

 

 
Figure 3.12: Superimposition of modelled hBPIFB1 and mBPIFB1. Mouse BPIFB1 
(mBPIFB1, residues 84-470, cyan) was modelled after human BPIFB1 (hBPIFB1, residues 
23-471, pink) using SWISS MODEL (https://swissmodel.expasy.org). Disulphide bonds are 
colored in red and yellow for mBPIFB1 and hBPIFB1, respectively. A) Superimposition of 
hBPIFB1 (Pink) and mBPIFB1 (cyan) with anterior orientation.  B)  Superimposition of 
hBPIFB1 (Pink) and mBPIFB1 (cyan) with posterior orientation. Red box indicates the alpha 
helix predicted to be only present in hBPIFB1. 

 
 
Mouse BPIFB1 using residues 84-470 was modelled after human BPIFB1 employing amino 

acid residues 23-471, and the superimposition demonstrated strong structural similarities 

between the two proteins with a root-mean-square deviation (RMSD) of 0.171, suggesting a 

good alignment between these two proteins (Figure 3.12). Despite noticeable differences in 

the primary amino acid sequence, both proteins demonstrate a high conservation of secondary 

structure elements or tertiary structure components such as the disulphide bond formation 

(Figure 3.12). It is apparent that the N-terminus located to the left, containing the disulphide 
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bonds, shows a higher structural similarity between both species. Whereas the C-terminus on 

the right exhibit distinct species-specific loops, which do not contain alpha helix or beta sheet 

secondary structure elements and thus might be more flexible, interdomain regions (Figure 

3.12 red box). 

 

In summary, I explored in this section that BPIFB1 is a secreted protein released into the 

extracellular space, where the signal peptide is required to direct entry of the protein into the 

secretory pathway. The conservation on murine versus human on protein level is s lower than 

the average conservation between orthologues judged on primary sequence, with conserved 

N-glycosylation sites 264/263 (NNS) and 401/400 (NIS/NVS). Protein structure predictions 

revealed that the murine Bpifb is structurally similar to its human counterpart. Taken 

together, despite noticeable differences in the primary amino acid sequence, both proteins 

appear to demonstrate a high conservation of predicted secondary structure elements or 

tertiary structure components such as the disulphide bond formation. The N-terminus is 

predicted to gerater structural similarity between both species.  

 

It is important to remember that the structural analysis is based on predictions as to date no 

crystal sturucture for BPIFB1 has been solved. 
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3.3.3  BPIFB1 expression and localisation 

Next, it was important to assess where and potentially when this protein is expressed, to 

generate a more detailed expression profile of BPIFB1. This in turn would allow to draw 

more conclusions regarding its biological function or disease associations. 

 
The majority of published data suggests that BPIFB1 protein is found most highly expressed 

in the trachea and lung, and weakly present in salivary glands, the duodenum and the stomach 

(Bingle et al., 2010; Musa et al., 2012; Bingle et al., 2012; De Smet et al., 2018; Li et al., 

2020). To investigate where BFIPB1 RNA and protein levels are found, I recovered data 

from the Human Protein Atlas project (HPA) (https://www.proteinatlas.org), an online 

database which aims to map the entire human proteome across cells, tissue and organs 

employing various omics technologies. Analysed tissues are divided into colour-coded 

groups according to functional features they have in common. Images of selected tissues give 

a visual summary of the protein expression profile furthest to the right (Figure 3.13). The data 

shows that BPIFB1 exhibits a limited tissue distribution with no evidence for expression in 

many tissues. 

As BPIFB1 has been implicated to potentially play a role in innate immunity in mouth, nose 

and lungs, as well being structurally related to BPI proteins, and able to bind bacterial LPS 

(Bingle and Craven, 2002; Bingle and Craven, 2003), it was surprising to note that RNA 

expression levels was not highest in respiratory tract tissues, and the highest amounts were 

detected in the cervix. Similar expression levels were detected for gastrointestinal tract 

tissues with a main tissue expression cluster for stomach and digestion (duodenum), and 

lower expression in proximal digestive tract tissues such as salivary gland and oesophagus. 

Very small amounts have been detected in the urinary bladder, but no expression was 

detected on protein level. Moreover, there are many tissues that do not express it at all 

(Figure 3.13 and Figure 3.14). Overall, it seems that BPIFB1 is present in tissues with 

mucosal epithelia that have an exposure to the external environment and hence requires a 

higher immune protection. To assess BPIFB1 protein expression, the Human Gene Atlas data 

base generates protein expression scores based on a best estimate of the accurate protein 

expression from a knowledge-based annotation. Annotated protein expression profiles are 

performed using single antibodies as well as independent antibodies, directed against 

different, non-overlapping epitopes. For independent antibodies, the immunohistochemical 

data from all the different antibodies are taken into consideration. 
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Figure 3.13: Graphical display of human BPIFB1 expression in tissue groups. The 
Human Gene Atlas data base (https://www.proteinatlas.org) was used to display the 
consensus RNA data (left hand side) based on normalized transcripts per million expression 
(nTPM) values. RNA-Seq data presented stems from the Human Protein Atlas (HPA) and the 
Genotype-Tissue Expression (GTEx) project. Colour-coding is categorised according to 
tissue groups with functional features in common. Protein expression (right hand side) is 
presented as and based on a best estimate of protein expression.  

 
Cytoplasmic expression has been detected with the highest protein levels in mucosal epithelia 

cells in the endocervix, bronchus, nasopharynx, stomach, skeletal and smooth muscle. 

Notably, no protein expression was detected in lung tissue, salivary gland or oesophagus, 

despite showing significant RNA expression levels (Figure 3.13 and Figure 3.14), which 

could be because the parts of the tissue samples do not have the right cells to express the 

gene. For example, BPIFB1 positive cells are only glandular cells within the stomach and 
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cervix, whereas it was completely absent from cervical squamous epithelial cells 

(https://www.proteinatlas.org).  

 

 
Figure 3.14: Expression data of human BPIFB1 in categorised tissues. The Human Gene 
Atlas data base (https://www.proteinatlas.org) was used to display the consensus RNA data 
(left hand side) based on normalized transcripts per million expression (nTPM) values. RNA-
Seq data presented stems from the Human Protein Atlas (HPA) and the Genotype-Tissue 
Expression (GTEx) project. RNA (left hand side) or protein expression (right hand side) is 
presented as bars for indicated group of tissues. Only tissue groups were shown which show 
BPIFB1 expression on RNA and/or protein level. 

 

Initial RNA expression data was further explored in a more quantitative manner, comparing 

RNA expression levels for 55 tissue types, normalized by expression (nTPM) levels, 

combining the HPA and GTEx transcriptomics data sets (Figure 3.15A). Color-coding is 

based on tissue groups with functional features in common, is as indicated in Figure 3.13. As 

mentioned above, the highest BPIFB1 expression was detected in cervical tissue samples, and 

in stomach. Salivary gland expression showed moderate expression levels, with lowest levels 

in lung, duodenum, oesophagus and urinary bladder (Figure 3.15A). 

 

When BPIFB1 protein levels of this data set were estimated based on antibody staining, high 

levels were only detected in bronchus and cervix, whereas medium levels were found in 
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nasopharynx, and the digestive cluster of the stomach, duodenum and small intestine. Low 

BPIFB1 expression was identified in muscle tissues (Figure 3.15B). However, it should be 

noted that to date no quantitative data on levels of BPIFB1 in secretions have been published. 

Most data were obtained by proteomic studies and our lab is working on establishing an 

ELISA setup for measuring BPIFB1 levels, which so far has only been used in patinent with 

COPD (Gao et al., 2015). 

 

 

Figure 3.15: Expression data of human BPIFB1 in tissues. A) The Human Gene Atlas 
data base (https://www.proteinatlas.org) was used to display the consensus RNA data based 
on normalized transcripts per million expression values. RNA-Seq data presented stems from 
the Human Protein Atlas and the Genotype-Tissue Expression project. B) Protein expression 
is illustrated as bars in a particular group of tissues. Protein expression scores are based on a 
best estimate of protein expression and are divided in three expression categories (high, 
medium and low). 

 
Comparing the expression findings with studies performed in the mouse, reported murine 

Bpifb1 expression across tissues compares moderately with human BPIFB1. Consistent are 

high levels of expression stomach and in lung, with lower levels reported for ileum and 

duodenum (Figure 3.16). However, under these conditions no Bpifb1 protein has been 
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detected in female reproduction tissues such as the uterus or skeletal muscle (Figure 3.16), 

which showed a clear expression for BPIFB1 in human derived samples (Figure 3.15B).  

 

 
Figure 3.16: BPIFB1 protein levels across murine tissues. Tissue specific protein 
expression profile obtained from ENSEMBL database (ENSMUSG00000027485). Tissues 
are arranged in descending alphabetical order. Enhanced bpifb1 expression is found in organs 
related to respiratory and digestive systems. Proteomics baseline from from (Geiger et al., 
2013). 

 
As BPIFB1 was highly expressed in tissues of the respiratory tract, and given that the focus 

of my study was on the airways, I further investigate in more detail cell specific expression of 

BPIFB1 in respiratory tissue across human and mouse samples, using single cell RNA 

sequencing data from published literature. 

 

3.3.3.1 Cell specific expression  

Previous studies, predominantly using IHC methods, identified BPIFB1 and BPIFA1 to be 

localised to several epithelial cell types and minor mucosal glands residing in the nose, mouth 

and respiratory tract. BPIFB1 has been shown to be most strongly present in the minor glands 

of the proximal tongue and in a small population of goblet cells in the nasopharynx, whereas 

BPIFA1 is most strongly expressed in the nasal respiratory epithelium (Bingle et al., 2010; 

Musa et al., 2012). 

 

Recent technical improvements have made single cell sequencing an important tool for 

understanding gene expression in individual cells (Svensson et al., 2017; Hedlund and Deng, 

2018; Greaney et al., 2020). This is particularly important in tissues such as the lung and 

respiratory tract which contain multiple different cell types. Within the past five years 

multiple publications investigating respiratory samples have been published and made it 

possible to investigate cell type specific expression of genes of interest (Raredon et al., 2019; 

Travaglini et al., 2020; Han et al., 2020; Deprez et al., 2020). Therefore, using publicly 
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available data sets, it is feasible to explore which specific cell types are expressing BPIFB1 in 

respiratory tissue specimen. Therefore, I used published single cell RNA sequencing data to 

profile the specific cellular expression of BPIFB1 and its closest related paralogue BPIFA1. 

Investigation of this data enables a high resolution of cellular differences in gene expression 

and consequently a better understanding of the function of an individual cell in the context of 

its microenvironment. 

 

Respiratory single cell RNA-Seq data 

A recent single-cell RNA profiling study published by (Deprez et al., 2020) explored the 

cellular heterogeneity of the human airway epithelium across ten healthy individuals. This 

study represents one of the most extensive ones performed on the human airway to date, 

collecting a total of 77,969 cells from 35 distinct locations, spanning from the nose to the 

12th division of the airway tree (Figure 3.17A). Samples were acquired by minimally 

invasive methods through biopsies and brushings, resulting in a large panel of epithelial cell 

subtypes of precise locations. Overall, cell populations in this study were categorised as 

epithelial (89.1%), immune (6.2%) and stromal (4.7%) cells. This extensive cell atlas was 

accessed through the online tool available at https://www.genomique.eu/cellbrowser/HCA.  

 

Most cell cluster visualisation are displayed using the uniform manifold approximation and 

projection (UMAP) algorithm, which allows for high dimensional analysis to be viewed in 

2D or 3D. It offers an advantage to the T-distributed Stochastic Neighbourhood Embedding 

(tSNE) methodology as tSNE clusters are distributed solely based on their similarities or 

differences of individual points rather than similarities of populations as performed by 

UMAP. Overall, both methods reduce the thousands of dimesions seen in the highly non-

linear RNAseq data from each cell. A drop of dimensionality makes it possible to visualize 

the data on a 2D or 3D plot, allowing important insights to be gained by analysing these 

patterns in terms of clusters on a 2D plot. 

 

Using the online visualisation tool of the Deprez et al., 2020 cell atlas, I was able to explore 

specific expression of BPIFB1 (Figure 3.17B) and BPIFA1 (Figure 3.17D), as well as the 

goblet cell marker MUC5B (Figure 3.17C) across a large panel of respiratory cell types in 

UMAP plots. This representation allows for a reduction of a vast amount of mRNA-seq data 

into four dimensions, namely the neighbour, distance, intensity/concentration and 

number/amount. 
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In this selection, BPIFB1 is the most ubiquitous expressed member, being present in the 

majority of secretory, serous cells and mucous cells (Figure 3.17B). There is a distinct 

overlap of BPIFA1 with BPIFB1 in secretory and serous cell expression, however BPIFA1 

levels are significant lower. Furthermore, BPIFA1 seems to be absent from mucous cell 

populations (Figure 3.17D). In contrast, MUC5B shows a good correlation with BPIFB1, 

being enriched in mucous and secretory cells and SMG goblet cells (Figure 3.17D). However, 

the overall expression is significantly lower than observed for BPIFB1.  

 

 
Figure 3.17: BPIFB1, BPIFA1 and MUC5B expression across a healthy human airway. 
Single-cell RNA sequencing data comprising of a total of 77,969 cells, which were collected 
from 35 distinct locations, spanning from the nose to the 12th division of the airway tree. A) 
UMAP visualization of each distinct cell type by a specific colour. Expression of BPIFB1 
(B), MUC5B (C) and BPIFA1 (D) across the human airway data set. Images were generated 
using the Deprez et al., 2020 data set and were visualised through the interactive web tool 
(https://www.genomique.eu/cellbrowser/HCA/).  
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Further, a small subset of multiciliated cells show a significant expression of BPIFB1. It 

seems that expression positive cells are more mucous cells before they become ciliated. This 

would be consistent with the newer view that ciliated cells derive from goblet/mucus cells 

(Ruiz García et al., 2019).  

 

Overall, the green secretory portion of the plot includes nasal and airway cells that have 

slightly different expression profiles. It is observed that BPIFB1 is more restricted to the cells 

with an airway origin compared to BPIFA1, which is seen more in the nasal cells. This is 

further illustrated in Appendix XIII. In addition, the secretory cell population seems to be 

more heterogenous based on transcriptional expression. It could be argued that it contains 

subsequent differentiation states. MUC5B appears to be ‘sole’-heavy to a certain degree, 

however the overlap is not remarkable. Perhaps I should have also included MUC5AC in this 

context, and certainly there will be other genes enriched in ths region. 

 

The Deprez et al., 2020 data set was further used to extend the comparison to other BPIF 

members such as BPIFB2, BPIFA2 and other mucins like MUC5AC (Figure 3.18). It became 

apparent that BPIFB1 and BPIFA1 show a high cell type overlap, especially in secretory and 

serous cells. Whereas BPIFB2 and MUC5B show only strong on overlapping expression in 

SMG goblet cells, which extends to a lower degree to BPIFB1 and MUC5AC expression 

patterns. In contrast to BPIFA1, BPIFA2 exhibits its most prominent expression in secretory 

cells, with a much lesser expression found in rare cells (Figure 3.18). To conclude, BPIFA1, 

BPIFB1 and MUC5AC show the highest overlap and diverse expression, whereas MUC5B 

seems to cluster specifically with BPIFB2.  
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Figure 3.18: Heatmap comparing expression of selected BPIF members, MUC5AC and 
MUC5B in distinct airway cell populations. Generated from the Deprez et al., 2020 data set 
by the Barbry and Zaragosi group. 

 
I further extended the expression analysis to the majority of BPIF members using the(Durante 

et al., 2020)single-cell RNA-sequencing analysis of the human olfactory neuroepithelium, 

collected from 28,726 cells. This cell population has a significant respiratory component. 

Notably, BPIFA1 and BPIFB1 generate an almost identical distribution patterns, both in cell 

location and expression intensity, across a large panel of cell types (Figure 3.19).  

The highest expression levels are consistent with findings in other studies across respiratory 

samples, confirming presence of these two genes in respiratory epithelial and secretory cells. 

However, BPIFB1, and to a lesser extent BPIFA1, are found in the olfactory gland also 

termed Bowman’s glands. Expression of BPIFB1 and BPIFA1 in this study in respiratory 

ciliated and columnar cells, as well as sustentacular cells, is found at a much lower 

expression and hence might require further investigation (Figure 3.19). Overall, this analysis 

shows that BPIFA1 and BPIFB1 are the two most significantly co-expressed expressed BPIF 

genes in human nasal epithelial cells.  
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Figure 3.19: Dot plot visualization of BPIF gene expression across human olfactory and 
respiratory mucosal tissues. The plot depicts clusters from 28,726 combined olfactory and 
respiratory mucosal cells, collected from four patients. Cell identities are listed on the y-axis, 
plotted genes per cluster identified by log fold change. Genes are listed along the x-axis and 
the dot size reflects percentage of cells in a cluster, expressing each gene. Dot colour reflects 
expression level, as indicated on the legend on the right. Data was taken from Durante et al., 
2020. 
 
As studies in my thesis focus on BPIFB1 in mouse and humans, next I directly compared 

expression BPIFB1 between mouse and humans. 

The Lung Connectome (http://lungconnectome.net/), is an interactive platform created by 

Raredon et al., 2019, that allows transcriptional exploration of healthy adult lung across a 

number of species. Pre-clustered tSNE plots were generated to visualise the entire mouse and 

human single cell RNA sequencing data sets for these species (Figure 3.20A and C). Each 

data set was then searched for BPIFB1 expression and fold change mapped in the form of a 

tSNE plot and violin plots using this interactive platform (Figure 3.20). Gene expression for 

each cell type in each species was further visualised with a heatmap (pkg. matplotlib) to 

illustrate cell type expression of BPIFB1 in both human and mouse lung parenchyma. The 

data shows that human and mouse BPIFB1 expression appears to be conserved across both 

species and is mainly restricted to secretory cell populations (Figure 3.20B and D). A smaller 

amount of human BPIFB1 was detected in mast, basal and ciliated cells, which was largely 

absent in the mouse data set (Figure 3.20E versus F and G).  
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Figure 3.20: BPIFB1 expression is conserved between human and mouse in lung tissue. 
A) Adult mouse lung single cell RNA sequencing (n=7744 cells). B) Expression of BPIFB1 
in the mouse lung scRNA-Seq data set. C) Healthy human lung parenchyma single cell RNA 
sequencing (n=17867 cells). D) Expression of BPIFB1 in the human lung scRNA-Seq data 
set. Violin plots displaying BPIFB1 expression in both mouse (E) and human (F) data sets in 
each identified cluster. G) Heatmap exhibiting BPIFB1 expression by cell type in each 
species. Data collection, clustering, and analysis was performed using data sets from 
(Raredon et al., 2019) and visualized using their interactive platform Lung Connectome 
(http://lungconnectome.net/). 
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To explore which regions of the respiratory tract express BPIFB1 in more detail, single cell 

RNA-Seq data sets were identified that contain nasal, bronchial, and parenchyma samples. 

Two data sets, one created by Deprez et al., 2020 and the other generated by Vieira Braga et 

al. 2019, were found to contain cell populations from all three sections of the respiratory 

tract. The expression of BPIFB1 was plotted using the cellxgene custom platform 

(https://www.covid19cellatlas.org/deprez19/) for the single cell RNA-Seq generated by 

Deprez et al., 2019. The BPIFB1 gene expression, breakdown of populations belonging to 

each area of the respiratory tract, and distribution of sample collection were visualized using 

generated UMAP plots on the interactive platform (Figure 3.21A). The percentage of cells in 

each part of the respiratory tract expressing BPIFB1, as well as cells collected by sampling 

methods via brushing or biopsy, above a fold change > 1 was calculated and visualized using 

pie charts (Figure 3.21D and F).  

 
Figure 3.21: Expression of BPIFB1 varies by location in the respiratory tract. A) UMAP 
depiction of healthy human airways reproduced from Deprez et al. 2020 data set (n=77969 
cells). B) BPIFB1 expression in healthy human airways. C) Locations of cells in the 
respiratory tract, extracted from the Deprez data set. D) Percentage of cells expressing 
BPIFB1 fold change >1 in each section of the respiratory tract. E) Distribution of cells 
collected either by brushing or biopsy of the respiratory tract. F) Percentage of cells 
expressing BPIFB1 fold change >1 as obtained by each sampling method. Data collection, 
clustering, and analysis was performed from the Deprez et al., 2020 publication, using the 
interactive platform https://www.covid19cellatlas.org/deprez19. 
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Consistently, BPIFB1 was shown to be found in secretory and serous cell populations of 

tracheal and nasal origin (Figure 3.21B and C), and the overwhelming majority of BPIFB1 

cells were obtained by biopsy sampling (Figure 3.21E). This suggests that the method of 

sampling may influences the type of cells collected. This could potentially be explained by 

the location of BPIFB1 expressing cells such as goblet/mucous cells, some of which are 

located in SMGs, and therefore are less available to brushings and consequently found more 

represented in biopsies. However, this hypothesis needs further investigation as murine 

airway SMGs have been found negative for BPIFB1 (Bingle et al., 2012). 

To further investigate BPIFB1 expression based on location in the respiratory tract, the Lung 

Cell Atlas (https://asthma.cellgeni.sanger.ac.uk/), an interactive platform generated by (Vieira 

Braga et al., 2019) was used to examine cell populations throughout the respiratory tract. 

Data sets containing nasal, bronchial, and parenchyma samples were visualized using UMAP 

plots to analyse clusters and BPIFB1 expression (Figure 3.22). A heatmap was generated (via 

pkg matplotlib) to illustrate the expression of BPIFB1 by cell type in different parts of the 

respiratory tract (Figure 3.22D).  

Nasal samples show the highest BPIFB1 expression across goblet cell populations and a 

reduced level in ciliated cells (Figure 3.22A), consistent with the findings of the Durante et 

al., 2020 data set (Figure 3.19). Whereas BPIFB1 expression in bronchi is highest and 

exclusively found in club cells (Figure 3.22B) and not detected in lung parenchyma (Figure 

3.22C).  

Intriguingly, BPIFB1 expression in nasal samples was detected in ionocytes and luminal 

macrophages at comparable levels to Club cell levels (Figure 3.22D). This has not been 

documented before and requires further study. Pulmonary ionocytes in the respiratory 

airways have been a very recent discovery (Montoro et al., 2018; Plasschaert et al., 2018) and 

therefore not much is known about their function. On the other hand, luminal or alveolar 

macrophages are the most abundant innate immune cells present in the distal lung 

parenchyma, where they are located on the luminal surface of the alveolar space (Joshi et al., 

2018). In the latter case it could be speculated that BPIFB1 could exert an 

immunomodulatory role in conjunction with the macrophage function. However, as BPIFB1 

expression in a macrophage background is a novel observation, and has not been noted in 

previous studies, it needs to be carefully assessed in future studies if this is a truthful result. 
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Figure 3.22: BPIFB1 expression across different respiratory tissues. UMAP depictions of 
clustered healthy nasal (n=7087 cells) (A), bronchial (n=16,873 cells) (B), and parenchyma 
(n=12,971 cells) (C) cell populations with corresponding BPIFB1 expression as measured by 
fold change from Vieira Braga et al. 2019 using the Lung Cell Atlas platform. D) Heatmap of 
BPIFB1 expression throughout the respiratory tract separated by clustered cell types. Data 
collection, clustering, and analysis was performed from the Vieira Braga et al., 2019 
publication, using the interactive platform (https://asthma.cellgeni.sanger.ac.uk). 
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3.3.3.2 Temporal expression studies of BPIFB1 in lung tissue  

To explore temporal patterns of BPIFB1 transcriptional activity during normal lung 

development, a single cell RNA-Seq data set was identified containing cells collected from 

foetal human lung tissue at week 11.5 to week 21 of development composed by (Miller et al., 

2020).  

It should be emphasised that it is inherently very difficult to obtain human lung data, 

especially from late gestation and early post-natal life. This marks the time frame where the 

majority of essential lung development takes place, however it is at the same time the most 

difficult tissue to acquire for studies. 

The expression of BPIFB1 from this dataset was visualized using the cellxgene interactive 

platform (https://www.covid19cellatlas.org/miller20/) generated by Miller et al., 2020. The 

percentage of cells expressing BPIFB1 was visualised in a heatmap (via pkg matplotlib) by 

fold change >1 in each cell type, timepoint, and location (Figure 3.23).  

BPIFB1 expression is found in a very small and distinct cluster of Club-like secretory and 

Goblet-like secretory cells, but not in basal, secretory progenitor or multiciliated cells. As 

expected, immune cells were mostly negative for BPIFB1 expression (Figure 3.24A and B).  

Regarding location and timeframe of BPIFB 1expression in the developing human lung, it 

appears to be specific for week 15 and restricted to a tracheal location (Figure 3.23C). No 

detectable expression was observed in samples from weeks 11.5, 18 or 21, or at distal or 

airway locations. Of note, it seems that human fetal BPIFB1 expression appears to be highly 

regulated spatially and temporally, as at week 18 in trachea no BPIFB1 expression was 

observed (Figure 3.23C). It could be speculated that low expression of BPIFB1 could stem 

from a lack of fully differentiated cells due to the early developmental stage, in combination 

with a low cell number. Of note, it should be mentioned that the individual sample size of the 

study is very small and therefore great care must be taken not to over interpret the data. 
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Figure 3.23: BPIFB1 expression during fetal lung development in humans. A) UMAP 
depiction of human bronchial epithelial cells from fetal lungs during developmental stages 
covering week 11.5 to week 21 from Miller et al. 2020 (n=36807 cells). B) BPIFB1 
expression in developing fetal lungs as visualized by the interactive scRNA-Seq platform 
(https://www.covid19cellatlas.org/miller20/). C) UMAP displaying development timepoints 
by week (11.5, 15, 18 or 21) and location (Airway, Distal, Trachea) for human fetal lung 
cells. 
 
As observed from the UMAP representation, BPIFB1 expression in human fetal lung 

development is spatially and temporally restricted (Figure 3.23). However, visualising the 

data in a heatmap format allows for more detailed observations (Figure 3.24A). The highest 

expression of BPIFB1 is found in goblet-like secretory cells and at a much-reduced level in 

club-like secretory cells.  Expression is at initially detected at week 15 and maintained at a 

comparable level at week 18 and 21 in tracheal origin (Figure 3.24A). However, due to the 

difficult nature of obtaining fetal human samples in addition to a very limited sample number, 

it is not possible to study BPIFB1 expression at later developmental time points.  
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Next, the human data set was compared to murine data covering 26 pre- and post-natal time 

points in three common inbred strains of laboratory mice (C57BL/6J, A/J, and C3H/HeJ). To 

do this data from Beauhemin et al., 2016 was acquired from the web interface 

(http://lungdevelopment.jax.org/) and visualized as a heatmap (via pkg matplotlib) (Figure 

3.24).  This data set spans all five canonical stages of mammalian embryonic lung 

development: embryonic, pseudoglandular, canalicular, saccular and alveolar, with the latter 

one divided in four stages of alveolarization until establishment of the mature lung from post-

natal day P21 to P56 (Figure 3.24 B and C).  

 
Figure 3.24: BPIFB1 expression during lung development in human and mouse.  A) 
Heatmap illustrating the expression of BPIFB1 by fold change >1 in human fetal lung 
development for each cell type, developmental timepoint (week 11.5, 15, 18, 21, covering 
first and second trimester), and location (Airway, Distal or Trachea) from Miller et al. 2020. 
B) Heatmap demonstrating Bpifb1 expression in three murine strains (A/J, C3H/HeJ, 
C57BL6/J) during lung development spanning developmental days E9.5 to E19.5 and post-
natal day P0 to P56. C) Heatmap comparing Bpifb1 expression across three murine strains 
for each lung developmental stage. Data is from Beauchemin et al. 2016. WEMB - Whole 
embryonic embryo, EMB - embryonic, PSG - pseudoglandular, CAN -canalicular, SAC - 
saccular, ALV1-4 - alveolar stages 1-4, MAT - mature lung. 
 
 
All three mouse strains show no BPIFB1 expression until the post-natal phase and only after 

P7. There are differences in terms of peak expression time between strain C3H/HeJ (P13-
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P14) and strain A/J and C57BL6/J, which seem to express significantly higher amounts of 

BPIFB1 at the end of alveolarization during final lung maturation (Figure 3.24 B and C).  

 

In this section I investigated BPIFB1 protein localisation and expression in databases and 

published RNAseq data sets. With respect to protein expression, BPIFB1 was detected in 

mucosal epithelia cells, in the endocervix, bronchus, nasopharynx, stomach, skeletal and 

smooth muscle. Notably, no protein expression was identified in peripheral lung tissue, 

salivary glands or oesophagus. This expression pattern was consistent with localisation 

reported for Bpifb1 in murine tissues. 

Employing different published RNAseq studies, BPIFB1 is the most ubiquitous expressed 

BIF member, being present in the majority of secretory, serous and mucous cells of tracheal 

and nasal origin, with expression partly overlapping with BPIFA1. Overall, BPIFB1 

expression appears to be conserved across both human and murine species and is mainly 

restricted to secretory cell populations. 

Exploring temporal expression patterns of BPIFB1 transcriptional activity during normal lung 

development revealed a very small and distinct cluster of club-like secretory and goblet-like 

secretory cells, but was not detected in basal, secretory progenitor or multiciliated cells. 

Although it appears that BPIFB1 is expressed specifically around week 15 in the developing 

human lung, and is restricted to a tracheal location, this might not be representative as the 

study only contained a very small sample size. In contrast, murine developing lung tissue did 

not show Bbifb1 expression until the post-natal phase and only after P7. This expression data 

suggests that the function of BPIFB1 is not required prior to birth.  

Having investigated the cell specific and developmental expression of BPIFB1, I next 

investigated expression data sets from lung diseases as there are multiple reports of BPIFB1 

being differentially expressed in disease. 
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3.3.4  BPIFB1 implicated biological function and potential role in 

respiratory homeostasis 

 
As mentioned in the introduction, functional analysis of BPIFB1 to date is still very limited. 

Therefore, I aimed to investigate BPIFB1 gene associations by extracting data on its 

expression across a range of lung diseases, in order to widen the understanding of a potential 

role of BPIFB1 in respiratory homeostasis and disease. 

 
Chronic obstructive pulmonary disease (COPD) 
 
COPD is collective term for several lung conditions which cause breathing difficulties. These 

include emphysema, describing damage to the alveolar air sacs in the lungs, or chronic 

bronchitis, caused by long-term inflammation of the airways. COPD is commonly observed 

in middle-aged or older adults who smoke, with increasing breathing difficulty over time 

(Negewo et al., 2015; Bagdonas et al., 2015; Erhabor et al., 2021). 

To investigate the previous observation that BPIFB1 levels correlate with severity of COPD 

(Gao et al., 2015; De Smet et al., 2018) further, the COPD Cell Atlas 

(https://p2med.shinyapps.io/copd-cell-atlas/_w_56264081/#tab-7237-3) (Sauler et al., 2022) 

was used to examine BPIFB1 expression in healthy and COPD  lung tissue. It can be seen 

that the highest BPIFB1 expression in healthy lung tissue is found in goblet cells and to a 

lesser extent in club cells. Much lower BPIFB1 expression levels are detected in ciliated 

cells, with no significant expression in basal, PNEC or AT cells (Figure 3.25A). Consistent 

with earlier observations (Gao et al., 2015; De Smet et al., 2018), BPIFB1 levels are 

significantly upregulated in goblet cell and ciliated cell populations under COPD conditions, 

however at the same time there is a significant reduction of BPIFB1 expression is in Club 

cells (Figure 3.25A). BPIFA1 is expressed overall at a lower extent compared to BPIFB1, 

although being found in the same cell population, being highest in goblet cells, low in Club 

cells and close to detection limits in ciliated cells. During COPD, a reduction of expression is 

observed in Club cells, however in contrast to BPIFB1, BPIFA1 is found dowregulated in 

goblet cells (Figure 3.25B). 
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Figure 3.25: BPIFB1 and BPIFA1 expression in COPD. The data set combined lung tissue 
from 17 patients with advanced COPD and 15 age-matched controls (Sauler et al., 2022), 
with 61,564 extracted cells from COPD lungs and 49,976 cells from control lungs. Overall, 
37 distinct cell types were identified in both tissues as assessed by representative markers. A) 
Expression of BPIFB1 and B) expression of BPIFA1 across lung cell populations. Images 
were generated using the COPD Cell Atlas (http://www.copdcellatlas.com/) 

Cystic fibrosis (CF) 
 
The common and autosomal inherited disease cystic fibrosis (CF) results in thick mucus 

secretions in lungs, causing repeated bronchial infections and airway obstructions (Rafeeq 

and Murad, 2017; De Boeck, 2020)  CF patients, as well as murine models of the disease, 
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exhibit markedly increased levels of BPIFB1. It is thought that increased production of the 

protein may be a response to the epithelial remodelling associated with this condition (Bingle 

et al., 2012). 

It was previously demonstrated that genetic variants in the BPIFA1/BPIFB1 region are 

associated with decreased gene expression and increased lung disease severity in CF (Saferali 

et al., 2015). This suggests that dysregulated BPIFA1 and/or BPIFB1 expression may be 

detrimental to CF lung function. For example, proteomic analysis of nasal epithelial cells 

from CF patients has demonstrated increased levels of BPIFA1 (Roxo-Rosa et al., 2006) and 

BPIFA1 and BPIFB1 are found elevated in sputum from patients with CF (McCray et al., 

2005), while epithelial cells from CF patients express abundant BPIFA1 and BPIFB1 

(Scheetz et al., 2004).  

Carraro and colleagues published an extensive single cell study of the proximal airway 

epithelium of healthy and CF conditions. BPIFB1 and BPIFA1 expression data extracted 

from in this study showed that basal and ciliated subpopulations remain negative for any CF 

related differential gene expression (Figure 3.26A) (Carraro et al., 2021). However, a subset 

of secretory cells showed a modulated behaviour. Overall, BPIFB1 exhibited a stronger 

modulated response in CF conditions compared to BPIFA1. The secretory cell population 

was subdivided into five categories: Secretory1-5 subsets as outlined in Figure 3.26B. The 

Secretory 2 subset contains goblet cells based on the marker set containing 

mucins MUC5B and MUC5AC, AGR2 and SPDEF. The Secretory 4 subset is defined by 

expression of MUC5B, TFF1 and TFF3, which is representative for mucous-like cells, which 

are distinct from goblet cells (Widdicombe and Wine, 2015). The Secretory 5 subset contains 

a serous-like signature and represent glandular cell types of SMGs. Representative marker 

genes are LYZ), Proline-Rich Proteins (PRBs, and PRRs), and Lactoferrin (Carraro et al., 

2021). Interestingly, a FOXN4+ cell population was defined, which has been described as 

postmitotic subcell population in the developing proximal airway and this showed elevated 

BPIFB1 levels during CF.  It has been suggested that these cells may indirectly impact on 

alveologenesis during murine lung development (Li and Xiang, 2011).  
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Figure 3.26: Comparison of BPIFB1 with BPIFA1 expression in Cystic Fibrosis lung 
tissue. A) Expression data for BPIFA1 or BPIFB1. Expression table was provided by Brigitte 
Gomperts. B) Cell subset description from Carraro et al., 2021. 

 

In addition, Secretory 2 (goblet cell) and 5 (serous) cell populations show upregulated 

BPIFB1 levels under CF conditions compared to control tissue, whereas Secretory 4 subcells 

do not demonstrate a modulated BPIFB1 phenotype, rather express higher levels compared to 

BPIFA1 (Figure 3.26B). In contrast, BPIFA1 shows across all populations a non-modulated 

phenotype, except for Secretory 2 cell populations (Figure 3.26A).  
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Idiopathic pulmonary fibrosis (IPF) 
 
Idiopathic pulmonary fibrosis (IPF) is a condition in which the lungs become scarred and thus 

lead to increasingly more difficult breathing. Till date reasons causing IPF are not well 

understood, and it usually affects people from 70 to 75 years of age, being rare in people 

under 50 years (Barratt et al., 2018). A very recent genetic analysis investigating 

differentially expressed gene and pathways in IPF, identified BPIFB1 as one of the three top 

DEGs showing the highest significant up-regulation. It was suggested that these DEGs play 

an important role in the manifestation of IPF through the mitogen-activated protein kinase 

(MAPK) (Li et al., 2021a). 

Additionally, BPIFB1 has been implicated in mucin regulation within the lung (Donoghue et 

al., 2017) Donoghue et al., 2020 on bioRxiv). Bbifb1-knockout mice appear to display 

abnormal mucin secretion, suggesting that the protein is associated with MUC5AC and 

MUC5B function (Donoghue et al., 2017). Bingle et al., (2013) reported that BPIFB1 and 

MUC5B are upregulated in IPF, implying that increased BPIFB1 expression might be linked 

to IPF.  

The single-cell RNA-sequencing data set from Haberman and colleagues compared non-

fibrotic control and pulmonary fibrosis lung tissue (Interstitial lung disease - ILD)  contains 

over 114,000 cells from 20 pulmonary fibrosis and 10 corresponding control lungs and 

identified 31 distinct cell types (Habermann et al., 2020). The online tool idiopathic 

pulmonary fibrosis (www.ipfcellatlas.com) was utilised to extract expression data for 

BPIFB1 and to compare to BPIFA1 levels in the same data set (Figure 3.27). 

Overall, BPIFB1 levels are higher (Figure 3.27A) compared to BPIFA1 (Figure 3.27B). 

Notably, both genes are found in overlapping cell types, namely MUC5B and MUC5AC high 

cells as well as differentiating ciliated cells, and to a much lower level in SCGB3A2 positive 

cells (Figure 3.27D). This observation has been further visualised as violin blots (Figure 3.28). 
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Figure 3.27: Expression BPIFB1 and BPIFA1 in control and ILD conditions is limited 
to mucin positive and differentiation ciliated cells. A) BPIFB1 or B) BPIFA1 UMAP 
expression representation. C) Demonstration of interstitial lung diseases (ILD) versus control 
cells (114,000 cells in total). D) Visualisation of distinct cell types across the data set. Data 
extracted from www.ipfcellatlas.com based on the Habermann et al., 2020 study. 
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Figure 3.28: Violin plots of BPIFB1 and BPIFA1 expression. A) BPIFB1 or B) BPIFA1 
violin plot representation across distinct cell types. Data extracted from www.ipfcellatlas.com 
based on the Habermann et al., 2020 study, Banovich/Kropski gene explorer. 
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Asthma 
 
Asthma is a common lung condition, which causes sporadic difficulty of breathing due to a 

narrowing and swelling of the airways, with potential additional mucus production. It is 

characterised by chronic airway inflammation and wheezing (Quirt et al., 2018). 

BPIFB1 has been found in sputum samples (Baines et al., 2014), and BPIFB1 levels have 

found elevated upon mycoplasma infection (Fujii et al., 2017), an infection which is 

sometimes associated with asthma (Hong, 2012; Wood et al., 2013).  

A recent scRNA-Seq study by Vieira Braga et al., 2019 investigated the cellular landscape of 

the upper and lower airways in healthy lungs, as well bronchial tissue in asthmatic lungs. 

Asthmatic samples were obtained from bronchial biopsies from six volunteers demonstrating 

chronic, childhood-onset asthma and were compared to healthy sex- and age-matched 

volunteers. Key findings from the highlight that asthma induced mucous cell hyperplasia 

originates from a novel mucous ciliated cell state, as well as goblet cell hyperplasia, and the 

presence of pathogenic effector type 2 helper T cells (Vieira Braga et al., 2019).  

Employing the epithelial asthma airways atlas online tool provided by the Vieira Braga et al., 

2019 data set (https://asthma.cellgeni.sanger.ac.uk), it was possible to visualise differential 

expression of BPIFB1 as well as BPIFA1 across epithelia cells in asthma and healthy tissue 

(Figure 3.29). 

Similar to data from other studies, BPIFB1 is expressed in club and goblet cells, submucosal 

and in a subset of mucus ciliated cells (Figure 3.29C). Extending this view to the 

corresponding heatmap, it seems that asthma conditions mildly increase BPIFB1 expression 

in ionocytes, goblet and ciliated cells as well as basal cycling cell populations (Figure 3.29D). 

However, BPIFA1 in contrast is less ubiquitously expressed and is found almost exclusively 

in club, submucosal and in a subset of mucus ciliated cell populations (Figure 3.29E). In 

asthmatic conditions a significant elevation of BPIFA1 is observed in club and ciliated cells, 

with a notable decrease of BPIFA1 levels in mucous ciliated and basal activated cells, 

compared to healthy controls (Figure 3.29F). 
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Figure 3.29: BPIFB1 and BPIFA1 expression in asthmatic and healthy control 
bronchial tissue. A) tSNE representation of cell clusters (n=25,146 cells) of bronchial tissues 
from the Vieira Braga et al., 2019 data set. B) Distribution of cells derived from biopsies of 
the lower bronchi from asthmatic donors (red, n=15,033) or control counterparts (teal, 
n=10,113). C) Cell populations with corresponding BPIFB1 expression and associated 
heatmap (D), showing the control column on the left and asthmatic counterpart on the right. 
E) BPIFA1 expression across bronchial tissue samples and corresponding heatmap (F). 
Images were generated using the epithelial asthma airways atlas online tool at 
https://asthma.cellgeni.sanger.ac.uk. 
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This section aimed to investigate BPIFB1 gene expression across a range of lung diseases in 

order to widen the understanding of a potential role of BPIFB1 in respiratory homeostasis and 

disease. 

 

BPIFB1 levels are upregulated in goblet cell and ciliated cell populations under COPD 

conditions, however at the same time a reduction of BPIFB1 expression is seen in Club cells. 

Another respiratory disorder, CF, showed an increased expression of BPIFB1 in the secretory 

cell pool containing goblet cells based on the marker set encompassing 

mucins MUC5B and MUC5AC, AGR2 and SPDEF. Additionally, BPIFB1 and MUC5B 

have been found upregulated in IPF, implying that increased BPIFB1 expression might be 

linked to IPF. In asthma mildly increase BPIFB1 expression in ionocytes, goblet and ciliated 

cells as well as basal cycling cell populations.  

 

Overall, it is seen that BPIFB1 levels are incrased in secretory cell populations in chronic 

lung diseases. However, this does not prove that increases in BPIFB1 are causative. 
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3.4 Discussion  

Among BPIF family members, the size and intron numbers are highly conserved, suggesting 

that they co-evolved during previous genetic events (Hubacek et al., 1997; Bingle et al., 

2004; Bingle et al., 2011a; Bingle et al., 2011c). BPIF proteins which are found highly 

glycosylated, are expressed differently in different species or at different locations within the 

same species, which has been shown by different methods such as hybridization or multi-

tissue cDNA microarray detection and thus demonstrated tissue specific expression of BPIF.  

 

Using an alignments tool, it was demonstrated that BPIFB1 is found across mammalian 

species, although with a low level of similarity, and not in reptiles or fish. This perhaps 

indicates that evolving mammals with a lung based respiratory system are reliant on BPIFB1 

function for homeostasis or immune defence. Furthermore, the alignment study revealed a 

specific primate C-terminus and conserved disulphide bridge, suggesting that these regions 

might be required for biological function as they have been preserved despite a rapidly 

evolving and divergent protein family (Bingle et al., 2004).  

 

Single cell studies confirmed that BPIFB1 and BPIFA1 are the two most abundantly 

expressed members of the BPIF protein family (Durante et al., 2020; Deprez et al., 2020).  

BPIFA1 and BPIFB1 proteins are largely confined to regions of the head and upper 

respiratory tract, where both proteins are found expressed in serous cells. Overall, BPIFB1 

expression has been found consistently higher, and more tracheo-bronchial and SMG goblet 

cell located. As it has previously been demonstrated that BPIFB1 and BPIFA1 were not co-

localised (Vargas et al., 2008; Musa et al., 2012), this indicates a novel finding. This could be 

further verified using in situ hybridisation methods, which could confirm that both RNAs are 

expressed in the same cells (Haimovich and Gerst, 2018). In addition, RNA-Seq data largely 

confirmed previously published localisation of BPIFB1 and BPIFA1 proteins, which are 

expressed centrally in the nasopharynx, mouth, nasal cavity, respiratory tract, and digestive 

tract (Bingle and Bingle, 2011; Musa et al., 2012; Alves et al., 2017). However, RNA-Seq 

findings should be further validated on protein level, using immunofluorescence or double 

labelled IHC, where a dual-staining approach could verify co-expression of BPIFB1 and 

BPIFA1 (Chen et al., 2010).  
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BPIFB1 expression has been detected in several tissues such as the respiratory or GI tract 

(Musa et al., 2012, LeClair et al., 2001; Hou et al., 2004), however to my knowledge there 

are no publications which formally confirm BPIFB1 presence in the female reproductive tract 

or in muscle cells. With respect to the expression data of BPIFB1 in female tissues, more 

specifically the cervix, this data was derived from the GTex portal, which contained only a 

very small sample size of only 10 samples. In order to establish if BPIFB1 is truly expressed 

in these tissues, further studies need to be conducted, for example using an 

immunofluorescent approach to determine BPIFB1 protein levels. 

An initial systematically protein expression analysis of BPIFB1 and BPIFA1 in mice 

demonstrated predominant expression in oral, nasopharyngeal, and respiratory tissues, 

however neither protein was present in kidney, heart, liver, pancreas, spleen, testes, or ovaries 

(Musa et al., 2012). In addition, BPIFB1 is present in the serous glands in the proximal 

tongue where is co-localised with the salivary gland (Musa et al., 2012). Studies using 

intestinal tract tissues, exhibited expression for Bpifb1 in the adult glandular stomach and 

neonatal intestinal tract(LeClair et al., 2004; Hou et al., 2004; Kallio et al., 2010; Musa et al., 

2012) or BPIFB1 in respective human tissues (Sentani et al., 2008; Shin et al., 2011). 

However, as BPIFB1 is not found in other regions of the GI tract and located to Paneth cells 

only, this suggests that it is not a significant product of the gastrointestinal mucosa. In 

humans, this protein is present in a population of Paneth cells of the duodenum, and it has 

been shown to decrease pro-inflammatory responses to V. cholerae and E. coli LPS (Shin et 

al., 2011). In contrast, BPIFA1 has not been detected in any gastrointestinal tissues (Musa et 

al., 2012). Taken together, these proteins exhibit distinct and only partially overlapping 

localization based on protein expression studies, for example in the larynx. They exhibit 

limited expression outside of these regions (Musa et al., 2012). 

 
BPIFB1 is the most highly studied two-BPI domain containing member of the BPIF-family 

(Bingle and Bingle, 2011; Musa et al., 2012; Alves et al., 2017). Its distribution in the 

respiratory tract, as well as its structural relation to other innate immune proteins, has led to 

the proposal of the protein’s role in the immune system. BPIFB1 may regulate the removal of 

debris and potential pathogens from the respiratory tract, and it has been implicated in 

respiratory diseases. However, no precise mechanistic role for BPIFB1 has been found yet 

and is has been suggested that BPIFB1 could act as a significant contributor to host immunity 

within the respiratory system. Therefore, the current working hypothesis is, that BPIFB1 may 
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be involved in the homeostasis of the immune system within the airways. In line with this, 

preliminary data from the host lab showed that BPIFB1-/- mice experience a higher viral load 

when challenged with influenza A virus. This data is consistent with other findings from the 

host lab implicating BPIFA1 as a regulator of IAV infection (Akram et al., 2018). 

BPIFA1, but not BPIFB1 or BPIFA2, have been demonstrated to inhibit the biochemical 

activation of ENaC sodium channels by preventing proteolytic processing and therefore 

activation of the channel (Garcia-Caballero et al., 2009; Rollins et al., 2010). Further, 

BPIFA1 is greatly increased in the small airways and plugged lumens in CF conditions 

(Bingle et al., 2007). However, this was not observed in more recent single cell data sets 

(Carraro et al., 2021). In contrast, BPIFA1 has been found down-regulated in asthma models 

(Chu et al., 2007; Wu et al., 2017), which was only partly recapitulated the analysed data set 

from Vieira Braga et al., 2019. 

As mentioned above, BPIFB1 is most abundantly expressed in lung tissue and glandular cells 

of the stomach and thus might exert a protective role. This is consistent with findings 

discussing findings of an antiproliferative role of BPIFB1 in nasopharyngeal carcinoma (Wei 

et al., 2018b).  

 
Another interesting angle to test if BPIFB1 can exert a protective role in the lungs is the 

observation that BPIFB1 is found expressed in cells with high MUC5B or MUC5AC levels, 

and this has been associated with diseases such as COPD (Radicioni et al., 2016) and 

Helicobacter pylori infection (Kato et al., 2020; Li and Ye, 2020; Durazzo et al., 2021). This 

could provide a link to observed BPIFB1 expression in stomach, where MUC5AC is 

expressed in the superficial epithelium and the upper part of the gastric pits. H. pylori 

positive patients exhibit a striking co-localisation of H. pylori and MUC5AC, where over 

99% of the bacteria were associated with either extracellular MUC5AC or the apical domain 

of MUC5AC producing cells (Van den Brink et al., 2000). Additional studies later confirmed 

that MUC5AC acts as a primary receptor for H. pylori (Van de Bovenkamp et al., 2003). 

Recent single cell RNA studies investigating respiratory tissues in healthy, or disease 

conditions led to a better understanding of BPIFB1 expression, however different expression 

levels in various tissues or cell types potentially determine different biological activities. 

Overall, the efficacy of BPIFB1 in anti-bacterial activity, tumour inhibition, and respiratory 

disease is increasingly evident, but the detailed mechanisms behind its regulation are not yet 

clear and thus require further exploration and research. 



 135 

 

Moreover, recent observations suggest that, although BPIFB1 and BPIFA1 do not seem to 

have an anti-bacterial role against Pseudomonas aeruginosa, they might be mediating an 

immunomodulatory function in CF airway epithelial cells (Saferali et al., 2020). 
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4 Chapter  
Chapter 4:  

Microarray data analysis of mTEC ALI culture 

during differentiation or IAV infection  
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4.1  Introduction 

The closest related paralogue of BPIFB1 is BPIFA1, despite only possessing one BPIF 

domain, compared to two found in BPIFB1. From a respiratory focus, BPIFA1 localisation is 

restricted to the respiratory epithelium and the submucosal glands of the upper airways 

(Campos et al., 2004; Bingle et al., 2005), whereas BPIFB1 has been found expressed in the 

trachea, respiratory epithelium and submucosal glands of larger and some smaller airways. 

BPIFB1 has been identified in goblet cells of the respiratory system, whereas BPIFA1 derives 

from serous, nonciliated, nongoblet epithelial cells (Bingle et al., 2005; Bingle et al., 2010; 

Gao et al., 2015). Notably, neither BPIFA1 nor BPIFB1 are detected in the alveolar regions 

of a healthy lung (Bingle et al., 2010; Bingle et al., 2012). However, under conditions of a 

compromised lung, BPIFB1 and BPIFA1 levels have been found dysregulated, compared to 

healthy tissue (Steiling et al., 2009; Bingle et al., 2012; Jiang et al., 2013; Titz et al., 2015; 

Gao et al., 2015). Due to the fact that expression and secretion of both proteins is dependent 

on the differentiation status of the epithelial cell population, studies in vitro are relied on a 

robust experimental model which employs lung cell cultures grown at air–liquid interface 

(Campos et al., 2004; Ross et al., 2007; Bingle et al., 2010; Martinez-Anton et al., 2013). 

Murine models are the most commonly employed model system to mimic respiratory 

infections and associated diseases, as the mouse trachea is very similar to the human trachea, 

bronchi, and bronchioles, and thus has been widely used for in vivo and in vitro studies 

(Cormier et al., 2010; Bayes et al., 2016; Pilloux et al., 2016; Akram et al., 2018). Therefore, 

establishing primary mouse tracheal epithelial cells (mTEC) provides a valuable device for 

studies of the composition and response of airway epithelial cells during host-pathogen 

interactions. In addition, utilizing genetically altered mice allows to determine the 

contribution of host genetics to the development and response of the airway epithelial cells.  

 

Over the last two decades, the murine mTEC ALI culture has been further developed into a 

well-established model to study airway epithelial cells, which now allows for expansion of 

mTECs, while maintaining their differentiation capacity (Davidson et al., 2000; You et al., 

2002; You and Brody, 2012; Mulay et al., 2016; Schilders et al., 2016). Consequently, the 

required numbers of animals required has been reduced, as has biological variation in the 

cultures. Furthermore, development of murine in vitro cell culture models, mimicking in vivo 

host airway epithelium and its microenvironment, provides unique possibilities to study 

immune responses of airway epithelium to viral stimuli.  
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The mTEC system relies on extraction of specific airway epithelial cells from murine tracheal 

tissue using a protease treatment, removal of contaminating cells such as fibroblasts and 

plating on transwell membranes for expansion of the basal, epithelial stem/progenitor cell 

population in a submerged fashion (Davidson et al., 2000; You et al., 2002). When 

confluence is reached, cells are lifted to the ALI and culture continued using specific culture 

media, only supplied from the basal side of the porous transmembrane, mimicking an airway 

epithelial environment. This stimulates the differentiation of basal cells and recapitulates the 

distinct cell types seen in mouse tracheal epithelium such as non-ciliated secretory cells and 

ciliated cells, as well as the formation of cellular tight-junctions (Ostrowski and Nettesheim 

2009, Davidson et al., 2000, Mulay et al., 2016, You et al., 2002, You and Brody, 2013). 

Secretory cells produce mucins and antimicrobial peptides and metabolize toxins, whereas 

ciliated cells use their cilia to propel debris out of the lung (Jeffery and Li, 1997; Tata et al., 

2013; Tata and Rajagopal, 2017). 

 

Airway epithelia present the first target of IAV infection, which are primary responders, thus 

contributing to immunity, pathology and recovery. The associated responses may depend, 

amongst other factors, on the host genetic background, which mediates susceptibility and 

protection. Using mTECs cultures in undifferentiated or differentiated conditions allows to 

focus on the contribution of epithelial cells in an infectious setting and to study the effect of 

host genetics on the response to IAV in addition to assessment of effectiveness of a potential 

therapeutic treatment against IAV. Thus, understanding the biological activity of BPIFB1 in 

host defence against viral and bacterial infections could provide important insights in the 

understanding the functions of the protein, and this would allow for an investigation to 

whether the loss of BPIFB1 in mTEC culture would lead to the greater susceptibility to IAV 

infection.  
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4.2 Aims 

mTEC were harvested from C57BL/6J wt mice and isolated with the aim to expand and 

establish ALI cultures. My initial aim was to establish the culturing techniques so as to be 

able to undertake functional experiments on the role of BPIFB1 in antiviral host defence. 

Originally, the intention was to obtain Bpifb1-/- modified animals and draw direct conclusions 

between wild type (wt) and Bpifb1-/- mTEC cultures, but due to COVID-19 imposed breeding 

restrictions, only wt mice were available during the conduct of this work and thus these were 

used to setup the initial model system in a pilot study.  

 

mTEC were differentiated in culture into upper airway-like epithelium and these were 

routinely validated by using a range of techniques. A genome wide microarray analysis was 

performed in order to analyse gene signatures associated with basal cell expansion and ALI 

cell differentiation and expression of BPIFB1 studied during this process.  Finally, the 

genome wide responses of undifferentiated and differentiated mTECs to IAV infections were 

directly compared to focus on modulated genes during IAV challenge in both conditions.   
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4.3 Results 

4.3.1 Validation of mTEC cultures and establishing infections with IAV 

4.3.1.1 Cell harvest and differentiated cell model system  

mTEC isolation is an established technique within the lab and has been used across several 

projects (Akram et al., 2018). The current protocol was adapted from published methods 

(You et al., 2002; You and Brody, 2012) and subculturing steps after extraction and 

employed were  performed as illustrated in Figure 4.1.  

I initially sought to establish this technique for my own studies. Resected tracheas, cleaned of 

adhered tissue were placed in sterile mTEC basic media containing antibiotics. Tracheas were 

cut open lengthwise and incubated overnight in 0.15% pronase solution in mTEC basic media 

at 4ºC. Subsequently, pronase activity was neutralised with FBS and epithelial cells were 

gently dislodged from tracheas by gentle tube inversions. 

The cell pellet collected by centrifugation was resuspended in cold DNase/BSA solution and 

incubated in a cell culture dish for 3-4 hours at 37°C, to allow for the fibroblast population to 

attach to the surface. The non-adherent cells, enriched for epithelium, were collected, and 

resuspended in mTEC plus media and a small population was used for RNA extraction, 

serving as an original or wt cell reference. The remainder of the isolated epithelial cell 

population was seeded at the density of 3-3.5x104 cells per transwell insert.  

Cells were cultured in submerged conditions using mTEC plus media in both chambers until 

they reached confluency, which usually took seven to eight days. When confluent, this day 

was termed Day 0 (D0) and mTECs were differentiated into upper airway-like epithelium in 

ALI conditions for at least 14 days (D14) using mTEC ALI media in the basal chamber only 

(You et al., 2002; You and Brody, 2012) (Figure 4.1). D0 ALI cells were collected for RNA 

extraction to serve as undifferentiated cell reference compared to the D14 ALI differentiated 

sample set. 
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Figure 4.1: mTEC culture schematic and timeline. Cells were isolated from resected 
trachea approximately nine days prior (D-9) for induction of ALI and cultured in transwell 
inserts as submerged culture post pronase treatment (D-8) until reaching confluence (D0). 
Samples for validation and transcriptional analysis were collected at seeding (original cells, 
wt), day 0 and day 14. The submerged culture (D-8 to D0) was grown as proliferation and 
extension phase, and upon reaching confluence ALI was induced using a specific formulated 
media (mTEC ALI media) and only supplying it to the basal portion of the chamber, leading 
to the differentiation phase. Cells were cultivated on in the apical chamber on a semi-
permeable membrane with a 0.4 µm pore size. The use and time frame of specific grow 
media is indicated. Yellow cells represent ciliated, blue secretory cells and green basal cell 
populations. 

 

 

4.3.1.2 Validation of mTEC differentiation 

The growth and morphology of mTECs seeded into transwells was always observed during 

submerged and ALI culture conditions. Epithelial cells appeared elongated, forming contacts 

with adjacent cells, leading to epithelial cell islands. Cells proliferated in the submerged 

culture condition and formed a confluent monolayer within seven to eight days of seeding.  

Using this method, ALI culture was induced when the cells reached confluence on the wells, 

and within seven days of ALI culture cell morphology changed.  At day 14 of ALI culture, 

two major types of mTECs, flat non-ciliated cells and ciliated cells are clearly observed and 

showed well-defined cell boundaries (Figure 4.2). 
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Figure 4.2: Visual characteristics of mTEC ALI culture. Representative confocal images 
of ALI D0 (A) and ALI D14 (B) mTEC cultures counterstained for cell nuclei (DAPI blue) 
and  b-TUBULIN (green) identifying ciliated cell bodies. (C) Scanning electron microscope 
of a D14 ALI mTEC culture demonstrating ciliated and non-ciliated cell populations forming 
a confluent closed monolayer. Image was was generated by Dr Khondoker Akram. 

 

The morphology of non-ciliated cells was of cobble-stone nature, characteristic of upper 

airway epithelium (Eenjes et al., 2018). During the isolation procedure, mouse tracheal 

fibroblasts were also routinely cultured to obtain a pure population of fibroblasts to be used 

as negative control for validation studies.  

mTECs grown in this manner were previously shown to exhibit staining of BPIFB1 and 

BPIFA1 (Figure 4.3) in a non-ciliated cell population in mTEC cultures, consistent with the 

in situ localisation of the proteins in secretory cells of the native mouse upper airways (Musa 

et al 2012). 

 
Figure 4.3: Immunofluorescent analysis of BPIFB1 and BPIFA1 in mTEC ALI at D14. 
BPIFB1 (A) or BPIFA1 (B) was visualised in the green-fluorescent channel, highlighting 
non-ciliated cell populations. Anti-acetylated α-TUBULIN (aTUBULIN red) has been 
employed as ciliated cell marker to identify ciliated cell populations and cell nuclei were 
counterstained with DAPI (blue). This figure was generated by Nick Yozamp and Steve 
Brody at Washington University, St Louis, USA. 
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Consistent with published localisation data, BPIFA1 and BPIFB1 were detected by 

immunofluorescence at D14 in a cell population with is strictly exclusive of a ciliated cell 

marker (Figure 4.3). Notably, BPIFA1 staining intensity seem to be higher compared to 

BPIFB1. It may be that this is a primary antibody affinity related phenomenon. Nonetheless, 

this existing data shows that BPIFB1 is observed in differentiated mTECs in ALI cultures. 

This consistent with data from human HBECs produced in the lab, 

 

ALI culture induced differentiation states were also routinely tested on a gene expression 

basis, by performing endpoint PCR investigating the level of expression of the epithelial cell 

markers Tekt1, specific for ciliated cell types, and Bpifb1 and Bpifa1 as secretory cell 

markers. Oaz1 served as internal positive control (Figure 4.4). As expected, none of these 

markers were expressed in fibroblast samples (Figure 4.4). 

 

 
Figure 4.4: Representative endpoint PCR validation of epithelial cell markers. mTEC 
cells were isolated and cultured as outlined in the text, mRNA extracted from the original wt 
tissue after pronase treatment, and from cell cultures at 0 (D0) or 14 (D14) days post 
cultivation in a transwell ALI setup. RNA from a fibroblast culture served as negative control 
for epithelial cell markers. Gene expression analysis of Bpifb1 (148 bp), Bpifa1 (127 bp), 
Tekt1 (373 bp) and Oaz1 (274 bp) was carried out by amplifying equal amounts of cDNA by 
endpoint PCR. Oaz1 served as an internal positive control. 

 

In addition to the gene expression analysis, a protein-based approach was previously carried 

out on differentiating mTECs. The basal chamber media was changed every second day 

during ALI culture and apical washes performed with the aim to detect and analyse secreted 

BPIFB1 and BPIFA1 during differentiation.  This data shows that cultures release BPIFB1 

and BPIFA1 into the apical secretions in a time (and differentiation) dependant manner 

(Figure 4.5). As expected, BPIFB1 was absent at the start of the ALI culture at day 0, but 
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showed low levels at day 3, which increased at day 7, and remained at a similar level at day 

14 (Figure 4.5). Comparably, secreted BPIFA1 was initially detected three days post ALI 

culturing, and was greatly increased at day 7 and then remained at a similar level at day 14 

ALI (Figure 4.5). Consistent with the IF data it appeared that BPIFA1 secretion was greater 

than BPIFB1. 

 

 
Figure 4.5: Western blot analysis of ALI cultured mTEC apical washes. mTEC cells 
were ALI differentiated as described in the text, and apical washes performed on day 0, 3, 7 
and 14. Collected samples were separated by SDS-PAGE and western blotted with BPIFB1 
and BPIFA1 antibodies to visualise secreted amounts of the respective proteins. BAL fluid 
from WT and scgb1a1Scnn1b mice (tg) served as a positive control. Data from Dr Khondiker 
Akram. 

 

Having established mTEC cultures as an experimental system recapitulating mTEC 

differentiation and that could be used for future studies, I was interested to study genome 

wide gene expression profiles of mTECs as they underwent development of a mucociliary 

phenotype of a pseudostratified epithelium. In the context of this study, my particularly 

interest was to investigate the expression of BPIF family members throughout that process. 

 

 

4.3.2 Microarray data analysis 

In order to analyse genome wide transcriptional changes, induced during cell cultivation after 

mTEC harvest and during ALI cultivation, a microarray study was designed and carried out 

by Priyanka Anujan and Fawaz Aljuhani.  The initial array analysis was undertaken by the 

core facility run by Paul Heath at SITraN, University of Sheffield, and data extraction and 

normalisation was performed by Miraj Kobad Chowdhury and provide to me for analysis. 

This analysis used RNA from cell populations at the time of cell harvest (original wt cells) 

and mTECs at D0 and D14 of ALI culture (Figure 4.1). In addition, the effects of IL-13in the 

differentiation model was also studied, as earlier observations reported that IL-13 causes 
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goblet cell metaplasia/hyperplasia (Kondo et al., 2006). To mimic enhanced IL-13 levels, one 

set of ALI culture was continuously supplemented with 10 ng/ml IL-13 in the regular ALI 

culture media, which was replenished every second day (Figure 4.6).  

 

 
Figure 4.6: Sample collection time points and IL-13 treatment schedule. mTECs were 
isolated and expanded as described in the text. Triplicate sets of mTECs were continuously 
treated with ALI media supplemented with 10 ng/ml IL-13, starting at D0 until D12 as 
indicated. 

 

A previous western blot analysis of apical washes had showed that treatment with IL-13 

increases BPIFB1 levels in the apical secretions, observed from D3 onwards compared to IL-

13 negative ALI samples (Figure 4.7). 

 

 
 
Figure 4.7: Western blot analysis of BPIFB1 in apical secretions during ALI 
differentiation in presence (+) or absence (-) of IL-13. Apical washes were collected on 
ALI day 0, 3, 7 and 14 and equal volumes of samples were resolved by SDS-PAGE and 
probed with a BPIFB1 antibody. Data from Dr Khondoker Akram. 

 
The returned microarray data sets, presented as counts, were analysed for differentially 

expressed genes (DEGs) with limma-voom (Law et al., 2014; Ritchie et al., 2015; Costa-

Silva et al., 2017). Three biological replicates of each experiment were originally provided 

for micro array analysis but due to technical difficulties in the SITraN facility, the analysed 

datasets therefore only contain two replicates per condition.  
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4.3.2.1 Data quality control and validation 

To assess which genes are involved in mTEC differentiation, three data sets were generated, 

comparing original cell populations after tracheal extraction (wt) with expanded cell 

populations grown as submerged cultures on transwell inserts before ALI culture day 0 (D0) 

and 14 day ALI cultured cells (D14) (Figure 4.1). In addition, the IL-13 treated D14 ALI 

sample set was compared alongside the ALI D14 culture (Figure 4.6).  Before any DEG 

analysis were performed, the data sets were quality controlled and normalised as outlined 

below.  

The initial step filtered for weakly expressed genes as they provide little to no evidence for 

differential expression and in addition interfere with statistical approximations. Furthermore, 

as they add to the testing burden with regards to estimating false discovery rates, this can 

reduce the power in detection of true differentially expressed genes. Therefore, poorly 

expressed genes were filtered out prior to further analysis, using minimum counts-per-million 

(CPM) threshold present in both samples per group, with genes retained expressed at a CPM 

above 0.5 (Law et al, 2016).  

 

 
Figure 4.8: Density plot of differentiated sample groups. Counts distributions after 
filtering are displayed across all data groups (wt – blue, D0 – black, D14 – red, D14 IL13 – 
green). Genes without more than 0.5 CPM in at least two samples are determined 
insignificant and filtered out, which in this data set yielded 0 of 22206 (0%) genes were 
omitted due to low expression. Note: replicate samples are indicated as A or B. 

 

The distribution of the raw counts is plotted in log2 scale, where a CPM value of 0.5 is 

equivalent to a log-CPM of -1. Examining the distribution before filtering in the density plot 
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(Figure 4.8A) already reveals log-CPM values above 4.5 and thus, 0 of 22206 genes have 

been removed leaving the density plot shape unaltered (Figure 4.8B). This indicates that this 

data has been normalised at the SITraN facility, as there were no poorly expressed genes 

present. 

 

Data set counts were normalised with the aim to eliminate composition biases between 

samples. In other words, it has been observed that highly expressed genes could dominate 

samples, and consequently lead to lower read counts of other genes. For these data groups the 

default Trimmed Mean of M values (TMM) normalisation was applied. This normalisation 

algorithm applies a weighted trimmed mean of the log expression ratios to scale the counts 

for the samples (Robinson and Oshlack, 2010). To visualise the distributions of counts across 

the samples, box plots were generated, before and after TMM normalisation (Figure 4.9). In 

general, it is expected that the samples are distributed close to the median horizontal line, 

which is the case for these differentiation data groups, and therefore they do not require 

further investigation or significant normalisation (Figure 4.9). 

 

 
Figure 4.9: Box plots of mTEC differentiation data sets. Non-normalised (A) vs TMM 
normalised counts (B). wt – original mTEC population, D0 – start of ALI culture, D14 – end 
of ALI culture. D0 is representative of the undifferentiated population, whereas D14 indicates 
the differentiated population. The D14 IL13 sample set has been IL-13 supplemented (10 
ng/ml, every 48h) from D0 to D12. The blue line is indicating the data median. 

Multidimensional scaling plots (MDS) are most appropriate to assess data quality, outliers, 

and that samples and replicate distribution behave as expected. They allow for visualisation 
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of a principal components analysis, and thus provide a tool to assess the greatest sources of 

variation in the data (Ritchie et al., 2015). The analysis is carried out in an unsupervised 

manner and thus is sample group independent. Therefore, a well performed and controlled 

experiment should show the highest source of variation in the treatment group compared to 

the control samples.  

The associated scree plot displays how much variation derives from each dimension, and 

therefore, for example batch variations, would cause high values for additional dimensions. 

 
The MDS plot of the differentiation data set shows a very high degree of reproducibility 

between both data replicates, with a cluster of D14 and D14 IL13 treated samples, whereas 

wt and D0 data sets were found to be most distantly apart (Figure 4.10).  

 

 
Figure 4.10: Quality control of variation within the mTEC differentiation data sets. (A) 
MDS plot dimension 1 versus 2 shows a high reproducibility between both replicates per 
sample group, with a distinct cluster of D14 (red) and D14 IL-13 (green) compared to D0 
(black) or original mTEC (wt, blue).  (B) The scree plot highlights variation derived from 
each dimension. 

 
Voom variance plots represent all genes in the form of individual dots, and thus illustrate the 

mean-variance relationship of the genes in the data set (Ritchie et al., 2015). This 

demonstration allows assessment of if low counts have been filtered satisfactorily and shows 

the level of data variation (Figure 4.11A).  

 

Another routine diagnostic tool is the scatterplot of residual-variances vs average log-

expression (SA plot), which draws log2 residual standard deviations against mean log-CPM 
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values. This graph demonstrates removal of the dependency between mean and variance after 

fitting a linear model (eBayes) and voom weights are applied to the data (Figure 4.11B) 

(Smyth, 2004; Phipson et al., 2016).  

 

The voom and SA variance plots investigating levels of variation in the differentiation data 

sets show a very low-level biological variation with very few outliers, highlighted in red 

(Figure 4.11).  

 
 
Figure 4.11: Quality control of mean-variance variation within the mTEC 
differentiation data groups. Voom mean-variance dot blot (A) versus scatterplot of 
residual-variances vs average log-expression (SA plot) (B). The average log2 residual 
standard deviation is marked by a horizontal blue line. 

 
The quality control of the differentiation data sets described above, revealed them to be of 

high quality with low sample variation but before the analysis of DEGs within the 

differentiation condition or IL-13 treatment was undertaken  another level of data validation 

was carried out by comparing gene expression levels of selected epithelial cell markers, 

which should recapitulate expression differences observed with the PCR results (Figure 4.4) 

shown earlier during validation of the mTEC model system (Figure 4.1). 

 

Extracting and plotting gene expression data for the secretory markers Bpifb1 and Bpifa1 

alongside the cilia marker Tekt1 across differentiation key time points showed the expected 

expression patterns (Figure 4.12). The goblet cell marker Bpifb1 (Figure 4.12A), displays a 

high expression, which drops drastically at the start of ALI differentiation at D0. During ALI 
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culture, this level increased to about half of the original expression level at the point of 

mTEC extraction, and IL-13 treatment during the ALI differentiation phase rescued this 

expression to levels similar to that seem in the original state (Figure 4.12A). Analogously, 

Bpifa1 was detected at a high level in original mTEC cells, was significantly reduced at D0 

and recovered completely after 14 days of ALI culture (Figure 4.12B). In contrast to Bpifb1, 

IL-13 did not affect expression levels of Bpifa1 (Figure 4.12).  

 

As observed in the initial validation studies, ALI cultures developed ciliated cells within 7-14 

days (Figure 4.2). Consistently, a reduction of the cilia cell marker Tekt1 was detected at D0 

compared to original wt mTEC and levels reached a higher than wt level at D14.  This was 

further increased in culture were IL-13 treated (Figure 4.12C). Oaz1 was detected in all 

groups at similar expression levels, validating sample input and data processing (Figure 

4.12D).  

 
Figure 4.12: Gene expression levels of selected mTEC differentiation marker genes. 
Comparison of gene expression levels of the goblet cell marker Bpifb1 (A), secretory marker 
Bpifa1 (B) and ciliated cell marker Tekt1 (C) from original wt mTEC, undifferentiated (D0), 
ALI differentiated (D14) and ALI D14 IL-13 treated cell populations. Oaz1 (D) served as 
internal control. 

This expression data is consistent with that from an independent set of sample showing RNA 

expression profiles of mTEC at ALI D0 and D14 on secreted proteins of the Bpif family 

(Figure 4.13) (Nemajerova et al., 2016). For example, in this data set Bpifb1 expression was  
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increased after 14 days of ALI culture (Figure 4.13A) and Bpifa1 is found dramatically 

elevated (Figure 4.13B) to similar levels as observed with this study’s data (Figure 4.12). 

However, in this other experimental data set, the cilia marker Tekt1 (Figure 4.13C) was found 

to be more enhanced, between day 0 and day 14 compared to our data set. Oaz1used as 

internal marker and input control (Figure 4.13D) was similar between the two time points in 

this study. 

 

 
Figure 4.13: Gene expression levels of selected mTEC differentiation marker genes in 
data from Nemajerova et al. RNA expression profiles by RNA-Seq of mTEC at ALI D0 
and D14 gene expression from the Nemajerova et al data set. Bar indicates mean of three 
samples. Differentially expressed genes were analysed using an adjusted p-value threshold of 
<=0.1 and log2-fold-change of 1 (Nemajerova et al., 2016). 

 

I next investigated the expression of all BPIF family members using our genome wide 

expression data. Notably, expression all Bpifa genes was around the level of detection of the 

assay with the exception of Bpifa1(Figure 4.14A). A similar conclusion could be drawn for 

Bpifb genes, with Bpifb1 being the only significantly expressed gene (Figure 4.14B). 
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Therefore, it appears that Bpifa and Bpifb1 are the only BIPF family members which are 

abundant in mTECs, as the other members are found expressed at detection threshold of log2 

of 4-6 (Figure 4.14) (Gonzalo Sanz and Sánchez-Pla, 2019). 

 

 
Figure 4.14: Expression of Bpifa (A) and Bpifb (B) family members during mTEC ALI 
differentiation. Comparision between original mTEC population (WT), undifferentiated  
(D0) start of ALI culture, differentiated cell population 14 days of ALI culture (D14) and IL-
13 treatment throughout the differentation phase (D14 IL-13) displaying the mean of both 
replicates and associated standard deviation.  

To verify that the mTEC isolation and culture conditions only expanded cells of epithelial 

origin, expression data points were extracted for genes of mesenchymal cell origin using 

common fibroblast markers vimentin (vim), CD34 antigen (Cd34) and lumican (lum) (Muhl 
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et al., 2020). Vimentins are intermediate filaments expressed in various non-epithelial cells, 

especially mesenchymal cells, and found attached to the nucleus, mitochondria or 

endoplasmic reticulum (Satelli and Li, 2011). The transmembrane phosphoglycoprotein 

CD34 has been initially described in hematopoietic stem and progenitor cells but nowadays 

has been established as a marker of several mesenchymal stem cells (MSC) alongside a 

multitude of other nonhematopoietic cell types such as vascular endothelial progenitors or 

embryonic fibroblasts (Fina et al., 1990; Brown et al., 1991; Sidney et al., 2014). Lumican is 

a collagen binding proteoglycan initially discovered in the cornea, but it is found ubiquitously 

distributed in most mesenchymal tissues (Kao et al., 2006; Krishnan et al., 2012). It is 

required for maintenance of normal fibril architecture through facilitation of collagen fibril 

organization, corneal transparency, epithelial cell migration and tissue repair (Kao et al., 

2006).  

 
Figure 4.15: Fibroblast marker gene expression between mTEC extraction and ALI 
differentiation. Comparison of gene expression levels of common fibroblast markers such 
vimentin (vim) (A), CD34 antigen (Cd34) (B) and lumican (lum) (C) from original wt mTEC, 
undifferentiated (D0), ALI differentiated (D14) and ALI D14 IL-13 treated cell populations. 
Oaz1 (D) served as internal expression control. 

 
Comparison of detected expression of fibroblast markers between wt, undifferentiated and 

differentiated conditions showed that in all cases highest levels were detected in the original 

tissue (wt) (Figure 4.15A-C). At D0 and at the differentiated state, these levels were recorded 

at a decrease amount, remained stable and close to significant expression with a log2 value 
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around 5 for Cd34 (Figure 4.15B) and Lum (Figure 4.15C). This indicates that the expanding 

population on the transwells are likely not to contain cells of mesenchymal origin. 

 

The focus of the genome wide expression experiments was to understand the biological 

processes that occurred during epithelial proliferation until reaching of confluency in the 

submerged expansion phase, and what processes were active during mTEC differentiation in 

ALI conditions (Figure 4.1). Therefore, my analysis was mainly focused on identification of 

upregulated genes during the mTEC expansion and differentiation phases. The gene 

expression profiles of extracted, uncultured cells, expanded and undifferentiated (D0), and 14 

days ALI differentiated mTEC (D14) were compared (Figure 4.1). In addition, I also 

investigated changes mediated by IL-13 treatment during ALI differentiation (D14 IL13) 

(Figure 4.6).  

 

4.3.2.2 Differentially expressed genes  

By applying the criteria of an adjusted p-value of 0.05 and a log2 fold change (logFC) cut off 

of 1, 44 genes were show to be upregulated significantly between extracted mTEC (wt) and 

D0 cultures, compared to 106 genes induced during differentiation from D0 to D14 ALI ( 

 

 

 

Table 4.1). In contrast, 135 genes were downregulated during wt to D0 mTEC expansion, and 

115 genes were expressed at lower levels during D0 to D14 ALI differentiation ( 

 

 

 

Table 4.1).  

 

Consistent with the multidimensional scaling plots (Figure 4.10A), only a small number of 

differentially expressed genes were expected between differentiated mTEC and the 

correspondent IL-13 treated sample group (Figure 4.6). In fact, using the selected criteria of a 

logFC greater than 1 and adjusted p-value of 0.05, no genes were found downregulated and 

only a single gene was upregulated significantly amongst 22205 unchanged genes ( 
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Table 4.1). 

 

 

 

 

 

Table 4.1: Differential expression counts upon mTEC expansion, differentiation or IL-13 

treatment  

 
 
The differential expression counts in  

 

 

 

Table 4.1 correlated well with the principal component analysis plot (Figure 4.10A) showing 

the wt sample set (blue) clustered the furthest away from the other three sample sets 

indicating the greatest variability, in contrast to D14 (red) and D14 IL13 (green) sample 

groups, which tightly clustered together demonstrating a much reduced variability. 

 

The 25 most highly expressed genes between wt and  D0 during mTEC 

expansion/proliferation (Figure 4.16) and ALI differentiation between D0 and D14 (Figure 

4.17) were visualised as heatmap across all sample sets alongside respective MD and volcano 

plots.  

Investigating DEGs for both stages, the proliferative/expansion and the differentiation phase, 

a subset of genes were found to be inversely correlated, meaning that they were found 

upregulated in wt original mTECs and subsequent proliferation and downregulated during 

ALI differentiation between D0 and D14 and vice versa (Figure 4.18). Categorising these 
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genes by wide cast biological functions or protein properties using the DAVID Gene 

Functional Classification Tool (http://david.abcc.ncifcrf.gov) (Huang et al., 2007), 

proliferation upregulated, and differentiation downregulated gene functions involve 

extracellular space localised or secreted molecules, hydrolases or glycoproteins (Figure 

4.20D). Genes which were downregulated during mTEC proliferation and upregulated during 

ALI differentiation are involved in cytoskeletal structure or cytoplasm residing proteins 

(Figure 4.20E). 

 

In addition to genes found inversely correlated, a larger portion of unique modulated genes 

were identified and have been highlighted in a more detailed volcano plot (Figure 4.19). With 

regards to upregulated genes during mTEC expansion, the majority of these encode for cell 

membrane and extracellular region modulators. However, a much larger number of genes 

were downregulated, these function in immunity or belong to cell surface proteins and 

receptors, the hemoglobin complex, chemokine signalling pathway or lectins (Figure 4.20A). 

During the mTEC expansion stage it was expected that the original isolated cells would be a 

mixed cell population consisting of epithelial cells and contaminating non-epithelial cell 

types such as macrophages, neutrophils, fibroblasts and smooth muscle cells and these would 

not be amplified during cluture, leading to a largely basal cell population at D0. Therefore, it 

was not surprising to observe a large proportion of genes which were down regulated and not 

associated with mucociliary function such as genes for the haemoglobin complex. 

 



 157 

 
Figure 4.16: Differentially expressed genes between uncultured (wt), extracted mTEC 
and D0. (A) Heatmap of the top 25 genes. (B) Mean-Difference and (C) Volcano plot of 
differentially expressed genes with an adjusted p-value threshold of 0.05 and log2 fold 
change of 1. 
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Figure 4.17: Differentially expressed genes between undifferentiated D0 and 
differentiated D14 ALI mTEC. (A) Heatmap of the top 25 genes. (B) Mean-Difference and 
(C) Volcano plot of differentially expressed genes with an adjusted p-value threshold of 0.05 
and log2 fold change of 1. 
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Figure 4.18: Inverse correlated differentially expressed genes between mTEC expansion 
and differentiation.  A) Venn diagram outlining unique differentially expressed genes 
during expansion (orange circle) or differentiation (blue circle). Overlapping inverse gene 
number is found in the overlapping area of both circles.  B) List of differentially expressed 
genes with an adjusted p-value threshold of 0.05 and log2 fold change (logFC) of 1. Note: the 
gene lists are organised from highest logFC to lowest increase (up condition) or lowest too 
highest decrease (down condition). 
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Figure 4.19: Annotated Volcano plot comparing proliferative versus differentiated 
phase. Selected differentially expressed genes have been highlighted with an adjusted p-
value threshold of 0.05 and log2 fold change of 1. 

 
 
During ALI cultivation (D0-D14), cells undergo mucociliary differentiation, therefore 

upregulated genes were expected to belong to distinct differentiated cell types such as the 

ciliated, goblet and secretory cells. This is supported by the gene signatures observed in the 

analysis, where cilium and cell projection as well as differentiation genes are upregulated, 

alongside specific membrane associated proteins such as cadherin-related family members 

(Figure 4.20B and C). 

 

In contrast, genes encoding for extracellular space and secreted proteins, keratinization or 

keratinocyte differentiation or epidermis development were found to be downregulated 

during mTEC ALI differentiation. Functional categories also included peptidase inhibitor or 

hydrolase activity, membrane components or cytokine activity and negative regulation of cell 

proliferation (Figure 4.20A). 
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Figure 4.20: DEGs across expansion/proliferative and differentiation conditions. A) 
Comparison of mTEC expansion (wt-D0), B) mTEC differentiation (D0-D14), upregulated 
genes C) differentiation downregulated genes, D, E) show gene signatures inversely 
correlated between expansion and differentiation conditions. Genes were initially generally 
categorised using the DAVID Gene Functional Classification Tool 
(http://david.abcc.ncifcrf.gov) before manually refining them into categories listed as 
highlighted, as outlined in Table 9.1. 
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As well as looking across the differentiation process the other condition investigated was IL-

13 exposure during mTEC differentiation. This treatment is reported to induce goblet cell 

(Atherton et al., 2003; Kanoh et al., 2011; Waddell et al., 2019) differentiation and such 

culture could be used to test the role of goblet cells in infection.  It was expected that under 

these culture conditions goblet cell markers such as Bpifb1 would increase in expression and 

potentially ciliated cell marker genes would be decreased. As already mentioned earlier, D14 

and D14 IL-13 treated samples showed very little variation during the microarray data 

validation (Figure 4.10A), and consistently a much smaller  numbers of genes were found to 

be modulated as shown in the heatmap and associated MD and volcano plot (Figure 4.21) and 

the comparable volcano plot (Figure 4.22). Investigating the volcano plot in more detail, 

shows there are a higher number of up-regulated genes, compared to downregulated ones, 

however the fold changes are small and lie almost exclusively below logFC of 0.6. The only 

gene identified to be significantly modulated at conditions of logFC greater 1, or logFC of -1, 

at an adjusted p-value of 0.05 is Olfactomedin 4 (Olfm4) reported to facilitate cell adhesion. 

Slightly below the criteria cut off, two other upregulated genes were identified, Bpifb1(logFC 

0.79) and the tissue inhibitor of metalloproteinase 1 (Timp1), a glycoprotein inhibiting matrix 

metalloproteases, promoting cell proliferation and encompassing an anti-apoptotic function 

(logFC 0.87) (Table 4.2).  
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Figure 4.21: Differentially expressed genes between differentiated D14 ALI mTEC and 
IL-13 treated D14 ALI mTEC. (A) Heatmap of the top 25 genes. (B) Mean-Difference and 
(C) Volcano plot of differentially expressed genes with an adjusted p-value threshold of 0.05 
and log2 fold change of 1. 
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Figure 4.22: DEGs during mTEC IL13 treatment. mTEC were ALI differentiated with or 
without IL-13 (10ng/ml) for 14 days and compared with regard to gene modulation. 

 
 
Table 4.2: DEGs during differentiation in presence of IL-13. Gene entrez IDs are listed in 
front of each gene 

 
D0-D14 differentiation and IL-13 treated 
upregulated 
380924 olfactomedin 4 (Olfm4) 
228801 BPI fold containing family B, member 1 (Bpifb1) – logFC 0.794 
21857 tissue inhibitor of metalloproteinase 1 (Timp1) – logFC 0.877 
 
 
 

4.3.3 Influenza A infection of mTEC populations 

Previous experiments carried out in the lab had shown that mTECs provide a good model to 

study IAV infection. A published study from Akram and colleagues (Akram et al., 2018) 

provided evidence that non-BPIFA1 positive expressing cell populations could be infected 

with IAV, and additional data from the lab suggested that IAV did not exclusively target 

ciliated cells (unpublished). Therefore, a study was designed investigate infection 

susceptibility in undifferentiated and differentiated mTEC populations with the overall aim to 

shed more light into molecules such receptors or proteases potentially required for viral 

uptake.  
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4.3.3.1 Comparison of X31 infection of undifferentiated and differentiated mTEC 

To investigate the IAV infection capacity of undifferentiated versus ALI differentiated mTEC 

cells, initial experimental studies investigated viral infection by staining IAV nuclear protein 

(Figure 4.23) and analysis of the antiviral cytokine response of Interferon Lambda 2 (Ifnl2) at 

increasing MOIs of X31 IAV virus infection of undifferentiated cells (Figure 4.24).  

 

The X31 strain is an H3N2 virus, which has been demonstrated to only cause mild to 

moderate disease in murine models, compared to the PR8 strain, which is a mouse adapted 

H1N1 influenza virus, known to cause severe infection (Askovich et al., 2013; Rutigliano et 

al., 2014). In order to address the initial question if undifferentiated mTEC could be infected 

with IAV, mTEC populations were extracted and expanded as described and infection of 

undifferentiated (D0) cells were directly compared to ALI D14 differentiated cultures. These 

mTEC cell populations were imaged 24 hours post infection for expression of the viral 

nuclear protein (NP), counterstained for ciliated cells and overall cell nuclei with (DAPI) 

(Figure 4.23). Surprisingly, viral uptake seemed to occur at a similar level between 

undifferentiated (Figure 4.23A) and differentiated (Figure 4.23B) mTEC populations, based 

on qualitive levels across representative images.  

 

 
Figure 4.23: Confocal imaging of X31 infection of D0 and D14 mTEC.  D0 
(undifferentiated) (A) or D14 (differentiated) (B) cell populations were exposed to X31 virus 
with an MOI of 1 and imaged 24 hours later. X31 positive cells stained for IAV NP appear 
green, ciliated cells were stained with a-tubulin (red) and cell nuclei were counterstained 
with DAPI (blue). Image from Priyanka Anujan. 
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As expected, ciliated cells were only detected in differentiated mTEC (B) and the 

overwhelming majority of X31 infected cells were  a-tubulin negative, providing evidence 

that this virus strain is able to infect non-ciliated cells. 

 
To further analyse the observed X31 infection of undifferentiated mTEC, I used a titration 

approach using varying MOIs and examining expression of antiviral cytokine response of 

Ifnl2 by endpoint PCR (Figure 4.24).  

 

As expected, the highest viral load at MOI 1 led to the highest Ifnl2 amplification, further 

providing evidence that undifferentiated mTEC can be infected by IAV in a dose dependent 

manner, evoking expected biological responses (Figure 4.24). Therefore, it appears that 

undifferentiated mTEC cultures could potentially provide a useful tool for assessment of 

recombinant BPIFB1 protective function and/or susceptibility modulation following X31 

IAV infection. 

 

 

Figure 4.24: Endpoint PCR validation of infection in undifferentiated mTECs. mTEC 
cells were isolated and cultured as outlined in the text and mRNA extracted from 
undifferentiated cultures (D0) after 24h X31 virus challenge at indicated MOI ratios of 1, 0.5, 
0.1 or from mock infected cells (0). Amplification of Ifnl2 (200bp) was carried out by 
amplifying equal amounts of cDNA by endpoint PCR. Oaz1 served as an internal positive 
control. 

 
 

The discovery that undifferentiated mTECs seem to be susceptible of IAV infection at similar 

levels than the differentiated population, led to the design of a genomic experiment with the 

aim of investigating modulated gene signatures on a microarray format during the first 24 

hours of X31 infection, comparing both differentiation stages (Figure 4.25). 
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Figure 4.25: Schematic of experimental layout, timeline and sample harvest. mTEC 
isolated from resected trachea (D-9) were cultured in transwell inserts as submerged cultures 
(D-8) until reaching confluence at day 0 (D0, undifferentiated) before induction of ALI, or 
continued to culture for 14 days in ALI conditions (D14, differentiated). D0 or D14 cultures 
were either mock infected or infected with the IAV strain X31 at a MOI 1 for 24 hours, with 
subsequent media change and RNA harvest.  

 
These experiments were undertaken by Dr Priyanka Anujan and Mr Fawaz Aljuhani.  The 

microarray data sets, presented as counts, were generated at SITraN and analysed for 

differentially expressed genes (DEGs) with limma-voom (Law et al., 2014; Ritchie et al., 

2015; Costa-Silva et al., 2017).  I undertook the analysis outlined below. 

 

4.3.3.2 Quality control of X31 infection data sets  

To investigate gene signatures, which are activated upon IAV infection, and to further 

explore potential differences between differentiated and undifferentiated mTEC population 

during X31 IAV exposure, mock infected and corresponding X31 infected sample groups 

were generated as outlined above and the provided data sets were quality controlled and 

normalised as  outlined below. 

 

The initial quality control step filtered for lowly expressed genes. Examining the distribution 

of the density plot before filtering (Figure 4.26A) shows log-CPM values above 4.5 

indicating absence of very low expressing genes at the cut of level of log-CPM -1. The 

analysis revealed, unsurprisingly, that 0 out of 22206 genes have been removed leaving the 

density plot shape unaltered (Figure 4.26B), indicating that such a quality control step was 

already carried out on the raw data provided from the SITraN facility.  
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Figure 4.26: Density plot of infection sample groups. Comparison of the counts 
distributions before (raw) (A) and after filtering (B) are displayed across all data groups (D0 
mock infection – black, D0 infection – red, D14 mock infection – green, D14 infection - 
blue). Genes without more than 0.5 CPM in at least two samples are determined insignificant 
and filtered out, which in this data set yielded 0 of 22206 (0%) genes were omitted due to low 
expression. Note: replicate samples are indicated as A or B. 

 

Data set counts were TMM normalised in respect to differences between samples with the 

aim to eliminate composition biases between samples. Generated box plots exhibited that the 

infection sample groups are distributed close to the median horizontal line, and therefore they 

do not require further investigation or significant normalisation (Figure 4.27). 
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Figure 4.27: Box plots of sample normalisation of infection data sets. Non-normalised (A) 
vs TMM normalised counts (B). D0 mock infection – black, D0 infection – blue, D14 mock 
infection – red, D14 infection - green). D0 is representative of the undifferentiated 
population, whereas D14 indicates the differentiated population. The blue line is indicating 
the data median. 

The MDS plot of the infection data set is the best way to assess data variability between the 

data groups and across replicates. In this case, a very high reproducibility was observed in the 

D0 undifferentiated (black) and D14 ALI differentiated (green) samples, however the 

respective corresponding infection conditions displayed noticeable variation (Figure 4.28). 

 
 
Figure 4.28: Quality control of variation within the infection data sets. (A) MDS plot 
dimension 1 versus 2 shows a high reproducibility between both replicates per sample set, 
with a distinct cluster of D0 undifferentiated (black) and D14 ALI (green) compared to 
undifferentiated D0 (red) or differentiated D14 (blue) X31 infected mTEC, which show a 
higher variability between sample sets, termed A or B.  (B) The scree plot highlights 
variation derived from each dimension. 
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The voom (Figure 4.29A) and SA variance (Figure 4.29B) plots investigating levels of 

variation across the infection data groups showed a medium low-level biological variation 

with no visible outliers (Figure 4.29B).  

 

 
Figure 4.29: Quality control of mean-variance variation within the infection data 
groups. (A) Voom mean-variance dot blot versus (B) scatterplot of residual-variances vs 
average log-expression (SA plot). The average log2 residual standard deviation is marked by 
a horizontal blue line. 

 
Before I conducted the full microarray data analysis and investigated differentially expressed 

genes, I extracted expression data for a number of genes expected show the modulation 

during viral infection (Figure 4.30). For example Ifnl2 (Figure 4.24) showed an upregulated 

pattern, which is consistent in both differentiation stages, although it displayed a notable 

sample variation (Figure 4.30A). Another infection marker, cytokine C-X-C motif chemokine 

10 (Cxcl10) (Liu et al., 2011), showed a similar response pattern in X31 infection, with no 

distinction in intensity between undifferentiated (D0) or differentiated mTEC (D14) (Figure 

4.30B). Oaz1 served as the internal control (Figure 4.30C). Focussing, on Bpifb1 (Figure 

4.30D) or Bpifa1 (Figure 4.30E) no significant response was observed. Expression of the cilia 

marker Tekt1 did not change upon viral exposure (Figure 4.30F). It should be noted that 

expression of some of these genes was different in the two samples.   
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Figure 4.30: Gene expression levels of selected mTEC infection responsive and marker 
genes during X31 viral infection. Comparison of gene expression levels of cytokine Ifnl2 
(A) and chemokine Cxcl10 (B) between undifferentiated (D0) and ALI differentiated (D14) 
cell populations, either mock treated or 24 h of X31 exposure (D0/D14 Inf). Oaz1 (C) served 
as internal control. Analysis of secretory Bpif family members Bpifb1 (D) or Bpifa1 (E) or 
the cilia marker Tekt1 (F). 

 

After completing data quality control, the limma-voom reported top 25 DEGs were 

investigated, to identify specific induced genes following X31 infection in both 

differentiation phases, meaning D0 versus D14, and to study which genes are unique or 

overlapping between both time points. 

	
 
4.3.3.3 Differentially expressed genes upon X31 infection 

Applying criteria of an adjusted p-value of 0.05 and a log2 fold change cut off of 1 resulted in 

15 genes being significantly upregulated between undifferentiated mTEC D0 and X31 

infected cells, compared to 116 genes being upregulated in differentiated D14 ALI mTEC 

24h after X31 infection. Only a single gene was significantly down regulated under these 

conditions (Table 4.3) (Figure 4.25).  
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Table 4.3: Differential expression counts upon mTEC X31 infection 

 
As mentioned earlier, the principal component analysis plot (Figure 4.10A) showed high 

reproducibility across the D0 (black) and the D14 data set (green), which are distributed away 

from each other. However, the infection data sets for D0 (D0INF, red) or D14 (D14INF, 

blue) showed greater variation between the two replicates. 

 

The 25 most significantly modulated genes following  X31 challenge compared to mock 

treated undifferentiated (Figure 4.31) or D14 ALI differentiated mTEC (Figure 4.32) were  

visualised as heatmap across all sample sets alongside respective MD and volcano plots.  

 
Analysing all the significantly upregulated genes of undifferentiated mTEC cells during 

infection with the corresponding differentiated counterpart revealed that these genes all 

overlap with the differentiated data group (Figure 4.33). Moreover, no downregulated genes 

were identified in this condition, including my gene of interest Bpifb1. In order to have a 

more detailed look if the magnitude of overlapping upregulated genes found in both 

differentiation conditions was comparable, or were perhaps found amplified if the cells are 

differentiated, log2 expression values for the 15 genes were plotted to assess fold 

amplification (Figure 4.34). It is apparent that these genes showed very similar basal 

expression levels, when compared to both differentiation states. In addition, 24h viral X31 

challenge did not alter the magnitude of upregulated genes significantly compared between 

D0 and D14. Furthermore, the earlier observed replicate variation in the MDS plot (Figure 

4.28A) is observed in most of the plotted replicates (Figure 4.34).  
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Figure 4.31: Differentially expressed genes between undifferentiated D0 ALI mock and 
X31 IAV exposed mTEC. Virus conditioned cell populations were exposed to virus for 1h 
and RNA was extracted 24h post infection. (A) Heatmap of the top 25 modulated genes. (B) 
Mean-Difference and (C) Volcano plot of differentially expressed genes with an adjusted p-
value threshold of 0.05 and log2 fold change of 1. 
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Figure 4.32: Differentially expressed genes between differentiated D14 ALI mock and 
X31 IAV exposed mTEC. Virus conditioned cell populations were exposed to virus for 1h 
and RNA was extracted 24h post infection. (A) Heatmap of the top 25 modulated genes. (B) 
Mean-Difference and (C) Volcano plot of differentially expressed genes with an adjusted p-
value threshold of 0.05 and log2 fold change of 1. 
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Figure 4.33: Volcano plots comparing modulated genes upon X31 infection. 
Undifferentiated D0 (A) or ALI D14 differentiated (B) mTEC were either mock or X31 IAV 
infected for 24h at MOI 0.1 and cells subsequently harvested for RNA extraction. 
Differentially expressed genes between the respective mock and virus challenged condition 
are plotted, applying an adjusted p-value threshold of 0.05 and log2 fold change of 1. 
Overlapping upregulated genes between both differentiation stages are annotated and 
highlighted in blue colour. Unique significantly upregulated genes are labelled in black. 
Interleukin related genes highlighted in purple indicate a response, which is absent in the 
undifferentiated condition. 

 
The 15 genes found upregulated upon IAV challenge post 24h in the undifferentiated 

condition, which recapitulated in the set of the differentiated conditions, indicate that all cell 

types are able to be infected. Moreover, they induce a very similar gene set such as the ISGs.  
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Figure 4.34: Comparison of expression induced genes shared between the 
undifferentiated and differentiated data sets. Log2 gene expressions are plotted by gene, 
comparing undifferentiated mock (D0, dark blue circle) with X31 viral infection (D0 INF, 
light blue circle) and differentiated mock (D14, orange circle) and the respective virus 
infected counterpart (D14 INF, yellow circle). Both replicates are plotted to indicate replicate 
specific variation, with the mean indicated by a black line. Genes are listed in alphabetical 
order, rather than logFC. 

 
The data show that X31 infection of ALI D14 differentiated cells lead to a much higher 

response of upregulated genes compared to induction seen in undifferentiated cells.  I next 

investigated if the highest upregulated genes in the differentiated condition were completely 

unmodulated in undifferentiated conditions or were just below the chosen cut off point 

(Figure 4.35). The response observed differed from gene to gene, where in case for example 

of Il1a no modulation in undifferentiated cells at D0 was observed, however this became 

significantly upregulated in differentiated D14 cells. On the other hand, Il6 was significantly 

upregulated in D14 with a lower response in D0 cells but exhibited a more variable 

expression across replicates. This pattern was observed for a large proportion of the 

significantly upregulated genes in differentiated D14 ALI cultures, where the fold increase 

between mock and infected counterpart was much higher than in the undifferentiated 

condition. 
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Interestingly, the only gene found downregulated in D14 infection conditions was the 

membrane metalloendopeptidase (Mme), which only showed modulation in the differentiated 

conditions. 

 

	
 
Figure 4.35: Comparison of upregulated genes in the differentiated data set. Log2 gene 
expressions are plotted by gene, comparing undifferentiated mock (D0, dark blue circle) with 
X31 viral infection (D0 INF, light blue circle) and differentiated mock (D14, orange circle) 
and the respective virus infected counterpart (D14 INF, yellow circle). Both replicates are 
plotted to indicate replicate specific variation, with the mean indicated by a black line. Genes 
are listed in alphabetical order, rather than logFC. 

 

Categorising the identified genes into specific biological functions showed that antiviral 

response, innate immune response or interferon beta production were key functions amongst 

others as displayed on the enrichment grid (Figure 4.36). 
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Figure 4.36: Enrichment grid displaying gene names allocated to biological functions or 
responses. Selected significantly upregulated genes from the D14 infection signature were 
chosen and displayed in an enrichment grid, which was generated using the DAVID Gene 
Functional Classification Tool (http://david.abcc.ncifcrf.gov) (Huang et al, 2007). 
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The data gathered so far from this initial pilot study does indicate that, surprisingly, 

undifferentiated cells can be infected, contrary to initial beliefs that IAV appears to target 

specific cell populations in a differentiated cell layer (Akram et al). How this is facilitated 

will remain a question which requires further investigation. Therefore, initial infection studies 

could be conducted in undifferentiated cell populations, which would be easier and faster to 

achieve. 
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4.4 Discussion  

Air-liquid interface ALI cultures of human primary airway epithelial cells are a well-

established in vitro model to investigate the role of airway epithelial cells in chronic lung 

disease (Nichols et al., 2014; Schilders et al., 2016). A large available variety of transgenic 

mouse lines offer the opportunity to investigate specific disease models through linked in 

vitro and in vivo experiments of mTEC cultures (Rock et al., 2010). Multiple studies 

employed a mTEC model to investigate host-pathogen interactions of the mouse tracheal 

epithelium of viral (Cormier et al., 2010, Akram et al., 2018) or bacterial source (Bayes et al., 

2016, Pilloux et al., 2016). A cell-based model system such as the mTEC system exhibits 

advantages such as reduced animal numbers and lower expenses for in vitro experiments 

requiring expansion and subsequent mTEC ALI differentiation, and accordingly results in a 

reduced biological variability. The disadvantage of using the mTEC system is the lack of the 

resident or recruited innate immune cells, which respond to infection by the release of 

cytokines, chemokines and other innate immune factors. And therefore, this limits the 

investigation to more simple infection models. Nonetheless, mTEC cultures provides novel 

insights in the dynamics of basal cell populations in vitro.  

 

We did show that expanded mTEC cultured in ALI conditions retained the ability to develop 

a pseudostratified epithelial layer over a period between 14 to 28 days. However, the question 

remained if undifferenced cultures could be used for our IAV infection model. The advantage 

would be a simpler infection model of using undifferentiated cells rather than the more 

complicated ALI model, which requires additional reagents and time for development. 

Although it appears that IAV virus strains target specific cell populations in differentiated 

cell populations (Akram et al., 2018), our observation showed that both differentiated and 

undifferentiated cell population are susceptible to IAV infection. However, how this is 

modulated and which receptor molecules and/or proteases are required to process HA prior to 

viral uptake has not been established yet. Nonetheless, our validation results show that 

mTECs can be a valuable model for IAV infection studies. They appear to readily infected 

even when undifferentiated and this provides the basis of a simple quantitative infection 

assay to uncover the role of specific proteins, in my case BPIFB1, in regulating IAV 

infection. 
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The fact that only a percentage of cells were infected in these assays reflects partly the 

complex nature of mTEC ALI cultures and where only a proportion of the cells express the 

α2,3- and α2,6 SA receptors (Akram et al., 2018). 

 

The X31 IAV strain used for the microarray study is an H3N2 influenza virus that has been 

reported to cause mild to moderate illness in mice, in contrast to the mouse adapted strain 

PR8, a H1N1 IAV strain that is known to cause severe infection in mice. Despite the fact that 

the X31 virus contains six internal genes of the PR8 strain (Kilbourne, 1969; Lamb and Krug, 

1996; Rutigliano et al., 2014). It has been recognised that a high-pathological acute influenza 

virus infection is associated with a dysregulated CD8+ T cell response, which is likely caused 

by the more highly inflamed airway microenvironment during the early days of infection 

(Rutigliano et al., 2014). Therefore, it might be of interest in future experiments to investigate 

the host response towards PR8 viral challenge in comparison in the mTEC system or a more 

physiological model. 

 
It is well established that in the respiratory epithelium, interferon expression is a central 

cellular response to viral infection (Killip et al., 2015), and it is essential in developing an 

antiviral state in both infected and neighbouring, non-infected cells to limit viral replication 

(Haye et al., 2009). Consistent with this, our study identified various ISGs and immune 

modulatory genes as the most differentially expressed genes during influenza acute phase of 

infection.  

 

Interferon inducible GTPase 1 (Iigp1) belongs to the immunity-related GTPases (IRGs) 

family, whose members are present at low resting levels in mouse cells but are strongly 

induced transcriptionally by interferons, being a mouse-specific ISG (Uthaiah et al., 2003; 

Tian et al., 2020). Iigp1 has been implicated in cell-autonomous resistance to intracellular 

pathogens by disrupting the parasite vacuole membrane and more recently demonstrated to 

restrict viral replication (Tian et al., 2020). Other examples for IFNI stimulated response 

genes are 2′, 5′-Oligoadenylate Synthetase 2 (Oas2) (Liao 2020) or Schlafen (Slfn) genes 

(Katsoulidis et al., 2009; Katsoulidis et al., 2010; Li et al., 2012), which interfere with viral 

replication (Liu et al., 2012; Li et al., 2012).  

 

Other innate immune responsive genes which have been found overexpressed are for example 

the macrophage-expressed gene 1 (Mpeg1), which belongs to the membrane attack 
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complex/perforin (MACPF) branch of pore-forming immune effectors. This structurally 

diverse protein family introduces large transmembrane aqueous channels in target 

membranes, and is found upregulated in response to proinflammatory signals such TNFα and 

LPS (Bayly-Jones et al., 2020). Consistently with our data, the membrane 

metalloendopeptidase (Mme) has been found in other studies as one of the highest 

downregulated genes in the acute phase of influenza virus infection (Zhai et al., 2015). 

 

Our expression data is consistent with other studies of host – pathogen gene response using 

airway epithelial cells, challenged with IAV. Interferon pathway, innate immunity 

endocytosis, and GTPase activity signatures are significantly upregulated during the acute 

phase of infection, while the expression levels of genes involved in translational elongation 

and protein biosynthesis are decreased (Ioannidis et al., 2012; Zhai et al., 2015).  

 

Notably, a proteomic study investigating primary human bronchial airway epithelial cells 

after PR8 infection using 2D liquid chromatography and tandem mass spectrometry, 

identified a similar number of up-regulated 52 proteins above 2-fold, and 41 down-regulated 

proteins (Kroeker et al., 2012).  In contrast, we noticed a much higher number of 

overexpressed genes compared to the single downregulated gene Mme in the differentiated 

condition, applying criteria of an adjusted p-value of 0.05 and a log2 fold change cut off of 1. 

This observation could be possibly explained by the fact that identified modulated proteins on 

the array depend on viral strain (Scull et al., 2009), cell type, location (Kroeker et al., 2012)  

and differentiation state (Chan et al., 2010), perhaps and the viral load measured as infected 

MOI level (Kroeker et al., 2012). I would be interesting to test if the signature changes if a 

different MOI is used. Out study employed a MOI of 1, whereas studies using a MOI of 7 

showed that 50% of cells demonstrated productive infection by 12 h post infection and over 

95% of cells by 24 h (Kroeker et al., 2012). This was assessed by accumulation of viral NS-1 

protein at 6, 12, and 24 h post infection protein of cell lysates assayed by Western blotting. 

 
Bpifb1 (logFC0.2) and Bpifa1 (logFC0.3) were not significantly modulated within the first 

24h of acute viral response. This is consistent with a previous study, which only saw a 

significant loss of BPIFA1 protein levels in broncho-alveolar lavage seven days post 

infection (Akram et al., 2018) and suggests that BIPF genes are not directly responsive to 

IAV. 
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Furthermore, Bpifb1 expression is not particular high in mTECs, which might reflect the 

situation of the native tracheal epithelial cells. The higher expression observed in the original 

wt cells might stem from submucosal gland expression, however SMGs do not form in 

mTEC ALI cultures and therefore the restored differentiated Bpifb1 levels at D14 reflect 

solely expression levels of the surface epithelium only and cannot rescue original levels. 

 
Notably, Bpifb1 and Bpifa1 show the highest expression across their respective family 

members, and at are the same time the only genes which show a modulation during the ALI 

culture condition and compared to the wt mTEC cells after resection. The other BPIF family 

members might be only differentially expressed in certain conditions or specific locations. 

 
IL-13 is a T helper 2 cytokine known to induce goblet cell metaplasia in vivo and in vitro 

using ALI cultures of airway epithelial cells (Kuperman et al., 2002; Taube et al., 2002; 

Fujisawa et al., 2008; Alevy et al., 2012; Mertens et al., 2016). IL-13 exposure during 

differentiation induced MUC5AC positive goblet cells, which is likely to result from basal 

cells differentiating towards goblet cells rather than ciliated cells. Instead, it is also possible 

that IL-13 leads to an induced trans-differentiation of ciliated cells towards goblet cells, and 

thus consequentially results in fewer ciliated cells (Eenjes et al., 2018). Moreover, IL-13 has 

been reported to induce a reduced barrier function in vitro (Ahdieh et al., 2001; Saatian et al., 

2013; Eenjes et al., 2018). 

 

The rationale of IL-13 treatment was to generate cell populations with higher goblet cell 

populations with the expectation to generate more Bpifb1 expression and potentially lead to 

other secretory molecules to be present, of which the effect on infection could be studied in 

the future (Seibold, 2018). However, only a very small number of DEGs were observed after 

IL-13 treatment for 14 days during ALI differentiation. The only significantly genes 

upregulated were Olfactomedin 4 (Olfm4) (logFC >1), Bpifb1 (logFC 0.794) and tissue 

inhibitor of metalloproteinase 1 (Timp1) (logFC 0.877). Timp1 proteins are natural inhibitors 

of the matrix metalloproteinases (MMPs). Interestingly, Olfm4 has been suggested to 

regulate innate immune response upon bacterial and viral infection (Liu and Rodgers, 2022), 

whereas Timp1 promotes the immune response after influenza PR8 infection (Allen et al., 

2018). Bpifb1 served as an internal control of goblet cell differentiation.  

 
With respect to data processing and analysis, Limma-voom was used for identifying 

differentially expressed genes (Law et al., 2014). Alternative frequently used microarray 
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analysis tools are edgeR (Robinson et al., 2010) and DESeq2 (Love et al., 2014). However, 

limma-voom has been reported to perform exceptional well with regards to precision, 

accuracy, and sensitivity, in addition to its speed, which allows handling large-scale data sets 

(Chen et al., 2016). 

  
 
Due to COVID-19 related animal work restrictions and later time constrains, it was not 

possible to carry out the original strategy to investigate the potential immune protective role 

of BPIFB1. Therefore, this should be followed up in future experiments, as the mTEC IAV 

infection model has been well established. Experimental plans would test the susceptibility to 

IAV infection of the two viral strains PR8 and X31 on differentiated mTECs derived from 

wild type or Bpifb1-/- mice. Whereas undifferentiated wild type mTEC cultures could be used 

to test the ability of recombinant BPIFB1 to modulate IAV infection. The next chapter 

describe studies designed to produce recombinant BPIFB1 for use in these type of 

experiments. 
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5 Chapter  
Chapter 5:  

Generation and expression validation of murine 

BPIFB1 constructs 
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5.1 Introduction 

BPIFB1 is a secretory protein produced predominantly by the epithelium of the respiratory 

tract. Abnormal expression of the protein has been linked to various pulmonary diseases 

including cystic fibrosis, idiopathic pulmonary fibrosis and COPD (Bingle et al., 2012; 

Bingle et al., 2013; De Smet et al., 2018; Li et al., 2021b). It has also been implicated in the 

progression of tumorigenesis, and has been suggested to have a protective role in viral or 

bacterial infections (Shin et al., 2011; González-Arriagada et al., 2012; Luo et al., 2018; Wei 

et al., 2018b; Zhou et al., 2019; Li et al., 2020). However, despite having been identified 

nearly twenty years ago its precise function remains unclear, and functional studies have been 

hampered due to its limited expression in differentiated primary airway cells grown at the 

ALI (Bingle et al., 2012). 

 

Based on known functionality of the closest paralogue of BPIFB1 -BPIFA1- in homology, 

and being part of the BPIF protein family, it has been speculated that BPIFB1 mediates 

antimicrobial properties. Consistent with this hypothesis, activity against infections have been 

reported: for example, modulating innate immune responses to bacterial infections (Shin et 

al., 2011),  viral infections (Akram et al., 2018) or in disease conditions as reported for CF 

(Saferali et al., 2020).  

 

Human BPIFB1 has been reported to be N-glycosylated in glycoproteomic studies in saliva, 

and in biochemical experiments of airway cell secretions (Ramachandran et al., 2008; Bingle 

et al., 2010), containing three N-glycosylation positions identified by the motif N-X-S/T. As 

highlighted previously, the murine orthologue has four sites based on the motif N-X-S 

(section 3.3.2.1), and these have not been studied for glycosylation states at to date. It is well 

established that glycosylation modifications are important for both the structure (Imperiali 

and O’Connor, 1999) and function (Patterson, 2005) of proteins involved in immune defence 

(Dobrica et al., 2020). The existence of glycosylation of the murine protein or in the function 

of BPIFB1 has not previously been addressed. 

 

In addition, BPIFB1 is structurally related to BPI proteins, which have an established role in 

host defence, and have been reported to show activity against the Influenza A virus infections 

(Pinkenburg et al., 2016). BPIFB1 is composed of two BPI-fold domains that exhibit pseudo-

symmetry. The N-terminal domain is structurally related to the single BPIF-fold found in 
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BPIFA proteins. The two domains have been best studied in BPI where they have been 

shown to exert different functional effects, such as the N-terminal mediated antibiotic and 

endotoxin-neutralizing roles or the C-terminal facilitated BPI-dependent delivery of intact 

gram-negative bacteria and cell-fee endotoxin-rich particles to specific host cells (Ooi et al., 

1987; Elsbach and Weiss, 1993; Iovine et al., 1997; Iovine et al., 2002). 

 

As outlined in the introduction, the central aim of this thesis was to address the question if 

BPIFB1 confers a protective role during IAV infections. I aimed to investigate this using 

recombinant BPIFB1 in the mTEC model system. 

 

5.2 Aims  

In order to explore the physiological role of BPIFB1 in respiratory host defence and carry out 

respective experiments, the generation of BPIFB1 expression constructs were required to 

enable the production of recombinant BPIFB1. Because my thesis was based a mouse model, 

the murine analogue of BPIFB1 initially needed to be cloned from tracheal epithelial cells.  

This required cloning into a mammalian expression vector, and expression and secretion 

needed to be characterised. In addition, to be able to characterise the impact of the 

glycosylation sites or BPI fold domains on BPIFB1 function, the wild type full-length form 

of BPIFB1, a pan N-glycosylation defective mutant as well as N- and C-terminal truncated 

versions of BPIFB1 were generated and assessed by an enzymatic PNGase assay. To achieve 

this aim, the following objectives were performed:  

 
• Generation of a wild-type murine BPIFB1 (mBPIFB1) expression construct.  

• Generation of a glycosylation deficient mBPIFB1 and N- and C-terminal 

truncation expression constructs 

• Validation of generated expression constructs by transfection into HEK293 cells 

• Characterisation of secreted recombinant cell culture supernatants by western 

blotting 

• Analysis of post-translational modification employing the PNGase enzymatic 

assay. 
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5.3 Results 

5.3.1 PCR Amplification of cDNA for cloning 

I have previously show that mTECs express abundant Bpifb1 and so these cells were used to 

extract mRNA, to provide the template for cDNA generation that was subsequently utilised in 

a PCR reaction to produce amplification products of mBPIFB1. This product was initially 

cloned into the pCRII-TOPO vector allowing for a direct cloning of the PCR product (2.1.4).  

For efficient expression of the exogenous mBPIFB1 open reading frame (ORF) in a 

mammalian background, the Kozak sequence (CGCCGCCACC) was incorporated upstream 

into the forward primer sequence alongside a NotI site and a BamHI restriction site within the 

reverse primer. The PCR product resolved on a agarose gel is depicted in Figure 5.1. 

 

 
 

Figure 5.1: mBPIFB1 amplification product from mTEC cDNA. mTEC mRNA was 
extracted and transcribed into cDNA and used to amplify the full length mBPIFB1 ORF, 
including an upstream Kozak sequence and NotI (5’) and BamHI (3’) restriction sites. Lane 
M depicts a 1 kB molecular DNA marker allowing to extrapolate the amplicon size as ~1.5kB 
(lane 1). A negative control PCR (without cDNA) was carried out alongside and did not show 
any amplification products (data not shown).  

 

5.3.1.1 Cloning of the PCR product into the pCRII-TOPO vector  

The PCR product was directly cloned into the pCRII-TOPO vector without any purification 

steps, according to the cloning strategy performed as described in section 2.2.1. The 

recombinant construct was transformed into competent E. coli cells, and following the 

transformation, two individual white bacterial colonies were isolated from agar plates and 

cultured in LB. The recombinant plasmid DNA constructs were purified and subjected to 

BamH1/XhoI restriction enzyme digestion, to confirm successful cloning of the mBPIFB1 
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gene (Figure 5.2). The XhoI restriction site is located within the multiple cloning site of the 

vector, downstream of the gene after PCR product insertion. 

 

 

Figure 5.2: BamH1/XhoI restriction digest products of two individual pCRII-TOPO 
mBPIFB1 clones. Lane M depicts the molecular marker, and two individual clones (C1, C2) 
show the vector backbone at around 4 kB and a released fragment of 1.5 kB, consistent with 
the expected gene size of mBPIFB1.  

 

In addition to the release of the expected size of mBPIFB1 by restriction digest, DNA 

sequencing was carried out to confirm the desired gene in the correct site and correct reading 

frame. Sequencing was performed as outlined in section 2.2.8, using T7 and Sp6 primers, 

which bind to sequences upstream and downstream within the pCRII-TOPO vector, and the 

sequence chromatogram for the start of the gene is shown in Figure 5.3 and the complete 

sequence is displayed in Appendix X. 

 

 

Figure 5.3: DNA sequence chromatogram of the pCRII-TOPO mBPIFB1 construct. The 
partial DNA sequence chromatogram of the pCRII-TOPO vector containing the mBPIFB1 
insert, demonstrating that the mBPIFB1 PCR product had been cloned in the correct site. The 
sequence chromatogram was obtained using the T7 primer. The Not1 restriction site is 
highlighted in red; the Kozak site in yellow, the start codon in green and the vector sequence 
in purple. The full-length sequence chromatogram is shown in Appendix X. 
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Following confirmation of the correct gene by DNA sequence analysis, the full-length insert 

was excised using BamHI / NotI restriction enzymes to subclone mBPIFB1 into the 

mammalian VR1255 expression vector (Figure 5.4).  

 

 
 

Figure 5.4: Restriction digestion of pCRII-TOPO mBPIFB1 construct with BamHI and 
NotI. Lane M depicts a 1 kB molecular DNA marker allowing to extrapolate the gene size as 
1.5 kB (lane 1, red circle) alongside the pCRII-TOPO vector backbone at approximately 4 
kB. 

 

5.3.2 Subcloning of the full-length mBPIFP1 insert into the pVR1255 expression 

vector 

5.3.2.1 Digestion of the pVR1255 vector 

Hartikka and colleagues initially developed and used the pVR1255 plasmid vector as a DNA 

vaccine delivery vehicle (Hartikka et al., 1996), and in more recent studies this vector has 

been employed successfully to produce secreted proteins (Jayawardane et al., 2008). The 

Bingle lab has previously used this vector for a number of protein expressions. Therefore, the 

mBPIFB1 ORF was cloned into the mammalian pVR1255 expression vector, using NotI and 

BamHI restriction sites, with the aim of generating secreted mBPIFP1 protein from HEK293 

cells. 

The pVR1255 vector linearisation with restriction enzymes NotI and BamHI resulted in two 

fragments of ~ 1.5 kb and ~ 4.5 kb, confirming excision of the LUX sequence from the vector 

backbone (Figure 5.5).  

 



 192 

 

Figure 5.5: NotI/BamHI digestion of the pVR1255 plasmid. Lane 1 shows bands at ~1.5 
kb and ~4.5 kB following the sequential digestion with NotI and BamHI enzymes, 
corresponding to the LUX gene sequence and vector backbone respectively. Lane M depicts 
the 1 kB DNA marker. 

 

5.3.2.2 Diagnostic digest of the mBPIFB1 insert cloned in the pVR1255 vector 

The mBPIFBI ORF, which was excised from the pCRII-TOPO vector, was then subcloned 

into the pVR1255 vector. A diagnostic digest of the resulting construct was performed using 

BglII/XhoI restriction enzymes, to confirm that the cloning step was successful. As the 

mBPIFB1 insert contains a unique internal BglII restriction sequence and the vector backbone 

contains a single XhoI restriction site, two product sizes of ~3.5 kb and ~2.5 kb were 

expected (Figure 5.6). 

 

Figure 5.6: BglII/XhoI diagnostic digest of the pVR1255 mBPIFB1 construct. Restriction 
digestion with BglII/XhoI of two individual clones (C1, C2) confirmed existence of the 
mBPIFB1 gene in the pVR1255 vector, as demonstrated by presence of the two fragments at 
the expected size of ~3.5 kB and ~2.5 kB. Lane M shows the 1 kB DNA marker. 
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5.3.2.3 Sequencing of the pVR1255 construct containing the mBPIFB1 insert 

To confirm that the correct insert had been cloned into the pVR1255 vector, the construct was 

sequenced at the Genomics Core Facility at the University of Sheffield, using forward primer 

‘pVR1255’, as shown in Table 2.3, and as described previously (2.2.8). Sequencing reactions 

were performed using only the forward primer, since the insert DNA had been fully 

sequenced previously using both forward and reverse primers when it was within the pCRII-

TOPO vector (Appendix XI). 

 

5.3.3 Cloning of the glycosylation mutant mBPIFB1 into the pVR1255 vector  

In order to study mBPIFB1 post-translationally modified N-linked glycosylation events as 

reported for hBPIFB1, and to elucidate a potential biological role, the full-length mBPIFB1 

gene containing four glycosylation site mutations was synthesised by Biomatik. The 

mBPIFB1 gene was modified in a way where all four proposed N-glycosylation sites were 

mutated from asparagine into amino acids, which no longer serve as an acceptor for N-

glycosylation. The gene was provided in the pBSK(+) Simple AMP vector, and subcloned 

using BamHI / NotI restriction enzymes (Figure 5.7). Following electrophoresis, the band at 

~1.5 kb containing the	mutant	mBPIFBI DNA was gel excised, purified and subcloned into 

the pVR1255 expression vector.  

 

Figure 5.7: NotI / BamHI digestion of the mBPIFB1 four glycosylation mutant from the 
pBSK(+) vector. Lane 1 shows digestion products at the expected sizes of ~3 kB (vector 
backbone) and the insert of ~1.5 kB. Lane M depicts the 1 kB molecular size marker. See 
Appendix IV for more information. 

Following plasmid extraction of two clones (C1 and C2), the construct was diagnostically 

digested with restriction enzymes BglII/XhoI in order to confirm presence of the 

glycosylation mutant mBPIFB1 gene (Figure 5.8). 
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Figure 5.8: BglII/XhoI diagnostic digest of pVR1255 mBPIFB1 glycosylation mutant. 
BglII/XhoI restriction enzyme digestion of the glycosylation mutant mBPIFB1 gene cloned 
into the pVR1255 vector from two individual clones (C1, C2) resulted in two fragments at a 
size of ~2.5 kB and ~3.5 kB. Lane M depicts the 1 kb molecular size marker. 

 

To confirm that the mutant insert had been cloned successfully into the pVR1255 vector, and 

in the correct orientation, the construct was sequenced in both the forward and reverse 

direction at the Genomics Core Facility at the University of Sheffield. The sequencing data 

spanning the four N-glycosylation sites of mutant mBPIFB1 are shown below in Figure 5.9 to 

highlight successful abrogation of the asparagine (Asn) amino acid, responsible for N-

glycosylation modification. 

 

Figure 5.9: Sequence chromatograms of glycosylation deficient mutant sites within 
mBPIFB1. Sequence chromatograms showing mutations encoding amino-acids 153 (N to L 
(Leucine)) (A), 160 (N to S (Serine)) (B), 263 (N to K (Lysine)) (C) and 400 (N to E 
(Glutamate)) (D), which removed the four N-glycosylation sites from mBPIFB1, therefore 
potentially abrogating post-translational glycosylation events within the protein. Wild-type 
nucleotide sequences at these sites were: AAT, AAT, AAC and AAC, respectively and are 
indicated by the respective nucleotide number in bold. The full-length sequence 
chromatogram is outlined in Appendix V. 
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5.3.4 Cloning of the N- and C-terminal truncation constructs of mBPIFB1 into 

the pVR1255 vector  

As outlined in the introduction, BPIF protein family members are divided into two subgroups 

according to their structural features (Bingle and Craven 2002, Bingle et al 2011). BPIFA 

proteins are homologous only with the N-terminal part of BPI proteins, containing only a 

single BPI-domain, whilst the long BPIFB proteins are homologous with both the C- and N-

terminal of BPI, thus encompassing two BPI-domains (Bingle et al 2011). Both domains are 

known to be key mediators in the immune response of BPI (Elsbach and Weiss, 1998, 

Beamer et al. 1997, Gray et al. 1993). Therefore, one of my aims was to generate either N- or 

C-terminal domain containing versions of mBPIFB1 in order to study a potential antiviral 

function of the BPI protein fold domains. 

Truncation constructs for N- or C-terminal abrogated mBPIFB1 were synthesised by  

Biomatik, and contained in both cases the original 21 amino acid N-terminal signal sequence 

including the start codon ATG (MAGPWIITLLCGLLGATLVQA) and a C-terminally 

located Flag epitope for detection by western blotting (Figure 5.14A) (Appendix V and VI).  

 

Figure 5.10: Excision of N- and C-terminal truncations of mBPIFB1. A) NotI / BamHI 
digestion of the pBlueScript II SK vector containing N-terminal and C-terminal mBPIFB1 
truncation sequences. C-terminal (772 bp) and N-terminal (856 bp) mBPIFB1 truncation 
constructs were excised using NotI/BamHI restriction enzymes from two individual clones 
(C1, C2) per construct, releasing a vector backbone fragment of ~3 kB and gene insert size of 
either 772 bp (C-terminal C1, C2) or 856 bp (N-terminal C1, C2). B) Diagnostic digest of 
two N- and C-terminal construct clones of pVR1255 mBPIFB1 using NotI/BamHI to confirm 
correct subcloning. The restriction digest released expected fragments of either 772 bp (C-
terminal) or 856 bp (N-terminal) mBPIFB1 and the pVR1255 vector backbone of 5 kB. 
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These truncation sequences consist of either of the N-terminal (856 bp, spanning amino acid 

1-273) or the C-terminal (772 bp, containing the signal peptide and spanning amino acids 

239-474) parts of the mBPIFB1 gene, and were provided in the pBlueScript II SK vector 

(Figure 5.14A. Subsequently, the constructs were mini-prepped and restriction digested with 

NotI / BamHI enzymes (Figure 5.10A) before cloning into the expression vector pVR1255. 

The resulting pVR1255 clones were diagnostically digested (Figure 5.10B) and sequenced to 

confirm the correct and error free base pair sequence. 

 

5.3.5 Expression validation of mBPIFB1 constructs by transfection and Western 

blotting 

The expression vector pVR1255 was used to generate secreted recombinant mBPIFB1 in 

HEK293 using the calcium phosphate nucleic acid delivery. Initially, midi preparations of 

required expression plasmids were prepared, and the corresponding plasmid DNA extracted. 

HEK293 cells were used for expression and subsequent protein extraction experiments as this 

cell line has been widely used in biochemical applications due to its fast and steady growth 

and propensity of DNA delivery by transfection (Kavsan et al., 2011).  

Initial transfection trials took place at small scale in a 24 well format to assess delivery 

efficiency by green fluorescent protein (GFP) transfection, alongside the wild type and 

respective pan glycosylation deficient mutant of mBPIFB1 (Figure 5.11).  

As the calcium phosphate transfection method is economic compared to commercial products 

such as FuGENE transfection reagent and resulted in a highly efficient GFP transfection 

judged by expression in > 95% of cells (Figure 5.11), this method was used for all subsequent 

transfection protocols. 

 

 



 197 

 

Figure 5.11: Representative images of GFP transfected HEK293 cells. Cells were     
transfected with a GFP construct using the calcium phosphate method for visualisation of 
transfection efficiency and imaged 48h post transfection. Cells were recorded using the green 
fluorescence channel (A), brightfield (B) or both images overlaid (C). Bar indicates 100 µm.  

 
To assess expression and successful secretion of recombinant mBPIFB1 in the cell culture 

media, western blots samples were prepared from serum free conditioned media harvested at 

24h intervals starting at 48h post transfection, and the first harvest was subjected to gel 

electrophoresis using the same sample volumes across all conditions. Recombinant proteins 

were detected using the C-terminal Flag epitope (Figure 5.12). Transfection of the wild type 

mBPIFB1 construct resulted in detection of two distinct protein bands spanning a range from 

50-54 kDa in size by western blot compared to the glycosylation deficient mutant at around 

the predicted size of 48 kDa, suggesting that the wild type protein is post-translationally 

modified by glycosylation events prior secretion (Figure 5.12A and B). To assess if this is 

only restricted to a time point around 48h post transfection and to test expression levels 

across a broader time scale, serum free condition media harvests were performed every 24h 

for three sequential days (H1-H3, 48h – 96h post transfection), starting 48 h post calcium 

phosphate transfection (Figure 5.12C). 

The previously observed pattern of a slower migrating wt mBPIFB1 protein at around 54 kDa 

was shown in harvest 2 (H2, 72h post transfection) and harvest 3 (H3, 96h post transfection) 

compared to the glycosylation deficient protein (mut) at around 48 kDa. Further, it was noted 

that transfection of comparable amounts of wt versus mutant mBPIFB1 plasmid DNA 

appeared to yield higher amounts of secreted mutant protein compared to wild type in harvest 

1 and 2 but not later points (harvest H3) (Figure 5.12C and D). However, as the objective was 

to harvest the serum free supernatant for protein purification of both mBPIFB1 variants, these 

results suggest that all three harvests will contain sufficient amounts for subsequent 

purification approaches by anti-flag resin. 
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Figure 5.12: Western blot detection of secreted mBPIFB1 proteins. Transfection of wt 
and N-glycosylation mutant (mut) pVR1255 mBPIFB1 constructs using the calcium 
phosphate method into HEK293 cells and detection of secreted proteins using a Flag 
antibody. A) Depicts the wt or mut mBPIFB1 proteins indicating the location of the four N-
glycosylation sites (red lines) and the C-terminal Flag epitope (green). B) The full-length 
protein is predicted to migrate around 52 kDa by western blotting, and the wt transfected cells 
(48h post tranfection) showed a distinct double protein band around 50-54 kDa, indicative of 
glycosylation events. However, transfection of the glycosylation mutant construct only 
showed a single band at the expected size around 48 kDa, suggesting absence of post-
translational modifications. C) Assessment of mBPIFB1 expression levels in serum free 
media was performed by western blotting of conditioned media 48h (harvest 1 -H1), 72h 
(H2) or 96h post (H3) transfection, and detection of the recombinant protein by flag antibody. 
D) Shows the densitometry estimation of protein levels respective to each other in arbitrary 
densitometry units (ADU). 

 
In order to confirm that the difference in migration between the wt and mut proteins is due to 

absent N-linked glycosylation modification, and not caused by other post-translational events, 

both proteins were subjected to treatment with the amidase enzyme, Peptide-N-Glycosidase F 

(PNGase F), which cleaves between the innermost N-Acetylglucosamine (GlcNAc) and 

asparagine residues of high mannose (Maley et al., 1989). Therefore, it effectively removes 

high mannose N-glycans from glycoproteins. Exposing both proteins, wt or mut mBPIFB1 

conditioned media samples to PGNase F and assessing the migration pattern by western 

blotting, showed that the previously observed doublet bands in the wt sample around 54 kDa 

mimicked the pattern of the mut protein, resulting in a single band around 48 kDa (Figure 

5.13). Treatment of the mut protein with PNGase F did not alter the migration pattern 

confirming that this protein was indeed not N-glycosylated. Therefore, it seems that the wt 
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mBPIFB1 is glycosylated on at least two distinct sites, resulting in two prominent bands, 

which differ from the migration pattern of a non-glycosylated protein (Figure 5.13). This 

observation is consistent with in silico N-glycosylation analysis using the online tool 

NetNGly (http://www.cbs.dtu.dk/services/NetNGlyc/), which predicts two out of the four 

potential sites (aa 153 and aa 400) to be N-glycosylated (Appendix XII) (Gupta and Brunak, 

2001). 

 

 

Figure 5.13: mBPIFB1 is post-translationally modified through N-glycosylation events. 
Secreted wt or mut mBPIFB1 protein from harvest 1 (48h post transfection) was incubated in 
the presence (+, lane 2 and 4) or absence (-, lane 1 and 3) of the PNGase, the reaction 
resolved by western blotting and the proteins detected using a flag-antibody. 

 

The N-terminal mBPIFB1 construct is predicted to have an expected size of 30.2 kDa, 

according to the Expasy tool (https://web.expasy.org/compute_pi/), and contains three 

potential glycosylation sites (aa 153, 160, 263), whereas the C-terminal construct should 

yield a slightly smaller protein of a predicted size of 28.4 kDa, which contains two potential 

glycosylation sites, namely aa 263 and aa 400 (Figure 5.14A). Western blotting of harvested 

serum free supernatant of N- or C-terminal construct transfected HEK293 cells showed 

abundant secretion of the C-terminal construct, across a range from 33 kDa to 44 kDa, 

displaying a range of bands (Figure 5.14B). In contrast, the N-terminal construct appeared to 

be secreted at a much lower level, despite maintaining the same transfection conditions and 

no prominent higher migrating band is observed besides the expected size around 30 kDa 

(Figure 5.14B). Reasons for this observation could be due to potential protein instability to 

less efficient secretion. In addition, the observation of a single prominent band only at the 

expected size suggests that there is no N-glycosylation modification taking place (Figure 

5.14B). 
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Figure 5.14: Western blot detection of secreted N- or C-terminal truncated mBPIFB1 
proteins. A) Generated constructs contained in both cases the original 21 amino acid N-
terminal sequence including the start codon ATG (blue) and a C-terminal Flag epitope 
(green) for detection by western blotting. The position of predicted glycosylation sites is 
highlighted as red lines and expected protein sizes in kDa are indicated on the right. B) 
Assessment of secreted recombinant N-terminal (N-term) or C-terminal (C-term) mBPIFB1 
protein expression levels in serum free conditioned media of HEK293 cells was performed by 
western blotting to detect the flag epitope 48h post (harvest 1 -H1), 72h post (H2) or 96h post 
(H3) transfection using an anti-flag antibody. C) PNGase F enzymatic reaction (500 units +, 
or absence -) were incubated with N-terminal and C-terminal BPIFB1 proteins as described, 
and samples resolved by western blotting and proteins detected with anti-flag antibodies. 

 

Assessment of glycosylation of the N- and C-terminal BPIFB1 secreted recombinant proteins 

using PNGase showed that the prominent bands observed in the C-terminal construct at 32 

kDa and 35 kDa, are reduced to a protein size of around 30kDa after treatment (Figure 

5.14C). This is consistent with earlier observations that there might be two distinct 

glycosylation events taking place, at sites aa 263 and aa 400. However, the N-terminal 

construct, containing three potential N-glycosylation sites (including one shared with the C-

terminal domain construct) does not show any change in size of the observed protein band 

after PNGase treatment, suggesting that this modification does not take place in this construct 

(Figure 5.14C) despite it being predicted to be glycosylated at aa 153 (Appendix XII). 
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5.4 Discussion 

The main aim of this chapter was to generate and validate expression constructs for 

mBPIFB1 for use in functional studies in the mTEC system. The wild-type and glycosylation 

deficient mutant mBPIFB1 expression constructs (in which each of the putative glycosylation 

sites had been exchanged) were successfully cloned into the mammalian pVR1255 vector and 

expression of the recombinant protein was validated by western blotting of secreted 

mBPIFB1 protein following transfection into HEK293 cells. The recombinant wt protein 

showed two distinct protein bands suggesting that at least two glycosylation events take place 

across the four sites predicted to exist within the protein, compared to the lower migrating 

glycosylation deficient mutation. Both recombinant proteins were readily secreted into the 

cell culture medium and could be detected in abundance and at generally comparable level up 

to 96h post transfection. Secretion over longer time points were not investigated. These 

validated constructs could subsequently be used to generate significant quantities of both 

proteins for functional studies. This could be achieved by using flag-affinity resin to capture 

secreted recombinant mBPIFB1 in serum free supernatant of transfected HEK293 cells. After 

washes of the resin to remove unbound proteins, the recombinant BPIFB1 is recovered using 

flag-peptide to elute in a competitive manner (Gerace and Moazed, 2015). In order to 

estimate the potential protein yield for subsequent protein purification, protein quantification 

assays such as Bradford or BCA should be employed in the future. Alternatively, an enzyme-

linked immunosorbent assay (ELISA) could be performed using the flag tag as epitope in 

order to quantify protein amounts.  

Although a number of studies have suggested that the protein plays a role in immunity within 

the respiratory tract, the precise role of BPIFB1 is not well defined. Human BPIFB1 has been 

shown to be secreted as an N-glycosylated protein in human airways and saliva 

(Ramachandran et al., 2008; Bingle et al., 2010). Glycosylation is a post-translational 

modification of proteins mediated by attachment of sugar moieties to proteins. This process is 

critical for a wide range of biological processes, such as cell attachment to the extracellular 

matrix and protein–ligand interactions in the cell. Moreover, this modification is vital in 

determining protein structure, folding, function and stability (Dennis et al., 1999; Trombetta, 

2003; Aebi, 2013; Jayaprakash and Surolia, 2017). While it has been suggested that post-

translational glycosylation is important for the function of BPIFB1 (Gao et al., 2015), there 

have been no studies investigating the role of this glycosylation. Moreover, there are no 

existing studies on the mouse protein regarding this. Therefore, a glycosylation defective 
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mBPIFB1 construct was produced by gene synthesis and was subcloned into a mammalian 

expression vector. After validation and characterisation of the expression construct it was 

aimed to investigate if the N-glycosylation events mediate biological effects like Influenza A 

infection efficiency. The design was to use murine mTEC cells from a Bpifb1 -/- mouse strain 

as employed in a published study from Donoghue and colleagues (Donoghue et al., 2017), 

and to test the glycosylation deficient as well as the generated truncation mBPIFB1 mutants 

in order to identify structural regions of BPIFB1 associated biological activity.  

The rationale behind the expression of the N- or C-terminal domain of BPIFB1 was to 

investigate an immune protective role of BPIFB1 in more detail. For example, the N-terminal 

section is structurally related to BPIFA1, which only possesses one BPI fold X-ray 

crystallography studies of BPI discovered a unique boomerang-like shape, which 

encompasses two domains spanning from residues 1–230 and 250–456, whereas limited 

proteolysis experiments generated two BPI fragments comprising residues 1–199 and 200–

456. Particularly, only the N-terminal domain is essential for its biological activity as it 

mediates the antibiotic and endotoxin-neutralizing functions of BPI (Ooi et al., 1987; Beamer 

et al., 1997; Iovine et al., 1997; Iovine et al., 2002). 

Expression analysis of the N-terminal construct in 293HEK cells showed a significant 

decrease compared to the C-terminal counterpart by over ten-fold. This might imply, at 

comparable transfection and sample conditions, that the N-terminal truncation protein is less 

stable (Deller et al., 2016) and hence a significant lower amount is secreted. To test this 

hypothesis, transfected cells could have been lysed 48h post transfection and the lysate 

assessed for expression of the N-terminal versus C-terminal recombinant protein, ideally in 

presence or absence of a proteasomal inhibitor such as MG132. It would also be helpful to 

quantitate secretion levels using an ELISA against the epitope tag. 

 
Moreover, the N-terminal truncation protein, despite containing three of the four 

glycosylation sites, migrated at the expected size and did not show any change in size after 

PNGase treatment, suggesting that no N-glycosylation events are taking place. In contrast, 

the C-terminal secreted protein demonstrates two distinct bands which run higher than the 

PNGase treated sample, suggesting that more than one site is glycosylated, which is 

consistent with observations of the wt protein. Interestingly, the C-terminal protein only 

encompasses two glycosylation sites, of which one is overlapping with the N-terminal protein 

(aa 263). However, no evidence has been observed that this site is glycosylated within the N-
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terminal expressed protein, suggesting that potential protein stability issues preventing post-

translational modifications.  

We observed that the C-terminus containing secreted recombinant BPIFB1 protein showed 

multiple bands, which were undistinguishable, despite only containing two glycosylation sites 

within this construct namely N263 and N400. An explanation for this observation could be 

that glycans are produced by multiple competing glycosyl transferases, therefore if both sites 

are decorated with different glycans, this would lead to a large structural heterogeneity, and 

therefore to manyfold bands when analysed by gel electrophoresis (An et al., 2009). In case it 

is of interest which sites and what type of N-glycans are attached, mass spectrometry using 

specific protocols for detection and analysis of glycopeptides would be a great tool to pursue 

(Harvey, 2005; Geyer and Geyer, 2006; Suttapitugsakul et al., 2021).  

 

Notably, as highlighted in chapter 3, BPIFB1 glycosylation sites are found across all species, 

however the only glycosylation position which is found conserved across all species is aa 264 

in human or 263 in mice, with the exception of cattle and hedgehog. N-glycosylation site aa 

48 (human) appears to be primate specific, with the exception for rabbits. Remarkably, solely 

rodents possess a fourth site, which also forms a cluster of two closely positioned sites (aa 

153 and aa 160), which are specific to mice and rats, and the most terminal site (aa 401 in 

humans) is only found in primates and rodents. 

BPIFB1 glycosylation occurs through attachment of an GlcNAc residue to an asparagine 

residue belonging to a consensus sequence NX(S/T), where X can be any amino acid except 

proline. The presence of the consensus sequence is required for N-linked glycosylation; 

however the occupation of a potential site is not obligatory. With regards to human BPIFB1 

N-glycosylation, only the N- and C-terminal sites (N48 and N401, respectively) have been 

found to be glycosylated, not position N264 (Boersema et al., 2013; Hu et al., 2018). 

 

It has been reported that in case of human hyaluronidase 1, N-glycosylation is required for 

secretion and enzymatic activity (Goto et al., 2014). Thus, it could be speculated that the N-

terminal construct of mBPIFB1 lacking N-glycosylation modification and therefore these 

proteins are not secreted or to a much lower extend. This hypothesis could be tested by using 

Tunicamycin, an antibiotic, which inhibits N-glycosylation in eukaryotes by blocking the 

transfer of N-acetylglucosamine-1-phosphate. This inhibitor has been used extensively to 

study N-glycans in glycoprotein maturation, secretion, and function (Kim et al., 2013) and 
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could be used to investigate if N-glycosylation modification is required for the secretion of 

the C-terminal construct. 

 

In case of an observed biological effect due to N-glycosylation, a site-directed mutagenesis 

approach was planned to investigate in detail which sites are required and essential for 

observed biological effects. However, due to the impact and associated restrictions on 

research imposed during the COVID-19 pandemic and related inaccessibility of experimental 

mice, it was not possible to address a biological role of the generated glycosylation defective 

mutant nor the N- and C-terminal truncation and therefore contribution of individual N-

glycosylation sites to the physiological role of mBPIFB1 was not explored. In addition, due 

to the limited time and circumstantial constrains, the aim to further purify these recombinant 

proteins for biological assays could not be achieved, and no additional experimental efforts 

were made to investigate these observations further. I have however developed the tools to 

undertake these studies in the future. Because of these limitations I sought to address the role 

of BPIFB1 in IAV infection in a different, technically tractable model in the laboratory and 

these experiments are outlined in the next chapter. 
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Generation of a CRISPR based BPIFB1 knock out 
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A infection assay 
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6.1 Introduction 

Although several studies have suggested that BPIFB1 plays a role in immunity within the 

respiratory tract, the precise physiological role of this protein is not known. Human BPIFB1 

has been shown to be secreted as an N-glycosylated protein and its expression is limited to 

differentiated primary airway cells, gastrointestinal tract and female organ tissue 

(Ramachandran et al., 2008; Bingle et al., 2010) (Figure 3.13).  

IAV virus is a significant respiratory pathogen and previous reports showed that BPIFA1, 

besides demonstrating a protective role against bacterial infections, is also able to exhibit an 

antiviral effect towards IAV (X31) infections (Chu et al., 2007; McGillivary and Bakaletz, 

2010; Liu et al., 2013; Krammer et al., 2018a; Akram et al., 2018). Therefore, the central 

hypothesis underlying this thesis was that BFIFB1 could contribute to the defence mechanism 

against IAV infections and could play a role in maintaining homeostasis within the airway 

epithelium. The experimental strategy to elucidate a potential role of BPIFB1 in the host 

defence against IAV and discovery of the underlying protective mechanism, initially involved 

a Bpifb1-/- knockout mouse model in combination with a primary lung cell culture, mTEC 

grown at air–liquid interface to allow for formation of a pseudostratified mucociliary 

epithelium (Ross et al., 2007; Martinez-Anton et al., 2013). 

Unfortunately, due to COVID imposed restrictions, we were not able to obtain thew Bpifb1-/- 

transgenic mouse model from our collaborator at the University of Liverpool and therefore I 

had to abort the initial plan of using mTEC cells and the generated murine BPIFB1 mutation 

and truncation constructs (Chapter 5) for the rest of my thesis.  

I needed to utilize an alternative model system to continue my study. For this I chose to 

employ human bronchial epithelial cells immortalized with CDK4 and human telomerase 

hTERT, commonly known as HBEC3-KT cells. These cells have been used in previous 

studies of airway biologu and are well established in my host laboratory (Ramirez et al., 

2004; Nakauchi et al., 2019; Matsuya et al., 2022). A key feature of these cells that is not 

shared with primary mTEC or HBECS is that they can be transfected and selected for clonal 

growth. 
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6.2 Aims  

In order to generate an alternative readout for BPIFB1 biological function within the airway 

epithelium, the bronchiolar cell line HBEC3-KT was used as human cell model to study 

modulation of IAV susceptibility by BPIFB1. The strategy was to ablate BPIFB1 expression 

by a CRISPR gene approach, and subsequently analyse if this would modulate IAV infection 

efficiency of HBEC3-KT cells in a cell-based assay format. This technique involved transient 

transfection using a double guide RNA approach, selection and clonal cell line generation by 

limiting dilution and expansion. The resultant cells could then be used for functional studies. 

Specifically, I aimed to  

• Generate a CRISPR mediated HBEC3-KT BPIFB1 knock out cell lines 

• Validate generated clones by genomic, proteomic, phenotypical and functional 

means 

• Undertake IAV PR8 infection time course in undifferentiated HBEC3-KT cells 

• Analyse cytokine response upon IAV PR8 exposure in HBEC3-KT cells 

• Study the effect of IAV PR8 infection levels in the presence of CRISPR clone 

derived lavage or recombinant BPIFB1 protein upon PR8 infection 
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6.3 Results 

The CRISPR/Cas9 gene editing technology was employed to generate a knock-out cell line 

for the BPIFB1 gene using the immortalised human bronchial epithelial cell line HBEC3-KT 

(Ramirez et al., 2004; Nakauchi et al., 2019). These cells are used extensively in my host 

laboratory has they have the capacity to produce mucociliary airway phenotypically similar to 

that of the native human airway when grown in ALI culture conditions. Initial experiments 

undertaken by Zeyad Alharbi confirmed that BPIFB1 expression was induced after 21 days 

of ALI culture (Figure 6.1A) and label free proteomic analysis, performed by using a Thermo 

Fisher Orbitrap Elite nanoflow liquid chromatography tandem mass spectrometry (LC-

MS/MS), showed that BPIFB1 was one of the proteins secreted by differentiated cells (Figure 

6.1B). 

 

 
Figure 6.1: Relative protein expression of BPIFB1 in differentiated HBEC3-KT and 
proteomic secretome. A) BPIFB1 expression (blue arrow) after ALI differentiation of 21 
days in the presence (+) and absence (-) of collagen. B) The top 20 most abundant proteins 
secreted by HBEC3-KT 21 days post ALI culture. Proteins are designated by their 
corresponding gene. The error bar represents standard error of the mean. Data provided by 
Zeyad Alharbi. 

 

6.3.1 CRISPR/Cas9 gene editing of BPIFB1 in the HBEC3-KT cell line 

The editing strategy employed involves plasmids containing gene specific guide RNAs 

(gRNA) of 20 nucleotides and co-expression of the endonuclease Cas9 to facilitate precise 

gene recognition and excision (Adli, 2018). In addition, the chosen vector for this study 

expresses a GFP protein, the co-expression of which facilitates distinction of transfected cells 



 209 

and consequently successful delivery of the CRISPR plasmid (Ran et al., 2013c). 

Fluorescence positive cells are isolated and clonal population generated using fluorescence-

activated cell sorting (FACS) and selected clones were validated for successful gene editing. 

 

6.3.1.1 CRISPR/Cas9 gene editing design and genomic target sites 

In order to direct the Cas9 endonuclease successfully to the genomic location of the BPIFB1 

gene, three single guide RNAs (sgRNAs) of 20 nucleotides in lengths were designed and 

synthesized, targeting exon 2 of BPIFB1 that contains the start codon (Table 2.7) (Figure 

6.2). The approach included two sgRNAs which were delivered in a co-transfection 

approach, gRNA1 in combination with gRNA3 (gRNA1+3), or gRNA2 with gRNA3 (gRNA 

2+3), resulting in an excised region of over 200 bp including the entire exon 2 containing the 

gene start site (Figure 6.2). Both approaches were carried out simultaneously and yielded 

successful knock out clones. To avoid duplication, data is only shown for generation and 

validation of cell lines derived from the gRNA 2+3 approach.  

 

Figure 6.2: CRISPR sgRNA design and target site. A) Schematic representation of the 
CRISPR target sites surrounding exon 2 of the human BPIFB1 gene containing the 
translation start site. B) Sequence of exon 2 and adjacent intron nucleotides, gRNA target 
sites are labelled in green, the exon 2 region in blue and the BPIFB1 coding sequence is 
coloured in pink, with the gene start codon highlighted in purple. 

 
Target sgRNAs were BbsI cloned into the delivery vector pX458 (Appendix VII), designed to 

co-express the Cas9 and GFP protein, and the plasmids amplified using E. coli bacteria (Ran 
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et al., 2013c). Extracted plasmid DNA was subjected to restriction digestion to confirm 

presence of the delivery vector (data not shown) and the vectors were sequenced to confirm 

they contain the sequences and were subsequently used for delivery into HBEC3-KT by 

transfection. 

 
6.3.1.2 Plasmid delivery by transfection, selection and clonal expansion 

HBEC3-KT cells were seeded in a 6 well format and transfected using the FugeneHD 

transfection reagent with either the empty vector pX458 serving as background control, or 

with a combination of vectors expressing the individual sgRNAs (pX458-sgRNA). Cells were 

microscopically observed at 48 hours post transfection for green fluorescence protein 

expression, indicating successful delivery of the vector and expression of the Cas9 protein 

alongside sgRNAs (Figure 6.3). 

 

 

Figure 6.3: GFP expression following pX458 vector delivery into HBEC3-KT cells. 
HBEC3-KT parental cells were transfected with empty pX458 (pX458) or sgRNA containing 
(pX458-sgRNA) vectors using FugeneHD transfection reagent or left untreated 
(untransfected). Transfection efficiency was observed as fluorescent readout and imaged 48h 
post transfection. Cells were recorded using the green fluorescence channel brightfield or 
both images overlayed as indicated. Bar indicates 100 µm.  
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As expected, the empty vector transfection yielded a similar transfection rate compared to the 

sgRNA vector equivalent (Figure 6.3) of an average about 15% (Figure 6.4). In order to 

establish and subsequently test clonal populations for successful gene editing, GFP 

expressing cells were FACS sorted (Figure 6.4).  

 
 
Figure 6.4: FACS profiles of transfection pools. Parental HBEC3-KT cells (untransfected) 
(A), empty vector control pX458 (B) or pX458-sgRNA (C) were trypsinised and sorted by 
GFP fluorescence, using parental cells as a background level. Fluorescence positive (GFP+) 
and negative (GFP-) cell counts are indicated below the FACS profiles, and percentage of 
positive cells across the population was calculated.  

 

As evident from GFP visualisation after transfection, GFP intensity varied widely across the 

transfected cell population (Figure 6.3), which was consistently observed in the FACS 

profile, where GFP fluorescence intensity ranged across three magnitudes (Figure 6.4).  

Single cells were immediately seeded into a 96 well plate for clonal expansion to achieve a 

clonal cell population deriving from a single progenitor cell and cultured for 1-2 weeks for 

expansion. 

 

 
6.3.1.3 CRISPR/Cas9 gene editing selection and validation of clonal populations 

Clones originating from a single colony were subjected to genomic DNA isolation (from a 

portion of the colony) and end point PCR amplification. Successful CRISPR gene editing was 
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assessed based on generated amplicon size (Figure 6.5A). PCR primers flanking regions 

upstream and downstream of both gRNA target sites generated an amplicon size of 551 bp. In 

case of successful gene editing an excision of around 232 bp should be observed, generating a 

shorter product size of only 319 bp. 18 clonal cell lines were analysed by PCR alongside a 

background wt control extracted from the untransfected parental cell line (Figure 6.5). 

Among the 18 tested clonal cell lines, three (16 %) were homozygous for the shorter 

amplicon, indicating generation of a potentially full knock-out cell line. In contrast, 13 (72 

%) were partial, heterozygous knock-out cell lines, where one of the two alleles was only 

modified. And two (11 %) remained unmodified and could be used as wt control cell lines for 

downstream analysis (Figure 6.5). In addition, an empty vector transfected control cell 

population was expanded and included in subsequent functional assays. 

 

Figure 6.5: Genotyping of CRISPR edited clonal cell populations. A) Schematic of 
genotyping approach. A forward (FOR) and reverse (REV) primer pair was designed to 
amplify a product of 551 bp in length (wt, orange), whereas homozygous knock-out clones 
should result in a shorter amplicon size of 319 bp (HOM, blue). Both amplicon products are 
present in heterozygous edited clones (HET, red). B) Primer pairs flanking the sgRNA target 
region were used in a PCR reaction of genomic DNA isolated from the parental HBEC3-KT 
cells (1) or clonal populations of pX458-sgRNA derived pools (clone 2-19). 

 

From the genotyping analysis, a homozygous knock-out clone (clone 13) and a corresponding 

wt clone (clone 7) was chosen for further validation steps. The PCR product of HOM clone 

13 and wt clone 7 reactions were cloned into the pCRII-TOPO vector, amplified, extracted 

and sequenced (Figure 6.6) to validate correct deletion of the targeted exon 2 without any 

acquisition of additional unwanted genomic alterations. 
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Sequencing data confirmed deletion of 232 bp including the entire exon 2 of clone 13, which 

was intact in clone 7 (Figure 6.6). 

 
 
Figure 6.6: Sequence chromatograms and alignment of wt clone 7 and homozygous 
BPIFB1-/- clone 13. CRISPR editing results in an excision of 232 bases (clone 13) compared 
to the original sequence (clone 7) (A). Partial sequence chromatograms of the wt sequence 
(start indicated in orange) (B) or homozygous knock-out clone (HOM) 13 (C), highlighted in 
pink shading.  

 

In order confirm successful disruption of BPIFB1 gene expression on protein level, western 

blot analysis of secreted BPIFB1 from ALI cultured cells alongside a control protein was 

carried out using wt (clone 7) and KO (clone 13) cell lines (Figure 6.7). Employing 

antibodies targeting endogenous BPIFB1, a single protein band is detected around 55 kDa in 

the wildtype apical secretion. In contrast, the KO apical secretion did not yield any detectable 

protein band. To rule out that variation of total protein amounts loaded led to the absent band 

in the KO sample, Olfactomedin-4 (OLMF4) protein served as loading control and showed 
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comparable protein amounts across samples (Figure 6.7A). OLFM4 was shown by 

proteomics to be abundantly secreted by HBEC3-KT cells (Figure 6.1B). To confirm that the 

secreted wt BPIFB1 protein is glycosylated, PNGase treatment of the wt sample was carried 

out and showed that BPIFB1 is detected at the expected size of 52 kDa, rather than at 55 kDa 

in the sample left untreated (Figure 6.7B). 

 

Figure 6.7: Western blot validation of BPIFB1 knockout cells. A) Secreted supernatant of 
HBEC3-KT clonal population 7 (WT) or knock-out 13 (KO) cells were resolved by SDS-
PAGE alongside control supernatant from an unrelated apical secretion, and probed for 
presence of BPIFB1 or Olfactomedin-4 (OLMF4) using respective protein specific 
antibodies. OLMF4 served as an unrelated protein expression control indicating similar 
protein loading across samples. B) Clonal population 7 (WT) supernatant was incubated in 
the presence (+) or absence (-) of the Peptide-N-Glycosidase F (PNGase) enzyme and the 
endogenous protein detected using a BPIFB1 specific antibody. 
 

Additional validation experiments were carried out to characterise the behaviour of the 

CRISPR clonal cell lines in an undifferentiated state to assess basal expression levels of 

selected genes in comparison with levels 14 and 21 days post ALI cultivation in 

differentiation media, to show that these cells still maintain the capability to differentiate into 

different cells types as expected for HBEC cultures  (Vaughan et al., 2006). 

Maintaining cells in basal growth media showed that this does not induce BPIFB1 expression 

(Figure 6.8) and therefore the wt and KO cell line for BPIFB1 should behave biologically 

comparable to the empty vector control clonal population when assessed in proliferation 

assays.  

To assess basal expression patterns and to monitor stimulation of selected genes, cells were 

maintained a three-dimensional transwell setup at an ALI to initiate differentiation into 

various cell types and harvested after 14 and 21 days. Differentiation was assessed by 

endpoint PCR (Figure 6.8). ALI initiated differentiation induced BPIFB1 after 14 days, 

which was maintained at 21 days. BPIFA1 served as an additional secretory cell marker and 
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showed a similar temporal pattern of expression. In contrast, the ciliated cell marker TEKT1 

was only be detected after 21 days at the ALI. OAZ1 as a loading control was present at all 

time points at comparable levels. In summary, the observed gene expression patterns 

performed as expected, with no noticeable difference between the wt and KO CRISPR clonal 

cell line for the selected genes (Figure 6.8). Notably, despite multiple optimisation attempts, 

it was not possible to design a primer pair for BPIFB1, which would amplify a product across 

exon 2 and thus would be able to distinguish the wt from the KO allele (Figure 6.2). The 

primer pair employed in this study amplified a region of 207 bp across exon 5 to exon 8, thus 

wildtype and knock out CRIPSR clonal population result in a same sized amplicon of 207 bp 

(Figure 6.8), leading to an RNA molecule but not resulting in protein expression. 

 

Figure 6.8: Analysis of selected gene expression upon HBEC3-KT differentiation. 
CRISPR generated wild type (clone 7 - wt) and knock out (clone 13 - KO) BPIFB1 clonal 
cell lines were differentiated in ALI culture conditions simultaneously. Gene expression 
analysis of BPIFB1 (207 bp), BPIFA1 (466 bp), TEKT1 (198 bp) and OAZ1 (164 bp) was 
carried out by amplifying equal amounts of cDNA by endpoint PCR from cell cultures 0, 14, 
or 21 days post cultivation in a transwell ALI setup. OAZ1 served as an internal control. 

 

Assessing the CRISPR generated HBEC3-KT cells phenotypically, there was no noticeable 

difference between the parental cell population, the CRISPR modified cell lines, presented as 

empty vector control, BPIFB1 wt (clone 7) or BPIFB1 KO (clone 13) (Figure 6.9).  Of note, 
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in subsequent experiments analysing cell cycle progression or proliferative properties of these 

clonal populations for validation purposes, the empty vector control was used as a reference 

for comparisons to the wt or KO cell line. 

 

Figure 6.9: Morphology of HBEC3-KT parental and CRISPR generated clones. 
Parental, empty vector transfected (empty vector), wild type clone 7 (wt) or BPIFB1 knock 
out clone 13 (KO) undifferentiated HBEC3-KT cells were maintained submerged in KSFM 
for three days prior brightfield imaging. Representative images are shown. The bar indicates 
100 µm. 

 
To validate the CRISPR generated clonal cell populations with regard to off target effects, 

which could hamper subsequent assays for BPIFB1 function, cell cycle analysis and an MTS 

based proliferation assay was conducted. It was expected that the empty vector control and 

the wt clone 7, as well as the KO clone 13, would behave comparably.  

 
 
6.3.1.4 Cell cycle analysis of CRISPR clones 

Based on BPIFB1 expression analysis, undifferentiated HBEC3-KT cells do not express the 

BPIFB1 gene (Figure 6.8) and therefore no physiological effect of BPIFB1 loss in these cells 

were anticipated. 

HBEC3-KT cell lines were cultured in Keratinocyte Serum-Free media (KSFM) to maintain 

an undifferentiated phenotype and were subjected to propidium iodide (PI) staining for cell 

cycle profiling using FACS. In order to quantitate the percentage of cells in each cell cycle 
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phase, a single cell population was identified and gated by plotting pulse width against pulse 

area. This population was then presented as scatter plot to remove visible debris and then 

represented as a histogram plot over PI intensity (Figure 6.10A) (Pozarowski and 

Darzynkiewicz, 2004).  

 

 
Figure 6.10: Cell cycle analysis of CRISPR clones. Undifferentiated HBEC3-KT empty 
vector transfected (empty vector), wild type clone 7 (wt) or BPIFB1 knock out clone 13 (KO) 
cells were passaged in KSFM to maintain an undifferentiated phenotype and cell cycle phases 
analysed by means of flow cytometry. A) Representative gated FACS histogram profiles 
displaying cell count over propidium iodide intensity for quantification of cell cycle phase 
distribution. B) Quantification of cell populations in G1, S Phase or G2/M, represented as 
mean ± SD of three technical replicates. ns – non-significant. 

 

In summary, all three clonal cell lines performed comparably with no significant change in 

cell cycle phase populations (Figure 6.10B). Notably, it was observed that the G1 population 

was lower in the KO cells compared to empty vector control or wt conditions, and increased 

in the S phase, however this result was not significant due to a higher data variability.  
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6.3.1.5 Cell proliferation analysis of CRISPR clones 

To validate cell proliferation and viability of the CRISPR generated, undifferentiated 

HBEC3-KT cell lines, an MTS assay was employed. This assay is based on the reduction of 

the MTS tetrazolium compound through viable mammalian cells, which generates the 

soluble, coloured formazan dye, and can be recorded by means of a standard colorimetric 

read out. 

 

Figure 6.11: Proliferation analysis of CRISPR clones. Undifferentiated HBEC3-KT empty 
vector transfected (empty vector), wild type clone 7 (wt) or BPIFB1 knock out clone 13 (KO) 
cells were passaged in KSFM to maintain an undifferentiated phenotype and cell viability and 
proliferation assessed over three days using an MTS colorimetric readout in 24h intervals. 
Data is represented as mean ± SD of three independent experiments. ns – non-significant. 

 
It was observed that all three clonal cell lines behave comparably with no significant change 

in proliferation across an observed time frame of 72h (Figure 6.11). However, it might should 

be investigated if the KO cell line leads to a delayed proliferative phenotype over longer 

periods of culturing, and thus further experimental work will be required.  

 

6.3.2 Functional assays 

After extensive quality control and validation studies of the CRISPR clones, experiments 

were set up to analyse the protective effect of BPIFB1 following IAV infection.  To establish 

an appropriate experimental setup, undifferentiated HBEC3-KT cells were infected with the 

influenza A strain A/Puerto Rico/8/1934, referred to as PR8, co-expressing GFP for visual 

confirmation of successful viral entry. Studies were carried out at different MOIs and 

observed over time for infection efficiency. In addition, two culture media were investigated 

for suitability to maintain HBEC3-KT cells in an undifferentiated state. 
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6.3.2.1 PR8 infection time course in undifferentiated HBEC3-KT cells 

HBEC3-KT cells are usually maintained and expanded in KSFM, supplemented with 50 

mg/L prequalified human recombinant Epidermal Growth Factor 1-53 (EGF 1-53, 50 µg/ml) 

and Bovine Pituitary Extract (BPE) at 5 ng/ml. 

 

Figure 6.12: Time course of IP-10 expression upon PR8 viral infection in KSFM 
maintained cells. Undifferentiated parental HBEC3-KT were cultured in KSFM prior PR8 
viral infection at a MOI ratio of 1. A) Cell morphology and virus induced GFP co-expression 
was monitored by brightfield microscopy or the green-fluorescent channel (GFP), 
respectively, 2, 8 and 24 hours post infection. B) Bar graph indicates detected cells per 
brightfield area (BF) in A and corresponding green-fluorescent positive cells (GFP). C) End 
point PCR analysis of isolated RNA, 2, 8 and 24 hours post viral infection was used to assess 
IP-10 (190 bp) levels, an indicator of viral infection. OAZ1 (164 bp) served as internal 
loading control. Bar indicates 100 µm. 
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To test how well undifferentiated HBEC3-KT cells could be infected with the PR8 strain, an 

MOI of 0.1 and 1 was chosen, and cells monitored over the next 24 hours phenotypically for 

green-fluorescent protein expression, indicative of viral entry and replication. Further, RNA 

was extracted and expression of IFN-gamma-inducible protein 10 (IP-10) at 2h, 8h and 24h 

post viral infection (pvi) assessed by end point PCR (Figure 6.12).  

GFP expression was not visible at 2h and 8h pvi but could be detected 24h pvi using an MOI 

of 1 (Figure 6.12A). Notably, only a small subpopulation of about 10% of cells showed GFP 

expression (Figure 6.12A and B). This might be also attributed to the fact that master PR8 

viral aliquots were thawed, aliquoted and refrozen prior use for experimental conditions. This 

might have led to reduction of the actual viral titre compared to the established one upon 

virus production, which was used for calculation of required viral volumes.  

Infection conditions using an MOI of 0.1 resulted in about 1% fluorescent cells 24 h pvi, 

consistent with the 10-fold higher number associated with MOI of 1 (data not shown). As this 

is a negligible number of cells and a biological effect might be masked by the overriding 

number of non-fluorescent, uninfected cells, the data acquired with MOI of 0.1 therefore was 

not considered in the analysis and in further experiments.    

It has been established that IP-10 expression is stimulated in airway epithelial cells upon 

infection with respiratory viruses (Ramos et al., 2019). Endpoint PCR analysis for IP-10 

expression showed that elevated levels could be detected as little as 2h pvi, and the highest 

level was detected at 24h pvi (Figure 6.12C).  

The other media tested was the defined, commercially available PneumaCult™-Ex Plus 

(referred subsequently as ExPlus) expansion media, which in contrast to KSFM, is serum- 

and BPE-free, and is complemented with a non-proprietary supplement and 96 ng/mL 

hydrocortisone. 

Similar to KSFM (Figure 6.12), the fluorescent positive cells population is approximately 

10% and could be observed at 24h pvi (Figure 6.13A and B). IP-10 expression is detected at 

2h pvi at a higher levels compared to KSFM (Figure 6.13C vs Figure 6.12C), which peaks at 

8h (Figure 6.13C) compared to 24h in the KSFM condition (Figure 6.12C). 
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Figure 6.13: Time course of PR8 viral infection in ExPlus media-maintained cells. 
Undifferentiated parental HBEC3-KT cells were cultured in ExPlus media prior PR8 viral 
infection at a MOI ratio of 1. A) Cell morphology and virus induced GFP co-expression was 
monitored by brightfield microscopy or the green-fluorescent channel, respectively, 2, 8 and 
24 hours post infection. B) Bar graph indicates detected cells per brightfield area in A and 
corresponding green-fluorescent positive cells. C) End point PCR analysis of isolated RNA, 
2, 8 and 24h post viral infection was used to assess IP-10 (190 bp) levels, an indicator of viral 
infection. OAZ1(164 bp) served as internal loading control. Bar indicates 100 µm. 

In order to assess if PR8 infection leads to a differential cytokine expression following 24 

hours post PR8 infection, a commercial cytokine array was employed comparing both media 

- KSFM and ExPlus – in a basal condition and post 24 h PR8 challenge.  
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6.3.2.2 Cytokine production upon PR8 exposure in HBEC3-KT cells 

After a 24h challenge of PR8 virus at MOI of 1, albeit the infected number of cells are only 

constituting a population of 10 % (Figure 6.12A and B and Figure 6.13A and B), a highly 

significant increase of IP-10 by 180 fold (p<0.0001) in KSFM cultured cells versus 129 fold 

(p<0.0001) in ExPlus conditions was detected (Figure 6.14C and E). This was verified using 

endpoint PCR analysis, which showed increased IP-10 mRNA levels as soon as 2h post 

infection in ExPlus media conditions (Figure 6.14F) or 8 h in KFSM conditions (Figure 

6.14D). This increase further correlates with detected protein levels of IP-10 on the array, 

which is 5480 (± 20) in KFSM versus 10583 (± 677) in ExPlus basal media, highlighting 

increased detection by endpoint PCR in ExPlus samples (Figure 6.14D and F).  

In addition, ExPlus media results in a higher basal level of CXCL1 (9.2 fold), G-CSF (2.1 

fold) and IL-18 (23.1 fold) compared to KSFM (Figure 6.14C and E). Notably, the protein 

levels of CXCL1 (p=0.0157), G-CSF (p=0.0016), IL-8 (p=0.0193) and IL-18 (p=0.0292) 

only in ExPlus maintained cells led to a significant change when challenged with the PR8 

Influenza A strain compared to mock control treated cells (Figure 6.14E). Inversely, 

macrophage migration inhibitory factor (MIF) was detected in both media conditions but is 

only reported significantly changed (p=0.0202) upon PR8 infection in KSFM but not ExPlus 

media (Figure 6.14C and E). In contrast, serine protease inhibitor serpin family E member 1 

(SERPIN E1) is present in high levels in both media tested but not significantly altered upon 

PR8 infection in both cases (Figure 6.14C and E).  

 

In order to establish if KSFM or ExPlus media is more suitable to maintain and expand cells 

in an undifferentiated state for subsequent experiments, a direct comparison showed that 

there is no significant difference in terms of PR8 infection efficiency (Figure 6.15A and B). 

However, analysis by cytokine secretion (Figure 6.14) or gene expression on mRNA level 

(Figure 6.15C) showed that ExPlus media displays low level differentiation properties as 

observed significantly enhanced cytokine response upon PR8 challenge, or BPIFA1 

expression stimulation compared to KSFM but not BPIFB1 or TEKT in this condition (Figure 

6.15C). This indicates that the ExPlus media contains one or more unidentified components, 
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which potentially stimulates HBEC3-KT cells and therefore, for all subsequent experiments 

KSFM was utilised.  

 
 

Figure 6.14: Human cytokine array to detect relative levels of selected cytokines and 
chemokines. Undifferentiated HBEC3-KT cells were cultured in a well format using KFSM 
or ExPlus media and subsequently infected with the PR8 strain at MOI 1 (infection) or left 
untreated (mock). After 24h viral challenge, KSFM (A) or ExPlus media (B) was collected 
and applied to a cytokine array membrane to detect differential secreted immune mediators 
detected and quantified by densitometry. C, E) Quantification and statistical analysis of 
detected cytokines. D, F) End point PCR analysis of isolated RNA, 2, 8 and 24h post viral 
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infection was used to assess IP-10 (190 bp) levels. OAZ1 (164 bp) served as internal loading 
control. Red square indicates highest differential expressed cytokine within each media 
condition, whereas blue squares highlight different basal cytokine levels between KFSM and 
ExPlus media. Yellow squares indicate array specific reference points. 
 

 

Figure 6.15: Comparison of KSFM versus ExPlus media upon HBEC3-KT PR8 
infection and cellular differentiation. A) Phenotypical observation of HBEC3-KT cells 
maintained in indicated media, 24h post infection at MOI 1, by brightfield and green 
fluorescence. B) Quantification of mean fluorescence per recorded field. C) Endpoint PCR 
analysis of BPIFB1 (207 bp), BPIFA1 (466 bp) and TEKT (198 bp). OZA1 (164 bp) served as 
internal control. ns – non-significant. Bar indicates 100 µm. 

 
After establishing an experimental system which allows for PR8 challenge and read out of 

infection efficiency, CRISPR generated clonal cell population expressing wild type BPIFB1 

(clone 7) or the knockout counterpart (clone 13) (Figure 6.7) were used to generate well-

differentiated cell populations at the ALI. These established cultures were then used to collect 

lavage specimen to be employed in subsequent PR8 infection experiments. 
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6.3.2.3 Effect of CRISPR clone derived lavage treated HBEC3-KT upon PR8 infection 

In order to understand if BPIFB1 confers a protective role against IAV, undifferentiated 

HBEC3-KT cells were incubated with wild type (clone 7) or knock out (clone 13) ALI 

lavages and infected with PR8 virus at MOI 1 (Figure 6.16).  

 

Figure 6.16: Effect of BPIFB1 wt or knock out conditioned lavage on PR8 viral infection 
efficiency. Undifferentiated HBEC3-KT cells were cultured in KSFM and CRISPR generated 
wt clone 7 lavage or BPIFB1 knockout clone 13 lavages applied at a concentration of 250 
µg/ml total protein. Cells were challenged with PR8 virus at an MOI of 1. A) Cells were 
assessed microscopically by brightfield and green-fluorescent imaging 24h post infection. B) 
Plotted quantification of mean green fluorescence of representative fields of A. C) Western 
blot analysis of BPIFB1 levels in lavages or unconditioned media. D) Endpoint PCR analysis 
of IP-10 (190 bp) expression across lavage treated and infected cells or virus only treated 
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(unconditioned media) cells. OZA1 (164 bp) served as internal control. Data from three 
independent experiments, ns-non-significant. Bar indicates 100 µm. 

After 24 h incubation, cells were assessed microscopically and infection efficiency of PR8 

quantified by mean fluorescence intensity across all conditions (Figure 6.16). Quantification 

of infection levels by fluorescence indicated that there is no significant difference between 

the wt and knock out lavage, which were comparable to only PR8 virus infected conditions 

(Figure 6.16B). To assess that the wt lavage contains BPIFB1 protein, which should be 

absent in the knock out condition as established earlier (Figure 6.7), western blot analysis 

confirmed presence of BPIFB1 in the wt lavage only (Figure 6.16C). Consistent with the 

observation that wt versus knock out lavage did not lead to a significant infection differential, 

endpoint RNA analysis confirmed comparable IP-10 expression levels, similar across all 

conditions (Figure 6.16D). This would suggest that BPIFB1 does not have protective 

properties against IAV infections, however it has not been established if the lavage conditions 

contained sufficient BPIFB1 protein to have a significant biological effect. Due to time 

constrains, it was decided not to undertake further experiments to address lavage-based 

optimisations and purchase recombinant BPIFB1, which could be supplemented to media 

upon PR8 infection in a dose dependent manner. 

 
6.3.2.4 Effect of recombinant BPIFB1 treated HBEC3-KT upon PR8 infection 

Recombinant BPIFB1 was commercially obtained and supplemented to HBEC3-KT cells at 

various concentrations during PR8 infection. After 24 h, cells were observed microscopically 

and infection efficiency of PR8 quantified by mean fluorescence intensity across all protein 

concentrations (Figure 6.17A). Quantification of infection levels by fluorescence indicated 

that there is a negative correlation between amount of present recombinant BPIFB1 and 

number of infected cells, showing a significant effect from 0.36 µg/ml across all four tested 

amounts to the highest level at 2.86 µg/ml (Figure 6.17B). To test for presence of the 

recombinant protein in the media and stability across the incubation period over 24 h, western 

blot analysis was carried out, probing for BPIFB1. As expected, the protein shows a similar 

migration pattern as observed for the endogenous, glycosylated moiety (Figure 6.7A), which 

notably decreases by about 50% over the course of 24 h (Figure 6.17C). This indicates that 

the protein stability is affected to a certain degree over the incubation period, but this still 

results in a significant protective response towards PR8 infection. This effect correlates well 
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with viral induced expression of IP-10, which decreased significantly at higher BPIFB1 

concentrations (Figure 6.17D).   
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Figure 6.17: Effect of recombinant BPIFB1 dose response on PR8 viral infection 
efficiency. Undifferentiated HBEC3-KT cells were cultured in KSFM and PR8 infected at 
MOI 1. A) Representative brightfield and green-fluorescent images were mages taken 24 h 
post infection. B) Analysis of fluorescence intensity plotted as mean intensity per field of 
cells across different concentrations of recombinant BPIFB1 as indicated. Data are presented 
as the mean ± SD of three independent experiments, *p=0.0309, **p=0.0095, ****p<0.0001 
vs. no protein control (0). C) Western blot analysis of diluted recombinant BPIFB1 in KSFM 
(0 - 2.86 µg/ml) incubated at cell culture conditions for 24 h. Media only (-) served as 
negative control for BPIFB1 detection. D) Endpoint PCR analysis of IP-10 (190 bp) 
expression across infected cells incubated with recombinant BPIFB1 protein concentrations 
as indicated or uninfected cells only (no virus). OZA1 (164 bp) served as internal control. 
Data from three independent experiments, ns-non-significant. Bar indicates 100 µm. 
 
 
At the highest tested BPIFB1 concentration of 2.86 µg/ml, hardly detectable IP-10 levels 

were recorded, similar to uninfected conditions (Figure 6.17D). This result suggests a 

protective effect of BPIFB1 in IAV infections for the first time. To further investigate this 

observation CRISPR clonal populations of differentiated BPIFB1 wt or KO cells are needed 

to be PR8 infected and viral uptake visualised by confocal microscopy. However, due to time 

constrains these experiments could not be undertaken. 
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6.4 Discussion 

Due to COVID-19 restrictions, the initial strategy of analysing a potential immune supportive 

role of BPIFB1 during IAV infections of mTEC cells could not be carried out due to 

unavailability of the required mice. Thus, an alternative approach was developed, which 

allowed the development of an assay for a subsequent assessment of a role of BPIFB1 during 

IAV challenge. The well-established CRISPR method was employed to generate stable 

BPIFB1 knock out cell lines of human origin. This technology presents a powerful tool for 

high precision genome alteration, despite being simple and efficient (Cong et al.; Ran et al., 

2013c; Mali et al., 2013; Lino et al., 2018). During the last decade, this technology has been 

successfully applied to countless organisms, microorganisms and cell lines, including primary 

cells (Gundry et al., 2016). The genome editing technology relies on the DNA repair 

machinery, activated by the double strand break introduced by Cas9. Upon incision it is 

possible to introduce new genetic information, however the DNA repair system is not 

designed to integrate DNA fragments in the genome, and thus targeted alleles often carry 

additional modifications, such as deletions, duplications, partial or multiple integrations of 

the targeting vector (Li et al., 2015; Pavlovic et al., 2016). With gene editing approaches 

comes the danger of off-target effects or modifications, and efforts have been made to reduce 

this effect by employing for example a Cas-9 nickase (Cas9n), a variant that induces single-

stranded breaks (SSBs), rather than double strand breaks in the intended location through a 

combination of a sgRNA pair targeting both strands of the DNA (Ran et al., 2013b; Uddin et 

al., 2020). Other approaches resulted in a higher target specificity with no detectable off 

target activity employing the SpCas9-HF1 protein, which has been generated by modification 

of four residues involved in direct hydrogen bonding between Cas9 and the phosphate 

backbone of the target DNA (Kleinstiver et al., 2016). 

To study pathogen-host interactions of bronchial epithelia, primary cells are usually sourced 

in order to establish an in vitro model of airway epithelia that allows for differentiation and 

subsequent functional assays. Studies are typically performed on differentiated cells, which 

form a pseudo-stratified epithelium containing ciliated and secretory cells, upon air-liquid 

interface culture conditions for up to 28 days (Fulcher et al., 2005; Bhowmick and Gappa-

Fahlenkamp, 2016).  

Although primary cells have been successfully modified using the CRISPR technology, 

including adaptations such as transfection of Cas9 protein pre-complexed with guide RNA in 



 231 

order to achieve superior editing efficiencies and to reduce toxicity, experimental studies are 

very limited due to the restricted life span of primary bronchial epithelial cells (Chu et al., 

2015; Peters-Hall et al., 2018; Everman et al., 2019; Rapiteanu et al., 2020). It is worth 

mentioning that methods have been developed which extend the lifespan of bronchial 

epithelial cells, whilst maintaining the normal cellular phenotype and transcriptome integrity 

through increased expression for example of the polycomb group protein BMI-1 (O'Loughlin 

et al., 2021). 

However, due to the short cellular lifespan, and to generate a larger pool of homogenous cell 

material for subsequent experiments, we chose to use the HBEC3-KT as model system for 

BPIFB1 ablation. While these cells are immortalized with CDK4 and hTERT, they retain 

characteristics of primary cells and do not display immortalised cell phenotypes such as 

disruption of the p53 pathway, extensive copy number changes or lack of contact-inhibition 

(Ramirez et al., 2004; Sato et al., 2006). In addition, immortalized human bronchial epithelial 

cells retain the ability to differentiate into normal bronchial epithelium (Vaughan et al., 2006; 

Delgado et al., 2011) and have been used extensively in our lab over the past 3 years. 

The performed approach of two gRNAs releasing a specific genomic region including the 

exon 2 start codon allowed for successful gene knock out in clonal populations. Validation 

experiments confirmed that the KO cells do not differ phenotypically or by functional assays 

from the empty vector or wt counterpart. These validations demonstrated that BPIFB1 was 

not detectable at protein level in differentiated cells, and cells cycle and proliferate at levels 

comparable to control clonal cell lines such as the empty vector or parental line.  

For our infection studies and establishing the HBEC3-KT based system to analyse BPIFB1 

biological function in vitro, we choose to utilise the A/Puerto Rico/8/34 (PR8) (H1N1) strain 

over the previously tested A/HKx31 (X31) (H3N2) (section 4.3.3.1) on mTEC cells. The X31 

virus contains the six internal genes of PR8 but expresses H3N2 surface proteins, whereas 

PR8 expresses H1N1 surface proteins (Kilbourne, 1969; Lamb and Krug, 1996). Askovich 

and colleagues carried out a study assessing PR8, X31 VN1203 IAV strains in a murine 

model with respect to viral growth rates and host transcriptional response (Askovich et al., 

2013). Although all strains demonstrated a similar replication rate over the first viral life-

cycle, this strongly divided at later times, and separate networks of genes were discovered at 

early time points by specific strains (Askovich et al., 2013). 
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It was observed that PR8 is able to infect HBEC3-KT cells, similar to levels as observed for 

the X31 strain on mTEC cells (chapter 4). Most studies are carried out on differentiated cells, 

which need to be ALI grown for 14-28 days. Being able to use undifferentiated cells for 

infection susceptibility studies would simplify and shorten experimental setups tremendously.  

At a calculated MOI of 1, an infected cell population of 10% was observed. It was not 

possible to extract more information which specific cell type(s) were targeted as a co-staining 

for goblet or ciliated cell markers was not carried out. However, this could be performed in 

future experiments.  

Influenza viruses target glycosylated glycan oligosaccharides that terminate in sialic acid 

(SA) residues (Rogers and Paulson, 1983; Matrosovich et al., 1997), through α2,3, α2,6, or 

α2,8 linkages mediated by sialyltransferases, which are expressed in a cell- and species-

specific manner (Angata and Varki, 2002; Gagneux et al., 2003). IAV susceptibility, tropism 

transmissibility and clinical symptoms have been attributed to preferences in HA binding to 

specific membrane SA - galactose (Gal) molecules residing on epithelial cell surfaces 

(Connor et al., 1994; van Riel et al., 2007). The X31 (H3N2) strain has been reported to 

possess binding specificity for SAa2,6Gal, whereas PR8 (H1N1) is able to utilize two types 

of oligosaccharides receptors, SAa2,6Gal and SAa2,3Gal. Earlier studies demonstrated that 

influenza strains efficiently infect human airway epithelia through preferential binding to 

SAa2,3Gal receptors, despite reports showing that tracheal epithelia express 

sialyloligosaccharides with both SAa2,3Gal and SAa2,6Gal linkages (Baum and Paulson, 

1990; Couceiro et al., 1993; Slepushkin et al., 2001). Goblet cells and respective mucus 

droplets stained with lectins specific for SAa2,3Gal, while SAa2,6Gal linkages were found 

to be specific to ciliated cells (Baum and Paulson, 1990; Couceiro et al., 1993). In contrast, 

X31 has been identified to bind to the apical surface of airway epithelia, but was unable to 

enter the cells, based on minimal evidence of membrane fusion and inability of virus 

production (Slepushkin et al., 2001) and therefore might not be a suitable virus for our 

studies on HBEC3-KT cells. 

Innate immune cells, in particular myeloid cells, play a vital role in containing influenza 

infections (McGill et al., 2009) and neutrophils can clear the virus in vitro and in vivo (Tecle 

et al., 2007; Fujisawa, 2008). This has been established from observations that depletion of 

either alveolar macrophages or neutrophils prior sublethal infection with a pandemic virus 

resulted in uncontrolled viral replication and increased mortality (Tate et al., 2009). However, 
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myeloid cells can be detrimental to the host, contributing to morbidity and mortality through 

inflammatory injury (Kobasa et al., 2004; Kash et al., 2006). Infection by highly pathogenic 

strains, such as the 1918 H1N1 and avian H5N1, caused immense recruitment of neutrophils 

and monocytes and macrophages (Guan et al., 2004; Perrone et al., 2008). A servere 

complication encountered during influenza infection is contracting viral pneumonia, which 

can result in acute respiratory distress syndrome (ARDS). In this case, infected epithelial 

cells produce cytokines that attract and activate neutrophils and macrophages, leading to 

damage to the epithelial-endothelial barrier, hampering gas exchange (Ito et al., 2015). 

Cytokines and chemokines need to be well balanced during influenza infection as they are 

critical for antiviral protection but could lead to a source of inflammatory pathology if not 

well regulated (De Jong et al., 2006). For example, a high-pathological acute influenza virus 

infection is associated with a dysregulated CD8+ T cell response, likely caused by the highly 

inflamed airway microenvironment during the initial days of infection (Rutigliano et al., 

2014). 

The pro-inflammatory cytokine MIF mediates the innate immune response to bacterial 

pathogens due to is expression at sites of inflammation and facilitating the function of 

macrophages in host defence. In addition, MIF impairs antiviral host immunity and increases 

inflammation during influenza infection, as blocking of MIF during IAV challenge improved 

survival rates of mice (Smith et al., 2019). Consistent with this observation, Mif-deficient 

mice display less inflammation, viral load, and mortality compared to control litter mates. 

Conversely, transgenic mice overexpressing MIF in alveolar epithelial cells showed a higher 

inflammation, viral load, and mortality (Smith et al., 2019). Similar observations have been 

made from studies using H5N1 influenza virus where in a significant reduction in pulmonary 

inflammatory cytokines such as IL-1beta, IL-6 and TNF-alpha and chemokine interferon was 

seen using in a pneumonia murine model (Hou et al., 2009). As MIF is a critical upstream 

mediator of immune and inflammatory responses it needs to be tightly controlled to prevent 

excessive infection-induced inflammation that can cause collateral tissue damage and in 

effect strike a balance between effective versus protective immunity. This is mediated by the 

anti-inflammatory cytokine IL-10, being crucial to counteract the strong MIF-induced pro-

inflammatory response, leading to pathology control (Stijlemans et al., 2022).  

 
In contrast, G-CSF expression facilitates viral clearance and sustained mouse survival, and G-

CSF levels has been shown to be increased during IAV lung infection, thus providing a 
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resistance to IAV (Huang et al., 2011; Halstead et al., 2018; Wang et al., 2019a). 

Furthermore, it revealed a protective effect upon secondary bacterial infections of IAV 

challenged mice (Ishikawa et al., 2016). The proinflammatory cytokine IL-18 is primarily 

involved in immune responses triggering synthesis of inflammatory mediators in polarized T-

helper 1 and natural killer cells (Kato et al., 2003; Tsutsumi et al., 2014). It further synergizes 

with interleukin-12 (IL-12) to induce Interferon gamma (IFNγ) synthesis (Tominaga et al., 

2000; Kaplanski, 2018), however only IL- 18 not IL- 12 has been demonstrated to be 

protective in the early defences against influenza infections (Liu et al., 2004; Denton et al., 

2007). Notably, the avian influenza strains H5N1 and H7N9 lead to an excess IL- 18 

production and consequently induce a very damaging IFNγ- biased cytokine storm, attributed 

to ARDS pathogenesis (McGill et al., 2009; Yang et al., 2015; Guo et al., 2015). 

HBEC3-KT cells were typically cultured in serum free KSFM, which is supplemented with 

rEGF and bovine pituitary extract. Whereas PneumaCult™-Ex Plus medium is a defined, 

serum- and BPE-free cell culture medium, advertised to support more expansion of primary 

human airway epithelial cells at each passage, compared to other commercially available 

media. Additionally, this medium has been marketed to further supports at least two 

additional passages of cell expansion with a reported better differentiation potential, 

measured by the ability to form a pseudostratified mucociliary epithelium at the air-liquid 

interface (https://www.stemcell.com/products/pneumacult-ex-plus-medium.html).  

In order to assess if the KSFM or ExPlus media is better suited for our purposes, 

establishment of the HBEC3-KT infection assay was carried out in parallel using both media 

independently. Although the infection efficiency of the PR8 strain on undifferentiated cells 

was comparable between both media sources, it was observed that gene expression of IP-10 

was detected in ExPlus media-maintained cells at an earlier timepoint after virus challenge 

(2h). In addition, the response intensity seems to also peak earlier at 8h in ExPlus compared 

to 24h in KSFM. IP-10 is a pro-inflammatory cytokine that is involved in a wide variety of 

processes such as chemotaxis, differentiation, activation of immune cells, cell growth, 

apoptosis and modulation of angiogenesis (Angiolillo et al., 1995; Romagnani et al., 2001; 

Aksoy et al., 2006; Sidahmed et al., 2012). More specifically, it plays an important role 

during viral infections by stimulating leukocyte migration and activation to the infected sites 

through activation of phospholipase C-dependent pathway, an increase in intracellular 

calcium production and actin reorganization (Smit et al., 2003; Gao et al., 2009). In addition, 

IP-10 has been suggested to act as a good biomarker for infection, and as an indicator of 
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severity of acute respiratory infection in humans (Hayney et al., 2017). This response is not 

just limited to airway epithelia, as for example only the active IAV strain A/Aichi/2/68 

(H3N2) increased IP-10 levels in endothelial human umbilical vein endothelial cells 

(HUVEC) (Ishiguro et al., 2003).  

Notably, MIF expression levels were significantly elevated 24h post IAV PR8 encounter in 

KSFM-maintained cells, which was co-incidentally the only significant cytokine response 

besides IP-10. In stark contrast, CXCL1, G-CSF, IL-8 and IL-18 but not MIF expression 

levels were significantly reduced upon IAV PR8 exposure from cells maintained in ExPlus 

media. It seems that the ExPlus media contains undisclosed or proprietary supplement(s), 

which prime the undifferentiated HBEC3-KT cells to a committed differentiation state as 

confirmed by detection of low level BPIFA1 expression by PCR, as well as cytokine array-

based detection of higher basal levels of cytokines IL-8, CXCL1, G-CSF compared to KSFM. 

The employed cytokine array is a fast and convenient method to gain a first understanding to 

which cytokine or chemokine is modulated during IAV encounter. However, these results 

would need to be validated with for example independent ELISA assays or other commonly 

used technologies, which vary in sensitivity, dynamic range, or robustness and are reviewed 

in (Platchek et al., 2020). 

The key aim of this chapter was to test the role of BPIFB1 in cell defence against IAV 

infection. Surprisingly, we did not observe a reduced IAV infection rate when HBEC3-KT 

BPIFB1 KO washes of differentiated cells were applied to undifferentiated populations in the 

presence of IAV PR8 viruses at an MOI of 1. A similar infection rate by mean fluorescence 

was achieved in all three tested conditions between unconditioned media or the wt 

conditioned wash, compared to BPIFB1 KO washes. This experiment was essentially 

undertaken blind as we did not employ a positive control in this setting to assess if BPIFB1 

levels in the wt wash are sufficient to exert a biological effect. To attempt to overcome this 

limitation recombinant BPIFB1 was utilised in subsequent experiments. It was observed that 

there was a threshold of BPIFB1 concentration, which is required to produce a protective role 

against IAV infection by decreasing viral particle entry. This data is only preliminary and 

needs much further experimentation. Further studies need to be carried out to investigate the 

protective mechanism in detail. A hypothesis how BPIFB1 mediates the reduced IAV 

susceptibility could be through viral trapping as observed for other secreted reparatory 

proteins like the mucins. Respiratory epithelial cells constitutively express mucin 

glycoproteins at their surface, such as MUC5AC, MUC5B, and MUC1, which carry out a 
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vital role in restricting IAV infection (Ehre et al., 2012; Roy et al., 2014; McAuley et al., 

2017). For example, mucin glycoproteins are rich in SA, acting as viral receptor traps and 

thus preventing viral binding to target cells (Duez et al., 2009; McAuley et al., 2017; Chen et 

al., 2018). 

Due to severe COVID-19 related procurement restrictions of required cell culture items, 

which led to time constrains, it was not possible to carry out additional follow up experiments 

such as repetition of the cytokine assay on differentiated HBEC3-KT cells using an IAV PR8 

challenge, at potentially different MOIs, or more mechanistic experiments analysing the 

protective role of BPIFB1. These experiments need to be addressed in the future. Overall, my 

data does provide some suggestion how BPIFB1 may influence IAV infection in human 

airway epithelium. 
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This thesis was designed to expand the knowledge of the BPIF member BPIFB1, with a focus 

on whether BPIFB1 influences the rate of infection and disease progression, following 

infection with IAV. It further explored the hypothesis that this protein functions as a 

modulator of respiratory tract homeostasis. 

The initial study using multiple online platforms in conjunction with published studies in 

chapter three, demonstrated that BPIFB1 is found across mammal species, although with a 

low level of similarity consistent with previous publications (Bingle et al., 2011a). It could be 

speculated that BPIFB1 is required in organisms with an airway based respiratory system and 

hence carries out an airway supporting function. However, Bpifb1 knock out mice do not 

show any apparent respiratory defects, possibly as loss of Bpifb1 could potentially be 

compensated by other family members, or more likely it could be speculated that BPIFB1 

function is required in conditions of respiratory dysregulation caused by, for example 

inflammation. 

My analysis showed that structurally, BPIFB1 contains a primate specific C-terminus. It 

seems likely that might contribute a particular biological function to the protein and requires 

further investigation. In addition, the presence of conserved regions such as the disulphide 

bridge suggests that these particular features are important for the structure of BPIFB1. This 

could be tested in the future using a site-directed mutagenesis or truncation approach 

targeting conserved regions in a functional BPIFB1 assay such as the established IAV 

HBEC3-KT infection assay. 

I showed that the predicted structure of mouse and human BPIFB1 proteins are similar, 

although they are less than 60% identical. Moreover, the glycosylation sites in number and 

location are not very conserved across species and do not associate with specific regions of 

the protein, suggesting that these modifications might not be essential for biological structure 

and demonstrates the evolutionary change in protein function and structure (Kim et al., 

2015). With respect to RNA and protein expression, BPIFB1 demonstrates expression limited 

to specific sites, mostly associated with the airway and mucosal tissues, supporting the 

suggestion of its role in mucosal homeostasis. Within these tissues BPIFB1 is highly 

expressed. Analysis of published scRNA data suggests that the gene is expressed in a 

restricted to number of cell types and is in certain instances found associated with BPIFA1. 

As it has previously been considered that BPIFB1 and BPIFA1 were not co-localised (Vargas 

et al., 2008; Musa et al., 2012), this constitutes a very significant finding. However, with 

regards to available RNA-Seq data, the sample size and material origin should be carefully 
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assessed to avoid bias or overinterpretation of results, as in certain cases where it is difficult 

to obtain human material, only a very limited sample size has been analysed. 

Continuing from this analysis, further experimental studies are needed to investigate in more 

detail in which cell type or disease conditions BPIFB1 and BPIFA1 co-localise, as it was 

found over expressed in certain secretory cells in disease states. This could be achieved by a 

dual in situ hybridisation technique on RNA basis or by dual immunofluorescence for 

protein-based detection.  

Work in my host lab has used the mTEC respiratory model system for a number of studies 

(Akram et al., 2018). For my studies I showed that I was able to extract, expand and ALI 

differentiate in vitro these respiratory epithelial cells. I also established that I could infect 

cells cultured under these conditions with IAV in undifferentiated and differentiated states. 

This technique was intended to be the main experimental system used during my project.  

This model system was used to investigate differential expression patterns of genes by DNA 

microarray during the expansion and differentiation phase, a potential modulation of mTEC 

differentiation by IL-13, and the acute cellular response to IAV X31 strain infection in 

undifferentiated versus differentiated cells.  

Comparison between the expansion and differentiation phase of mTECs showed a subset of 

DEGs, which are inversely correlated between both conditions. During the ALI 

differentiation, gene signatures of cilium and cell projection as well as differentiation genes 

are upregulated, alongside specific membrane associated proteins such as cadherin-related 

family members. In contrast, genes encoding for extracellular space and secreted proteins, 

keratinization or keratinocyte differentiation or epidermis development were found to be 

downregulated during mTEC ALI differentiation. This is consistent with a study carried out 

in mTEC cells during differentiation assessing the transcriptional regulator TAp73 compared 

wt cells, where a ciliogenesis gene signature was observed (Nemajerova et al., 2016). Of 

note, BPIFB1 has been found to be one of the highest expressed DEGs in a previous study of 

HBECs post 28 days of ALI culture (Ross et al., 2007). However, in our current experiment 

using mTECs during 14 days of ALI, Bpifb1 was not so significantly modulated. This may 

well represent a species specific difference of be due to differences in culture techniques. 

Furthermore, unexpectedly, the array data from the IL-13 treatment experiment resulted in a 

very small number of DEGs, of which two out of three were below the log2 cut off of 1 

(Timp4 and Bpifb1). Merely Olfm4 was the only significantly upregulated DEG. Modulated 
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expression of Bpifb1 on the array or on protein level by western blotting served as positive 

control to ensure that IL-13 treatment was functional in our study. However, this should be 

further tested in terms of downstream signalling, for example assessing STAT3/6 activation 

or staining for enriched goblet cell populations (Matsukura et al., 2001; Hershey, 2003; 

Eenjes et al., 2018). The aim of IL-13 treatment was to increase BPIFB1 levels, and then test 

if this has an effect in response to IAV infection, as IL-13 has been reported to alter the 

differentiation process for ciliated cells and consequently strongly increases the secretory cell 

population (Laoukili et al., 2001; Eenjes et al., 2018). Furher studies are needed to 

investigate this further. 

Alternatively, mTEC cells could be expanded in presence of the ROCK inhibitor Y-27632 

and the γ-secretase inhibitor N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl 

ester (DAPT), which negatively impacts NOTCH signalling (Soni et al., 2019) and has been 

reported to improve growth rate and morphology (Eenjes et al., 2018). As IL-13 induces 

goblet cell differentiation, DAPT is able to change the capacity of basal cells to differentiate 

into ciliated cells (Eenjes et al., 2018), therefore it might be of intertest to compare both 

conditions to shed more light into signalling pathways, which governs basal cell 

differentiation towards specific cell types.  

Both cell states, differentiated and undifferentiated showed infection ability by the X31 IAV 

strain. However, the response was shown to be  more restricted in undifferentiated cells and 

identified DEGs overlap completely with the differentiated gene signature, which contains a 

large number of ISGs. Having demonstrated that undifferentiated cells were  susceptible to 

IAV infection, we concluded that this system could form the basis for a BPIFB1 functional 

assay. For example, it could be used to show if BPIFB1 presence modulates IAV infection 

ability or viral replication?  

However, a drawback of my microarray study is the fact that only two replicates were 

available due to technical difficulties, and the conclusions drawn from the acquired data 

should be considered carefully. However, it should be mentioned that the replicates of 

conditions behaved similar for the ALI differentiation data set but showed a slightly higher 

biological variation for X31 infection conditions. This could be due to variability of the 

infection process, whereas mTEC expansion and ALI differentiation might be more 

synchronised or homogenous.  
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Microarray data analysis is very complex and requires comprehensive data analysis 

algorithms or pipelines to control for various factors, and to preform appropriate data 

normalization. Aside from the analysis and data processing side, a lot of factors can influence 

an DNA microarray study such as contamination or damage on the microarray’s surface 

(Moffitt et al., 2011; Jaksik et al., 2015), incorrect assignments of probes to genes (Dai et al., 

2005), a wrong background level evaluation or presence of non-specific probe hybridization 

signals (Draghici et al., 2006; Kroll et al., 2008). In addition, the sample purity and stability 

(Opitz et al., 2010) along with the amplification process (Croner et al., 2009) can impact the 

estimates of gene expression. Apart from potential technical issues, another drawback of 

microarray studies is the high cost per experiment, combined with the very limited control 

over chip design with regards to probe designs for sequences.  

An alternative to the microarray experiment techniques is RNA-Seq. This approach has been 

used extensively in the last decade and is paramount for transcriptome profiling (Wang et al., 

2009; Chu and Corey, 2012). The main difference between both methodologies is that RNA-

Seq allows for complete sequencing of the whole transcriptome, while microarrays are only 

able to capture predefined transcripts or genes through hybridization. Therefore, RNA-Seq 

can detect in addition non-coding DEGs, novel genes, alternative or chimeric transcript 

variants, as well as gene mutations and single nucleotide polymorphisms (SNPs), allele-

specific expression and alternative gene spliced transcripts (Maher et al., 2009; Hong et al., 

2020). For example, studies comparing both technologies found that RNA-Seq identified 

more protein coding DEGs and was able to show a wider quantitative range of expression 

levels and therefore provided an immense amount of additional information compared to a 

DNA microarray (Sultan et al., 2008; Ozsolak and Milos, 2011; Zhang et al., 2015; Rao et 

al., 2019). 

To develop a functional assay, a key goal of my study was to generate murine constructs of 

wt BPIFB1 as well as glycosylation mutations and BPIFB1 truncation constructs, with the 

aim to generate and purify secreted recombinant proteins for functional infection assays or 

rescue experiments. For initial validation experiments I used the HEK293 mammalian 

expression system with a plasmid based transient expression approach. In the future, if larger 

protein amounts would be required, stable cell cultures could be established and cultured in a 

suspension mode for higher yields (Hunter et al., 2019; Chapple and Dyson, 2021). The 

mammalian expression system offers the advantage that required post translational 

modifications such as N-glycosylation or disulphide bond formation occur, along appropriate 
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protein folding and secretion of recombinant proteins. Disadvantages of this system are high 

costs of protein production due to a slow cell growth, expensive growth medium and 

supplements such as FBS, required transfection reagents if a transient approach is taken, and 

more costly culture conditions. A well-established alternative is the insect cell expression 

system, which utilises cells of organism such as the fall armyworm Spodoptera fugiperda 

(Sf9) in either suspension or adherent culture conditions. Unfortunately, the setup for this 

system in terms of cloning requirements is time consuming and glycosylation modifications 

are different compared to the mammalian system (Irons et al., 2018; Palomares et al., 2018). 

A similar issue has been reported for yeast (e.g. Saccharomyces cerevisiae) derived 

recombinant proteins, which can be found hyperglycosylated (Wildt and Gerngross, 2005; 

Baghban et al., 2019). This would be a problem for BPIFB1 studies involving analysis of the 

functional role of glycosylation.  

For protein activity and structural studies, the procaryotic expression system using for 

example E. coli, is often employed due to its low associated costs, easy growth conditions, 

scalability, and high yields. However, bacteria are unable to perform post translational 

modifications or are able to efficiently secrete recombinant proteins into the extracellular 

medium. Furthermore, formation of correct disulphide bonds, which is vital for biological 

activity and function, is potentially not achieved and can lead to conformational protein 

misfolding and aggregation (Rosano and Ceccarelli, 2014). However, efforts are made to 

overcome these drawbacks (Ke and Berkmen, 2014; Kleiner-Grote et al., 2018). 

The cell free expression system is an alternative in vitro protein expression system, where 

proteins are expressed in a cell free environment using a derived cell extract, combined with a 

DNA template, amino acids and other cofactors (Chong, 2014). This method is simple and 

fast and allows for protein labelling for structural studies. However, this method is costly, and 

can only accommodate limited post translational modifications, and therefore is not 

considered for our studies.   

Due to very significant lab restrictions during the COVID-19 pandemic, my original strategy 

to employ Bpifb1-/- cells was no longer feasible as our collaborator was unable to breed the 

mice required for the work. As an alternative, I had to develop a different system to allow me 

to undertake some functional studies. In the lab we were already using a HBEC-3KT cells as 

these have been used as model system for the respiratory airway (Delgado et al., 2013). I 

generated a HBEC3-KT BPIFB1 KO cell line successfully, which was shown by western 
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blotting to have lost BPIFB1 protein expression despite expressing a truncated RNA. 

Functional assays confirmed that this cell line is morphologically similar to the parental cell 

line, and cell cycle and proliferation parameters were comparable to parental cells. This line 

was only generated at the very end of my study, and I was only able to undertake limited 

studies with is. However, I established IAV infection assays to demonstrate that the PR8 IAV 

strain at MOI of 1 was able to infect approximately 10% of the cell population. Future studies 

can be undertaken to improve infection efficiencies by applying other viral strains or higher 

MOI amounts in order to have a larger population of cells where a biological function of 

BPIB1 could be studied.  

Using BPIFB1 KO washes from HBEC3-KT cell ALI cultures did not have a significant 

effect on PR8 IAV infections of HBEC3-KT cells compared to that of WT washes. A 

limitation of this experiment is the fact that it was unknown how much BPIFB1 was 

produced in the WT wash. This could also be further investigated by concentrating the wash 

volume using concentrator columns as the current BPIFB1 concentration might have been 

below biological activity. In contrast, the commercial recombinant BPIFB1 protein appeared 

to show a biological activity above 1.43 µg/ml, and this assay format could be used to 

identify the role of specific regions within BPIFB1. This would require the production of 

human BPIFB1 expression constructs. Moving back to the mTEC experiments, the murine 

based generated glycosylation deficient mutations or the N/C-terminal BPIFB1 truncations 

could be tested in this context if they are still able to block or reduce IAV uptake, indicating 

essential protein regions required for biological function. Alternatively, a murine based 

BPIFB1 KO cell line could be generated by CRISPR, or isolated mTECs could be generated 

as initially intended from a murine Bpifb1 -/- background and tested with the above-mentioned 

constructs or respective purified proteins.  

A significant question which still needs to be addressed is how BPIFB1 might 

mechanistically exert a protective role against IAV infection. It could be speculated that 

BPIFB1 positive cells secrete the protein onto the mucus surface, and this could prevent 

infection of all cells in the epithelium, much like MUC proteins (Zanin et al., 2016). 

Interestingly, there might be an emerging link between MUC5AC and MUC5B proteins and 

BPIFB1. Bbifb1-knockout mice appear to display abnormal mucin secretion, suggesting that 

the protein is associated with MUC5AC and MUC5B function (Donoghue et al., 2017) and 

Bingle et al., (2013) reported that BPIFB1 and MUC5B are upregulated in IPF. Human 

MUC5AC secretion is observed in superficial epithelial goblet cells, whereas MUC5B is 
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predominantly secreted from SMG, which coincides with BPIFB1 expression in the airway 

epithelium. Gel-forming mucins are one of the largest and most complex proteins known, as 

large proportions of amino acid residues are organized into different domains with diverse 

post-translational modifications, including O- and N-glycosylation (Pérez-Vilar and Mabolo, 

2007). Murine knockout models demonstrated that MUC5B is required for normal airway 

function, while MUC5AC is beneficial but not essential (Roy et al., 2014). Notably, it has 

been shown for MUC5AC, that overexpression is protective against IAV infection (Ehre et 

al., 2012). However, it is not clear if glycosylation forms a protective mechanism and would 

need to be experimentally investigated using the generated glycosylation deficient mutants.  

Overall, this work aimed to study a role of BPIFB1 in immune defence, which has been 

implicated structurally but has not been shown formally. Bioinformatic expression analysis 

did highlight that BPIFB1 might be involved in respiratory homeostasis with respect to 

respiratory diseases, and it potentially exerts a protective role against IAV infection. 

However, these findings need to be examined in more detail. Firstly, my data need to be 

replicated in both the HBEC3-KT cells and as I originally intended, expanded into the mTEC 

system using both WT and Bpifb1-/- cells.  Secondly, studies need to be expanded to other 

pathogens, of both viral or bacterial nature.  This will address the homeostatic function of 

BPIFB1 in airway host defence. Furthermore, it is important to note that my study was 

limited to cell culture models only, which form a good base for initial research, but they lack 

the more three-dimensional cellular heterogeneity of an organ system, including immune 

response feedback (Rijsbergen et al., 2021; Mifsud et al., 2021). 

Future experiments could further this research by extending it to an animal model for IAV 

infection research as carried out successfully for BPIFA1 (Akram et al., 2018). Bpifb1-/- mice 

have been used in a number of studies and could be challenged in vivo in a similar manner.  
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Appendix I – Vector map of the pCRII-TOPO plasmid showing the sites of the SP6 and T7 
primers used for sequencing. 
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Appendix II – Vector map of the VR1255 plasmid. 
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Appendix III – Vector map of pBSK(+) Simple mBPIFB1 and verification of pBSK(+) 
construct by sequencing and restriction digestion. 

 

 
 

 
Appendix III:mBPIFB1
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Appendix IV- DNA sequence and amino-acid sequence of the N-glycosylation mutant 
mBPIFB1 gene. The DNA sequence was obtained from Biomatik and was translated into the 
amino-acid sequence using the ExPASy programme. Note the positions of the four mutated 
N-glycosylated sites are highlighted in yellow. 

 
1 AGGAGAGGAGCAGACAGACCCAGGACTCTGGCACATTCAGGTCCTACTACCTGCCACCTA     60        
............................................................              

61 CTTCTCAGCGACACCCAGGAAGATGGCCGGCCCGTGGATTATCACCCTCCTCTGTGGTTT    120           
..............     .......-M--A--G--P--W--I--I--T--L--L--C--G--L    13      

121 GCTGGGAGCCACACTGGTCCAAGCTAACGTCTATCCCCCTGCAGTGCTCAACCTTGGCCC    180      

13 --L--G--A--T--L--V--Q--A--N--V--Y--P--P--A--V--L--N--L--G--P     33      

181 AGAAGTCATCCAGAAACACCTGACCCAGGCACTGAAGGACCATGATGCCACTGCCATCCT    240      

33 --E--V--I--Q--K--H--L--T--Q--A--L--K--D--H--D--A--T--A--I--L     53      

241 CCAGGAGTTGCCACTGCTCAGAGCCATGCAAGATAAGTCTGGCAGTATCCCCATACTGGA    300       

53 --Q--E--L--P--L--L--R--A--M--Q--D--K--S--G--S--I--P--I--L--D     73      

301 CAGCTTCGTGCACACCGTTCTGAGATACATCATATGGATGAAGGTCACCTCTGCTAACAT    360      

73 --S--F--V--H--T--V--L--R--Y--I--I--W--M--K--V--T--S--A--N--I     93  

361 CCTCCAGCTGGATGTGCAGCCTTCAACTTATGACCAGGAGCTGGTGGTCAGAATCCCCCT    420      

93 --L--Q--L--D--V--Q--P--S--T--Y--D--Q--E--L--V--V--R--I--P--L    113       

421 GGACATGGTGGCTGGACTAAACACACCACTGATCAAGACCATAGTGGAGTTCCAAATGAG    480     

113 --D--M--V--A--G--L--N--T--P--L--I--K--T--I--V--E--F--Q--M--S    133      

481 CACCGAGGTCCAAGCCCTCATCCGGGTGGAGAGGAGCAAGAGCGGCCCCGCCCACCTGGT    540     

133 --T--E--V--Q--A--L--I--R--V--E--R--S--K--S--G--P--A--H--L--V    153      

541 GCTCAGCGACTGCTCCAGCAGCGAGAGCACCCTGCGCCTCAGCCTGCTTCACAAGCTCTC    600     

153 --L--S--D--C--S--S--S--E--S--T--L--R--L--S--L--L--H--K--L--S    173      

601 CTTCGTGGTCAACTCCTTGGCAAAGAATGTTATGAATCTCCTGGTGCCAGCCCTGCCCCA    660     

173 --F--V--V--N--S--L--A--K--N--V--M--N--L--L--V--P--A--L--P--Q    193      

661 AATAGTGAAAAACCACCTGTGCCCTGTGATCCAGCAGGCCTTTGATGACATGTACGAAGA    720     

193 --I--V--K--N--H--L--C--P--V--I--Q--Q--A--F--D--D--M--Y--E--D    213      

721 CTTCCTGAGACTGACAACAGCACCCATTGCCCTCAGTCCTGGAGCCCTGGAGTTTGGCCT    780     

213 --F--L--R--L--T--T--A--P--I--A--L--S--P--G--A--L--E--F--G--L    233      

781 TCTGTCTCCTGCTATCCAGGACAGTAATATCCTGTTGAACCTGAAGGCCAAGCTGCTGGA    840     

233 --L--S--P--A--I--Q--D--S--N--I--L--L--N--L--K--A--K--L--L--D    253      
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841 CTCACAGGCGAGGGTAACCAACTGGTTCAAGAACTCTGCGACTTCTCTGATGGAGACCAC    900     

253 --S--Q--A--R--V--T--N--W--F--K--N--S--A--T--S--L--M--E--T--T    273      

901 CCCAGACAGGGCCCCCTTCAGCCTGACCGTGAGGCAGGACCTGGTGAATGCCATTGTGAC    960     

273 --P--D--R--A--P--F--S--L--T--V--R--Q--D--L--V--N--A--I--V--T    293      

961 CACCCTGGTCCCCAAGGAGGAGCTTGTAATCCTGCTCAGATTCGTGATTCCTGATGTGGC   1020     

293 --T--L--V--P--K--E--E--L--V--I--L--L--R--F--V--I--P--D--V--A    313     

1021 CCGCCAGTTACAGATGGACATCAAGGAAATCAATGCAGAGGCAGCCAACAAGCTGGGGCC   1080     

313 --R--Q--L--Q--M--D--I--K--E--I--N--A--E--A--A--N--K--L--G--P    333     

1081 CACCCAGATGTTGAAGATCTTCACCCACAGCACCCCCCACATTGTGCTGAACGAGGGCAG   1140     

333 --T--Q--M--L--K--I--F--T--H--S--T--P--H--I--V--L--N--E--G--S    353     

1141 TGCCAGGGCAGCCCAAAGTGTCGTGCTGGAAGTGTTCCCTACCAACACTGATGTCCGGCC   1200     

353 --A--R--A--A--Q--S--V--V--L--E--V--F--P--T--N--T--D--V--R--P    373     

1201 CTTCTTCTCTCTCGGCATTGAGGCCAGTTATGAAGCTCAGTTCTTCACAGAAGACAACCG   1260     

373 --F--F--S--L--G--I--E--A--S--Y--E--A--Q--F--F--T--E--D--N--R    393     

1261 GCTTATGCTCAACTTCAATGAAGTCAGTATTGAGCGCATCAAGCTGATGATCTCAGATAT   1320     

393 --L--M--L--N--F--N--E--V--S--I--E--R--I--K--L--M--I--S--D--I    413     

1321 CAAACTATTCGATCCTGAAGTCCTGAAGGACACCCTGACCAAGATCCTTGAATACACACT   1380     

413 --K--L--F--D--P--E--V--L--K--D--T--L--T--K--I--L--E--Y--T--L    433     

1381 GCTGCCCAATGAGAATGGCAAACTGAGAACTGGAGTCCCCATGTCAATGTCCAAGGCCTT   1440     

433 --L--P--N--E--N--G--K--L--R--T--G--V--P--M--S--M--S--K--A--L    453     

1441 GGGATACGAGAAAGCCATGTGGTCTGTGAGCAAGGGTGCCCTCAAGCTCACTCCAGCCTC   1500     

453 --G--Y--E--K--A--M--W--S--V--S--K--G--A--L--K--L--T--P--A--S    473     

1501 CTCCTAGAACCCTGGCTCCCCGCCCCTCCTGATGAAGACCTGGACAGTAGCAGCCAGCCC   1560     

473 --S--*-.....................................................   474        1                                                                     
1561 CGGCCAGGTCCCAGCCAGGAGTGTGGAAGCCTACTGTGTAGACTACCCCCCTGCAGTTAA    1620  
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Appendix V - Vector map of pBlueScriptII SK construct containing the mBPIFB1 N-
terminal sequence (below in red) 

Appendix IV: N-ter

m 
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Appendix VI - Vector map of pBlueScriptII SK construct containing the mBPIFB1 C-
terminal sequence (below in red).  

 

 
 
Appendix V:C-term  
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Appendix VII – CRISPR-Cas9 system delivery vector pX458 
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Appendix VIII – eGFP-N1 plasmid from Clonetech  
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Appendix IX - Wild-type DNA sequence of mBPIFB1 and the translated protein sequence 

in single amino acid code. Start codon (ATG) is highlighted in green, N-glycosylation sites 

(AAT/AAC) in yellow and the stop codon in red (TAG). 

 
1 AGGAGAGGAGCAGACAGACCCAGGACTCTGGCACATTCAGGTCCTACTACCTGCCACCTA     60        
............................................................              

61  

840     

233 --L--S--P--A--I--Q--D--S--N--I--L--L--N--L--K--A-- 
CTTCTCAGCGACACCCAGGAAGATGGCCGGCCCGTGGATTATCACCCTCCTCTGTGGTTT    120           
..............     .......-M--A--G--P--W--I--I--T--L--L--C--G--L    13      

121 GCTGGGAGCCACACTGGTCCAAGCTAACGTCTATCCCCCTGCAGTGCTCAACCTTGGCCC    180      

13 --L--G--A--T--L--V--Q--A--N--V--Y--P--P--A--V--L--N--L--G--P     33      

181 AGAAGTCATCCAGAAACACCTGACCCAGGCACTGAAGGACCATGATGCCACTGCCATCCT    240      

33 --E--V--I--Q--K--H--L--T--Q--A--L--K--D--H--D--A--T--A--I--L     53      

241 CCAGGAGTTGCCACTGCTCAGAGCCATGCAAGATAAGTCTGGCAGTATCCCCATACTGGA    300       

53 --Q--E--L--P--L--L--R--A--M--Q--D--K--S--G--S--I--P--I--L--D     73      

301 CAGCTTCGTGCACACCGTTCTGAGATACATCATATGGATGAAGGTCACCTCTGCTAACAT    360      

73 --S--F--V--H--T--V--L--R--Y--I--I--W--M--K--V--T--S--A--N--I     93  

361 CCTCCAGCTGGATGTGCAGCCTTCAACTTATGACCAGGAGCTGGTGGTCAGAATCCCCCT    420      

93 --L--Q--L--D--V--Q--P--S--T--Y--D--Q--E--L--V--V--R--I--P--L    113       

421 GGACATGGTGGCTGGACTAAACACACCACTGATCAAGACCATAGTGGAGTTCCAAATGAG    480     

113 --D--M--V--A--G--L--N--T--P--L--I--K--T--I--V--E--F--Q--M--S    133      

481 CACCGAGGTCCAAGCCCTCATCCGGGTGGAGAGGAGCAAGAGCGGCCCCGCCCACCTGAA    540     

133 --T--E--V--Q--A--L--I--R--V--E--R--S--K--S--G--P--A--H--L--N    153      

541 TCTCAGCGACTGCTCCAGCAATGAGAGCACCCTGCGCCTCAGCCTGCTTCACAAGCTCTC    600     

153 --L--S--D--C--S--S--N--E--S--T--L--R--L--S--L--L--H--K--L--S    173      

601 CTTCGTGGTCAACTCCTTGGCAAAGAATGTTATGAATCTCCTGGTGCCAGCCCTGCCCCA    660     

173 --F--V--V--N--S--L--A--K--N--V--M--N--L--L--V--P--A--L--P--Q    193      

661 AATAGTGAAAAACCACCTGTGCCCTGTGATCCAGCAGGCCTTTGATGACATGTACGAAGA    720     

193 --I--V--K--N--H--L--C--P--V--I--Q--Q--A--F--D--D--M--Y--E--D    213      

721 CTTCCTGAGACTGACAACAGCACCCATTGCCCTCAGTCCTGGAGCCCTGGAGTTTGGCCT    780     

213 --F--L--R--L--T--T--A--P--I--A--L--S--P--G--A--L--E--F--G--L    233      
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781 TCTGTCTCCTGCTATCCAGGACAGTAATATCCTGTTGAACCTGAAGGCCAAGCTGCTGGA    K--L--L--D    
253      

841 CTCACAGGCGAGGGTAACCAACTGGTTCAACAACTCTGCGACTTCTCTGATGGAGACCAC    900     

253 --S--Q--A--R--V--T--N--W--F--N--N--S--A--T--S--L--M--E--T--T    273      

901 CCCAGACAGGGCCCCCTTCAGCCTGACCGTGAGGCAGGACCTGGTGAATGCCATTGTGAC    960     

273 --P--D--R--A--P--F--S--L--T--V--R--Q--D--L--V--N--A--I--V--T    293      

961 CACCCTGGTCCCCAAGGAGGAGCTTGTAATCCTGCTCAGATTCGTGATTCCTGATGTGGC   1020     

293 --T--L--V--P--K--E--E--L--V--I--L--L--R--F--V--I--P--D--V--A    313     

1021 CCGCCAGTTACAGATGGACATCAAGGAAATCAATGCAGAGGCAGCCAACAAGCTGGGGCC   1080     

313 --R--Q--L--Q--M--D--I--K--E--I--N--A--E--A--A--N--K--L--G--P    333     

1081 CACCCAGATGTTGAAGATCTTCACCCACAGCACCCCCCACATTGTGCTGAACGAGGGCAG   1140     

333 --T--Q--M--L--K--I--F--T--H--S--T--P--H--I--V--L--N--E--G--S    353     

1141 TGCCAGGGCAGCCCAAAGTGTCGTGCTGGAAGTGTTCCCTACCAACACTGATGTCCGGCC   1200     

353 --A--R--A--A--Q--S--V--V--L--E--V--F--P--T--N--T--D--V--R--P    373     

1201 CTTCTTCTCTCTCGGCATTGAGGCCAGTTATGAAGCTCAGTTCTTCACAGAAGACAACCG   1260     

373 --F--F--S--L--G--I--E--A--S--Y--E--A--Q--F--F--T--E--D--N--R    393     

1261 GCTTATGCTCAACTTCAATAACGTCAGTATTGAGCGCATCAAGCTGATGATCTCAGATAT   1320     

393 --L--M--L--N--F--N--N--V--S--I--E--R--I--K--L--M--I--S--D--I    413     

1321 CAAACTATTCGATCCTGAAGTCCTGAAGGACACCCTGACCAAGATCCTTGAATACACACT   1380     

413 --K--L--F--D--P--E--V--L--K--D--T--L--T--K--I--L--E--Y--T--L    433     

1381 GCTGCCCAATGAGAATGGCAAACTGAGAACTGGAGTCCCCATGTCAATGTCCAAGGCCTT   1440     

433 --L--P--N--E--N--G--K--L--R--T--G--V--P--M--S--M--S--K--A--L    453     

1441 GGGATACGAGAAAGCCATGTGGTCTGTGAGCAAGGGTGCCCTCAAGCTCACTCCAGCCTC   1500     

453 --G--Y--E--K--A--M--W--S--V--S--K--G--A--L--K--L--T--P--A--S    473     

1501 CTCCTAGAACCCTGGCTCCCCGCCCCTCCTGATGAAGACCTGGACAGTAGCAGCCAGCCC   1560     

473 --S--*-.....................................................   474        1                                                                     
1561 CGGCCAGGTCCCAGCCAGGAGTGTGGAAGCCTACTGTGTAGACTACCCCCCTGCAGTTAA    1620  
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Appendix X - (A) Sequence chromatogram of the pCRII-TOPO construct showing that the 
mBPIFB1 has been cloned into the vector. The sequence chromatogram was obtained using 
the T7 forward primer. The chromatogram was analysed using FinchTV. 

 

(B) Sequence chromatogram of the pCRII-TOPO construct showing that the mBPIFB1 has 
been cloned into the vector. The sequence chromatogram was obtained using the SP6 reverse 
primer. The chromatogram was analysed using FinchTV. 

 

Below is a translation of the open reading frame. The DNA sequence of wild-type insert 
mBPIFB1 was translated into the amino-acid sequence using the ExPASy programme. Note 
the Flag peptide sequence is located C-terminally and highlighted in yellow.  
MAGPWIITLLCGLLGATLVQANVYPPAVLNLGPEVIQKHLTQALKDHDATAILQE
LPLLRAMQDKSGSIPILDSFVHTVLRYIIWMKVTSANILQLDVQPSTYDQELVVR
IPLDMVAGLNTPLIKTIVEFQMSTEVQALIRVERSKSGPAHLNLSDCSSNESTLR
LSLLHKLSFVVNSLAKNVMNLLVPALPQIVKNHLCPVIQQAFDDMYEDFLRLTTA
PIALSPGALEFGLLSPAIQDSNILLNLKAKLLDSQARVTNWFNNSATSLMETTPD
RAPFSLTVRQDLVNAIVTTLVPKEELVILLRFVIPDVARQLQMDIKEINAEAANK
LGPTQMLKIFTHSTPHIVLNEGSARAAQSVVLEVFPTNTDVRPFFSLGIEASYEA
QFFTEDNRLMLNFNNVSIERIKLMISDIKLFDPEVLKDTLTKILEYTLLPNENGK
LRTGVPMSMSKALGYEKAMWSVSKGALKLTPASSDYKDDDDK  
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Appendix XI – (A) Sequence chromatogram showing mutant mBPIFB1 sequence, obtained 
using the forward primer of VR1255 vector. Note the positions of 3 of the 4 mutated N-
glycosylation sites. (The fourth mutated N-glycosylated site is shown over page). 

 

(B) Sequence chromatogram showing the position of the fourth mutated N-glycosylated site. 
The reverse primer sequence of VR1255 was used for the sequencing. 

 
Below is a translation of the open reading frame. The DNA sequence of mutant insert mBPIFB1 was translated 
into the amino-acid sequence using the ExPASy programme. Note the yellow highlight is protein sequence of 
the flag peptide. 
MAGPWIITLLCGLLGATLVQANVYPPAVLNLGPEVIQKHLTQALKDHDATAILQE
LPLLRAMQDKSGSIPILDSFVHTVLRYIIWMKVTSANILQLDVQPSTYDQELVVR
IPLDMVAGLNTPLIKTIVEFQMSTEVQALIRVERSKSGPAHLVLSDCSSSESTLR
LSLLHKLSFVVNSLAKNVMNLLVPALPQIVKNHLCPVIQQAFDDMYEDFLRLTTA
PIALSPGALEFGLLSPAIQDSNILLNLKAKLLDSQARVTNWFKNSATSLMETTPD
RAPFSLTVRQDLVNAIVTTLVPKEELVILLRFVIPDVARQLQMDIKEINAEAANK
LGPTQMLKIFTHSTPHIVLNEGSARAAQSVVLEVFPTNTDVRPFFSLGIEASYEA
QFFTEDNRLMLNFNEVSIERIKLMISDIKLFDPEVLKDTLTKILEYTLLPNENGK
LRTGVPMSMSKALGYEKAMWSVSKGALKLTPASSDYKDDDDK 
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Appendix XII – Online prediction of mBPIFB1 N-glycosylation based on sequence using the 
NetNGly tool (http://www.cbs.dtu.dk/services/NetNGlyc/) 
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Table 9.1: DEGs across expansion/proliferative and differentiation conditions. Genes were 
initially generally categorised using the DAVID Gene Functional Classification Tool 
(http://david.abcc.ncifcrf.gov) before manually refining them into categories listed below.  
Gene entrez IDs are listed in front of each gene. Genes are listed alphabetical rather than bt 
logFc values. 

 
Comparison wt-D0 (mTEC proliferation/expansion) 
 
upregulated 
Cell membrane and extracellular region 
76942 Ly6/Plaur domain containing 5 (Lypd5)  
241035  polycystic kidney and hepatic disease 1 (Pkhd1)  
100340  sphingomyelin phosphodiesterase, acid-like 3B (Smpdl3b)  
55925 synaptotagmin VIII (Syt8)  
22361 vanin 1 (Vnn1)  
12828 collagen, type IV, alpha 3 (Col4a3)  
16819 lipocalin 2 (Lcn2)  
20562 slit guidance ligand 1 (Slit1)  
 
 
downregulated 
Cell surface proteins and receptors  
21940 CD27 antigen (Cd27)  
12508 CD53 antigen (Cd53)  
12562 cadherin 5 (Cdh5) 
13805 endoglin (Eng)  
14744 G-protein coupled receptor 65(Gpr65)  
14961 histocompatibility 2, class II antigen A, beta 1(H2-Ab1)  
14969 histocompatibility 2, class II antigen E beta (H2-Eb1)  
16185 interleukin 2 receptor, beta chain (Il2rb)  
16186 interleukin 2 receptor, gamma chain (Il2rg)  
16197 interleukin 7 receptor (Il7r)  
69774 membrane-spanning 4-domains, subfamily A, member 6B (Ms4a6b)  
18124 nuclear receptor subfamily 4, group A, member 3 (Nr4a3)  
78826 purinergic receptor P2Y, G-protein coupled 10 (P2ry10)  
 
 
Hemoglobin complex 
15122        hemoglobin alpha, adult chain 1 (Hba-a1)  
110257         hemoglobin alpha, adult chain 2 (Hba-a2)  
15129        hemoglobin, beta adult major chain (Hbb-b1)  
15130        hemoglobin, beta adult minor chain (Hbb-b2)  
100503605   hemoglobin, beta adult s chain (Hbb-bs)  
101488143   hemoglobin, beta adult t chain (Hbb-bt)  
 
 
Immunity 
18843 BPI fold containing family A, member 1 (Bpifa1)  
228801 BPI fold containing family B, member 1 (Bpifb1)  
12478 CD19 antigen (Cd19)  
16149 CD74 antigen (Cd74)  
12518 CD79A antigen (immunoglobulin-associated alpha) (Cd79a)  
15985 CD79B antigen (Cd79b)  
12524 CD86 antigen (Cd86)  
321019 G protein-coupled receptor 183 (Gpr183)  
30925 SLAM family member 6 (Slamf6)  
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75345 SLAM family member 7 (Slamf7)  
15002 histocompatibility 2, O region beta locus (H2-Ob)  
14960 histocompatibility 2, class II antigen A, alpha (H2-Aa)  
14961 histocompatibility 2, class II antigen A, beta 1 (H2-Ab1)  
14969 histocompatibility 2, class II antigen E beta (H2-Eb1)  
15000 histocompatibility 2, class II, locus Mb2 (H2-DMb2)  
54167 inducible T cell co-stimulator (Icos)  
16331 inositol polyphosphate-5-phosphatase D (Inpp5d)  
17084 lymphocyte antigen 86 (Ly86)  
240754 lymphocyte transmembrane adaptor 1 (Lax1)  
83490 phosphoinositide-3-kinase adaptor protein 1 (Pik3ap1)  
18751 protein kinase C, beta (Prkcb)  
19264 protein tyrosine phosphatase, receptor type, C (Ptprc)  
72049 tumor necrosis factor receptor superfamily, member 13c (Tnfrsf13c)  
 
 
Chemokine signalling pathway 
19354       Rac family small GTPase 2 (Rac2)  
18829       chemokine (C-C motif) ligand 21A (serine) (Ccl21a)  
100042493  chemokine (C-C motif) ligand 21B (leucine) (Ccl21b)  
20299       chemokine (C-C motif) ligand 22 (Ccl22)  
12458       chemokine (C-C motif) receptor 6 (Ccr6)  
94176       dedicator of cyto-kinesis 2 (Dock2)  
17969       neutrophil cytosolic factor 1 (Ncf1)  
100504239  predicted gene 10591 (Gm10591)  
100504346  predicted gene 13304 (Gm13304)  
 
 
Lectins 
12515 CD69 antigen (Cd69)  
12517 CD72 antigen (Cd72)  
80782 killer cell lectin-like receptor subfamily B member 1B (Klrb1b)  
20343 selectin, lymphocyte (Sell)  
20345 selectin, platelet (p-selectin) ligand (Selplg)  
20234 spermine binding protein (Sbp)  
20387 surfactant associated protein A1 (Sftpa1)  
 
 
 
Comparison D0-D14 (mTEC differentiation) 
 
upregulated 
Cilium and cell projection 
244653  HYDIN, axonemal central pair apparatus protein (Hydin)  
74918  IQ motif containing with AAA domain (Iqca)  
212190  UBX domain protein 10 (Ubxn10)  
78801 adenylate kinase 7(Ak7)  
74453 cilia and flagella associated protein 53 (Cfap53)  
78774 cilia and flagella associated protein 61 (Cfap61)  
207686 cilia and flagella associated protein 69 (Cfap69)  
76670  cilia and flagella associated protein 70 (Cfap70)  
51938 coiled-coil domain containing 39 (Ccdc39)  
330830 dynein regulatory complex subunit 7 (Drc7)  
13411 dynein, axonemal, heavy chain 11 (Dnah11)  
110083 dynein, axonemal, heavy chain 12 (Dnah12)  
110082 dynein, axonemal, heavy chain 5 (Dnah5)  
330355 dynein, axonemal, heavy chain 6 (Dnah6)  
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627872  dynein, axonemal, heavy chain 7A (Dnah7a)  
73873  family with sequence similarity 161, member A (Fam161a)  
75050 kinesin family member 27 (Kif27)  
74354  leucine-rich repeats and guanylate kinase domain containing (Lrguk)  
22092 radial spoke head 1 homolog (Chlamydomonas) (Rsph1)  
212892  radial spoke head 4 homolog A (Chlamydomonas) (Rsph4a)  
19888 retinitis pigmentosa 1 (human) (Rp1)  
66722 sperm associated antigen 16 (Spag16) 
21645 t-complex-associated testis expressed 1 (Tcte1)  
21689 tektin 1 (Tekt1)   
73301 tetratricopeptide repeat domain 29 (Ttc29)  
 
differentiation 
12427 cyclin A1(Ccna1)  
71827 leucine rich repeat containing 34 (Lrrc34)  
104362 meiosis expressed gene 1 (Meig1)  
73472 spermatogenesis associated 18 (Spata18)  
74052  tetratricopeptide repeat domain 21A (Ttc21a)  
21892 tolloid-like (Tll1)  
 
membrane associated 
68891 CD177 antigen (Cd177)  
270162 ELMO/CED-12 domain containing 1 (Elmod1)  
67483   RIKEN cDNA 1700028P14 gene (1700028P14Rik)  
69398 cadherin-related family member 4 (Cdhr4)  
329252 leucine-rich repeat-containing G protein-coupled receptor 6 (Lgr6)  
238939 predicted gene 281 (Gm281)  
229277 stomatin (Epb7.2)-like 3 (Stoml3)  
381107 transmembrane protein 232 (Tmem232)  
114602 zinc finger, MYND domain containing 10 (Zmynd10)  
 
downregulated 
Extracellular region/space and secreted 
381493 S100 calcium binding protein A7A (S100a7a)  
386463 corneodesmosin (Cdsn)  
13179 decorin (Dcn)  
13615 endothelin 2 (Edn2)  
16592 fatty acid binding protein 5, epidermal (Fabp5)  
19227 parathyroid hormone-like peptide (Pthlh)  
69542 RIKEN cDNA 2300002M23 gene (2300002M23Rik)  
282619 suprabasin (Sbsn)  
 
 
Keratinization / keratinocyte differentiation / epidermis development 
74591 ATP-binding cassette, sub-family A (ABC1), member 12 (Abca12)  
72383  Cornifelin (Cnfn)  
16175 interleukin 1 alpha (Il1a)  
16666 keratin 16 (Krt16)  
20753 small proline-rich protein 1A (Sprr1a)  
20755 small proline-rich protein 2A1 (Sprr2a1)  
20758 small proline-rich protein 2D (Sprr2d)  
20759 small proline-rich protein 2E (Sprr2e)  
20760  small proline-rich protein 2F (Sprr2f)  
20761 small proline-rich protein 2G (Sprr2g)  
20765 small proline-rich protein 2K (Sprr2k)  
20766 small proline-rich protein 3 (Sprr3)  
15218 forkhead box N1 (Foxn1)  
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64661 keratinocyte differentiation associated protein (Krtdap)   
 
 
peptidase inhibitor activity 
209294 cystatin A1 (Csta1)  
76400 phosphatidylethanolamine binding protein 2 (Pbp2)  
18788 serine (or cysteine) peptidase inhibitor, clade B, member 2 (Serpinb2)  
18787 serine (or cysteine) peptidase inhibitor, clade E, member 1 (Serpine1)  
72432 serine peptidase inhibitor, Kazal type 5 (Spink5)  
 
 
Hydrolase activity 
109254 androgen dependent TFPI regulating protein (Adtrp)  
11846 arginase, liver (Arg1)  
67855 aspartic peptidase, retroviral-like 1 (Asprv1)  
71884 chitinase 1 (chitotriosidase) (Chit1)  
23844 chloride channel accessory 1 (Clca1)  
71932 epoxide hydrolase 3 (Ephx3)  
626834   kallikrein related-peptidase 13 (Klk13)  
78753 lipase, family member M (Lipm)  
18792 plasminogen activator, urokinase (Plau)  
213171  protease, serine 27 (Prss27)  
319875  transmembrane protease, serine 11B (Tmprss11b)  
 
 
Membrane components 
74591 ATP-binding cassette, sub-family A (ABC1), member 12 (Abca12)  
77596 adhesion G protein-coupled receptor F1 (Adgrf1)  
109254  androgen dependent TFPI regulating protein (Adtrp)  
67855 aspartic peptidase, retroviral-like 1 (Asprv1)  
230099  carbonic anhydrase 9 (Car9)  
23844 chloride channel accessory 1 (Clca1)  
12737 claudin 1 (Cldn1)  
225256  desmoglein 1 beta (Dsg1b)  
66811 dual oxidase maturation factor 2 (Duoxa2)  
75577 dynactin associated protein (Dynap)  
71932 epoxide hydrolase 3 (Ephx3)  
245128  expressed sequence AU018091 (AU018091)  
72077 glucosaminyl (N-acetyl) transferase 3, mucin type (Gcnt3)  
171285  hepatitis A virus cellular receptor 2 (Havcr2)  
16409 integrin alpha M (Itgam)  
70274 lymphocyte antigen 6 complex, locus G6E (Ly6g6e)  
269328  mucin 15 (Muc15)  
74090 progestin and adipoQ receptor family member V (Paqr5)  
66183 serine palmitoyltransferase, small subunit B (Sptssb)  
20970 syndecan 3 (Sdc3)  
66561 transmembrane epididymal family member 3 (Teddm3)  
56277 transmembrane protein 45a (Tmem45a)  
235135 transmembrane protein 45b (Tmem45b)  
 
Cytokine activity and negative regulation of cell proliferation 
70045 RIKEN cDNA 2610528A11 gene (2610528A11Rik)  
16175 interleukin 1 alpha (Il1a)  
93672 interleukin 24 (Il24)  
57349 pro-platelet basic protein (Ppbp)  
57277 secreted Ly6/Plaur domain containing 1 (Slurp1)  
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wt-D0 expansion/proliferation upregulated or D0-D14 differentiation downregulated 
 
Extracellular space or secreted 
209232 WAP four-disulfide core domain 5 (Wfdc5)  
244332 defensin beta 14 (Defb14)  
380924 olfactomedin 4 (Olfm4)  
116872 serine (or cysteine) peptidase inhibitor, clade B, member 7 (Serpinb7)  
20706    serine (or cysteine) peptidase inhibitor, clade B, member 9b (Serpinb9b)  
 
Hydrolases 
12182 bone marrow stromal cell antigen 1 (Bst1)  
72269 cytidine deaminase (Cda)  
317653 kallikrein related-peptidase 14 (Klk14)  
259277 kallikrein related-peptidase 8 (Klk8)  
101533 kallikrein related-peptidase 9 (Klk9)  
 
Glycoproteins 
75690 V-set and immunoglobulin domain containing 10 like (Vsig10l)  
76459 carbonic anhydrase 12 (Car12)  
66601 transmembrane and immunoglobulin domain containing 1 (Tmigd1)  
100647 uroplakin 3B (Upk3b)  
 
 
wt-D0 expansion/proliferation downregulated or D0-D14 differentiation upregulated 
 
Cytoskeleton 
75465 dynein light chain roadblock-type 2 (Dynlrb2)  
75429 family with sequence similarity 183, member B (Fam183b)  
70113 outer dense fiber of sperm tails 3B (Odf3b)  
320277  sperm flagellar 2 (Spef2)  
67971 tubulin polymerization-promoting protein family member 3 (Tppp3)  
 
Cytoplasm 
380683  SEC14-like lipid binding 3 (Sec14l3) 
17110 lysozyme 1 (Lyz1)  
17105 lysozyme 2 (Lyz2)  
626596  regulator of G-protein signalling 22 (Rgs22)  
 
 
Cell membrane 
68764 cadherin-related family member 3 (Cdhr3)  
14262 flavin containing monooxygenase 3 (Fmo3)  
226565 flavin containing monooxygenase 6 (Fmo6)  
67664 ring finger protein 125 (Rnf125) 
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Appendix XIII – Violin plot representation of BPIFA1 versus BPIFB1 expression across a 

healthy human airway related to Figure 3.17. Single-cell RNA sequencing data comprising of a total 

of 77,969 cells, which were collected from 35 distinct locations, spanning from the nose to the 12th 

division of the airway tree. Image was generated using the Deprez et al., 2020 data set and were 

visualised through the interactive web tool (https://www.genomique.eu/cellbrowser/HCA/).  
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