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Abstract

The airway epithelium has an important protective role and is known to be
abnormal in asthmatic individuals. However, epithelial cell research is
restricted by the limited lifespan of primary human epithelial cells in vitro
and therefore the cells isolated via bronchoscopy are exhausted after only a
few experiments. This project aimed to extend cell lifespan by over-
expressing Bmil in a controlled and temporal manner using an inducible
Cumate Switch system.

Bmil has previously been shown to extend cell lifespan whilst maintaining
plasticity. In this study, lentiviruses have been generated to deliver and
over-express Bmil to primary human bronchial epithelial cells (HBECs)
which contain the Cumate Switch System to control gene expression.
Infected cells show evidence of fluorescent reporter proteins indicating
successful gene delivery and expression. The effects of Bmil over-
expression have been assessed through Electric Cell Substrate Impedance
Sensing (ECIS) and also through differential gene expression (RNA-seq) using
the data from a study published in Gene Expression Omnibus. Preliminary
data show that barrier function differs in modified cells, but transcriptomic
analysis does not identify differential expression of barrier function genes in
correlation with elevated Bmil. A large number of genes are identified as
being differentially expressed (1024 by CuffDiff and 380 by Rank Prod),
although this number is reduced when using multiple analyses, and amongst
those genes consistently up-regulated with Bmil expression are genes
involved in cell growth and migration.

The rationale behind this project is that Bmil over-expression can be
returned to endogenous levels by removing gene induction. Initial data
suggested that Bmil expression can be turned on and at least turned down
in this system, but further work is needed.

Bmil has the potential to extend cell lifespan, providing the primary cells
with a proliferative advantage to allow further expansion in culture than
currently possible. This study has provided initial support that a Bmil switch
system may be viable, but also demonstrated that Bmil induction may alter
barrier properties and significantly influence the expression of many genes.
The development of a Bmil switch system has the potential to significantly
expand our ability to utilise primary cells from patients and provide an
extended platform to study airway epithelial cell biology.
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1. Introduction

In this MPhil thesis, | set out to develop an approach to extend the lifespan
of primary human bronchial epithelial cells in vitro whilst maintaining cell
plasticity. The ultimate purpose of this cell model is as a platform for the
study of respiratory disease. To achieve this, | developed a system which can
over-express Bmil, a protein that can prevent cell cycle arrest. This system
incorporates an inducible mechanism allowing controlled gene expression.
Analyses were performed to determine the effects of Bmil over-expression
and evaluate the potential of this methodology for producing a sustainable
airway cell line. This chapter highlights the important role of airway
epithelial cells and the need for a representative model in vitro.

1.1. The airway epithelium: a dynamic barrier against
environmental insult

The epithelial cells which line the airway form part of the innate immune
system and play a protective role; effectively separating the internal
environment from a myriad of potential external insults and preserving the
homeostasis of the airways (Ganesan et al., 2013). The mature epithelium is
a pseudo-stratified layer comprised of several cell types including secretory
cells, ciliated cells and basal cells, although the types and frequency of these
cell types vary depending on their location along the respiratory tract, with
basal cells becoming less common towards the alveoli and small airways
(reviewed in Camelo et al., 2014).

Ciliatld cell Goblet cell Tight junction

Basement membrane

Basal cell

Figure 1.1 The airway epithelium is a pseudo-stratified layer primarily comprised
of ciliated cells, goblet cells and basal cells on top of a basement membrane.
Based on Grainge & Davies (2013).

Between the cells of the upper respiratory tract are tight junctions and other
adhesive components that serve to uphold the integrity of the barrier and
preserve the intercellular seal (Holgate, 2011). This occurs through the
interaction of various tight junction proteins and their corresponding
receptors, such as the zonula-occludens proteins (ZO-1, ZO-2 and Z0-3) and
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occludin, which is frequently used as an immunohistochemical marker of
tight junctions (Kojima et al., 2013). The tight junctions also regulate the
permeability of the cells, controlling intercellular passage of ions and small
molecules and preventing unwanted transport between the external lumen
and internal environment (Godfrey, 1997). Furthermore, tight junctions play
a role in regulating the polarity of the cells in the epithelial layer through
various protein interactions (Shin et al., 2006), ensuring that they function
appropriately, which is crucial due to the apical location of cilia and mucosal
secretion in the epithelium.

Enhancing the protective barrier, the goblet cells and seromucous glands
rapidly secrete mucus to trap any airborne pathogens or harmful particles.
These trapped particles are then swept away by ciliated cells which push the
mucus up and away from the lungs in what is known as mucociliary
clearance (Rogers, 2002). Mucin proteins are encoded by MUC genes,
primarily MUC5AC and MUCS5B in the airways (reviewed in Rose & Voynow,
2006). Along with mucus, the cells of the epithelium secrete a range of
proteins, defensive peptides and anti-microbial factors that contribute to
the protective function by forming a chemical barrier, which not only
prevents the surface from drying out but can selectively protect against
bacterial attack and detoxify inhaled particles (Swindle et al., 2009).
Membrane tethered mucins and glycolipids are also thought to be present
near the surface to provide an aqueous environment in which the cilia can
successfully beat (Randell & Boucher, 2006).

In addition to these innate immunological devices, the epithelium also
serves as a means of communication between the external environment and
the cells of the adaptive immune system. It is capable of secreting a variety
of signalling molecules such as growth factors, cytokines, chemokines and
pro-inflammatory factors (Knight & Holgate, 2003) and in order to detect
and respond to incoming threats, the epithelial cells possess Toll-like
Receptors (TLRs) (Ritter et al., 2005). There are many varieties of TLR and
each type acts to recognise specific pathogen-associated molecular patterns
(PAMPs) which are key to initiating immune responses; for example, TLR-2 is
found on the cell surface and involved in binding bacterial lipoproteins and
others such as TLR-3 and 7 are found in the cytoplasmic compartment of the
cell where they act to identify viral nucleic acids which may have infected
the cells (Li et al., 2012b). The epithelial cells then communicate this threat
to the appropriate immune cells, such as T cells, via cytokine production and
pathogen presentation in order to initiate an immune response (Akira et al.,
2001). Furthermore, the epithelium also plays a role in actively suppressing
immune responses, via secretion of IL-10 (Swindle et al., 2009).
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Overall, the airway epithelium is much more than a physical barrier and
plays a key role in ensuring the health of the airways and triggering of host
defence mechanisms through various signalling pathways and secretion of
protective factors. Consequently, epithelial dysfunction can be severely
detrimental and is thought to contribute to several respiratory diseases,
including asthma, which will be the main interest in this project.

1.2 Respiratory disease burden and the need for
physiologically relevant models

Asthma is a respiratory disorder estimated to affect approximately 235
million people worldwide (World Health Organisation, 2017) and which puts
an ever increasing strain on medical resources (Barnett et al., 2011). The
European Respiratory Society (2017) defines asthma as:

"A chronic inflammatory disease of the airways that causes recurring
episodes of wheezing, breathlessness, chest tightness and coughing".

It is primarily characterised by a combination of both inflammatory and
structural changes to the airways, resulting in features such as bronchial
hyper-responsiveness and airflow limitation, but also abnormalities at a
cellular level which are deemed equally significant in terms of disease
progression (Fixman et al., 2007). These changes in the airway cells can
provide further insight into asthma and may highlight therapeutic
opportunities which can be taken advantage of.

1.2.1 Defective epithelial barrier function in asthmatic
individuals

There are many observable and functional changes in asthmatic airway
epithelium compared to healthy epithelium. However, there is ongoing
debate as to whether this epithelial remodelling is causative of asthma or
occurs as a subsequent result of asthma pathogenesis - an inevitable stage
in the disease progression (Fahy, 2001).

A particularly deleterious characteristic of asthmatic epithelium is that the
barrier function becomes compromised, which may in turn worsen and
increase the frequency of exacerbations by allowing access of
environmental insults to the smooth muscle below (Folkerts & Nijkamp,
1998). The integrity of the protective barrier hinges on the permeability of
the epithelium and the formation of appropriate intercellular junctions and
cell-cell interactions, such as tight junctions, adherens junctions and
desmosomes (reviewed in Xiao et al., 2013). In cell culture, the trans-
epithelial electrical resistance (TEER) can be measured to give an indication
of how successful a monolayer is formed by the epithelial cells; a low TEER
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can denote an incomplete ‘leaky’ cell layer and can suggest poor tight
junction formation and lower electrochemical gradients (Anderson & Van
Itallie, 2009). Asthmatic epithelial airway cells form aberrant barriers both in
vitro and in vivo, often with absent or discontinuous tight junction proteins
and a reduced TEER in vitro (regardless of the severity of the asthma)
suggesting a decline in function in comparison to non-asthmatic cells (Xiao
etal., 2011).

Tight junctions are the apical most junctional complexes (Kojima et al.,
2013) and therefore the most exposed to environmental attack. However,
other junctional complexes are also affected in asthma. For example, E-
cadherin is a major component of adherens junctions and forms connections
with the cytoskeletal components of the cells to facilitate cell-cell adhesion
and provide structural support for tight junction formation (Nawijn et al.,
2011). In the asthmatic epithelium, E-cadherin expression is altered and
found to be expressed at lower levels at sites of epithelial damage, which
consequently increases EGFR signalling and levels of TARC, a Th-2 attracting
chemokine (Heijink et al., 2007). E-cadherin not only plays an important
physical role but moderates the immune response through repression of NF-
kB signalling, allowing immune tolerance (Nawijn et al., 2011).

Shedding of the epithelium has long been associated with asthma
pathogenesis (Yukawa et al., 1990) and could have a huge impact on its
structure and function. Shebani et al. (2005) show that there is decreased
attachment and surface area contact of columnar cells to the basal lamina in
asthmatics and that attachment occurs indirectly via desmosome
connections between columnar and basal cells, signifying abnormal
desmosome function. However, Ordofiez et al. (2000) suggest that
desquamation of the epithelium is actually an artefact of bronchial tissue
sampling rather than a pathological feature of asthma and does not
correlate with other disease characteristics. Furthermore, Dorscheid and
colleagues (2001) suggest that the treatment of asthma may encourage cell
death in order to decrease airway inflammation.

Breakdown of the epithelial barrier has the overall effect of allowing entry
of environmental insults which otherwise would not be able to pass through
and therefore weakens the resilience of the airways and increases the
likelihood of exacerbations.

1.2.2 Excessive mucus results in airflow limitation

As well as abnormal barrier formation, the functional properties of the
airway epithelial cells are also modified in asthma. Goblet cell hyperplasia
(increased proliferation) occurs as a result of airway remodelling (Vermeer
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et al., 2003) and is thought to be triggered by the T-helper 2 type (Th2)
response (Park et al., 2007). Th2 cells release cytokines IL-4, IL-5, IL-9 and IL-
13 which are involved in asthma pathogenesis and trigger inflammatory
responses (Barnes, 2001b). Hyperplasia does also occur in non-asthmatic
individuals to enhance protection in response to continual insult, which
could suggest an exaggerated defensive response in asthma (Rogers, 1994).

Mast cells also play a significant role in the immune response. They are
highly responsive, capable of rapidly releasing various mediators which
favour an inflammatory and defensive environment. Asthmatic individuals
are known to have higher levels of mast cells and mast-cells derived
mediators, stimulating the recruitment of a wide range of other immune
cells and ultimately inducing the asthmatic phenotype (reviewed in Hart,
2001).

Mast cells are also known to produce IL-4, IL-5 and IL-13, along with
histamine and IL-6, which promote migration of circulating inflammatory
cells from the blood into adjacent tissues (reviewed in Amin, 2012).
Histamine is thought to regulate goblet cell hyperplasia, increasing the
number of mucosal cells in both large and small airways; although the
mechanism by which this happens is poorly understood (Yamauchi et al.,
2008).

More recently, Group 2 innate lymphoid cells have been identified as
potential contributors to asthma pathogenesis, as they have been found to
produce Th2 cytokines in high quantities, particularly IL-5 and IL-13 which
increase mucus production (reviewed in Doherty & Broide, 2015). The
Group 2 innate lymphoid cells are prompted to do so by epithelial-derived
IL-25 and IL-33 (Kabata et al. 2015).

In addition to hyperplasia, goblet cell metaplasia can take place, which is an
increase in number at the expense of other cell types (rather than through
increased proliferation); ciliated and Clara cells are trans-differentiated into
goblet cells (reviewed in Hayashi, 2012) and subsequently the number of
cilia becomes insufficient to effectively sweep away mucus. This is again
thought to be triggered via a Th2 signalling pathway, increasing expression
of IL-13 which cooperates with epidermal growth factor receptor (EGFR) to
prevent epithelial cell apoptosis and induce MUC5AC gene expression,
resulting in a goblet cell phenotype (Curran & Cohn, 2010). The goblet cells
themselves also produce excessive mucus (hypersecretion) through
increased expression of mucin genes (Curran & Cohn, 2010).
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The overall result of these changes is that the airways become obstructed by
mucus, causing difficulties in breathing. The stagnant mucus can present a
breeding ground for bacteria (Perez-Vilar et al., 2007) and excessive mucus
has been linked to mortality in asthmatic individuals, being particularly
problematic in the small, non-cartilaginous airways, where mucus cannot
readily be displaced via coughing (Rogers, 2002).

1.2.3 The asthmatic epithelium displays an abnormal wound
response

As well as being more susceptible to environmental challenges, the
asthmatic epithelium also behaves differently to healthy, non-asthmatic
epithelium when damaged. In response to mechanical wounding or
environmental insult (exposure to particulate matter or infection with RSV)
in vitro, asthmatic epithelial cells show an increased release of certain
cytokines including IL-6 and GM-CSF compared to non-asthmatic controls,
but not in the absence of insults, suggesting that the cells respond
differently when faced with stress (Hackett et al., 2011). The abnormal
repair response is thought to be a result of diminished proliferation in basal
and Clara cells (which are involved in bronchial repair and regeneration
(Akram et al., 2013)) and leads to a ‘chronic wound scenario’ (Holgate,
2011).

Furthermore, in vitro, asthmatic cells display a slower cell migration and
repair response when compared to healthy non-asthmatic epithelial cells
(Stevens et al., 2008). Repair in asthmatic epithelium often results in
structural changes which are ultimately detrimental to lung function
(Rennard, 1996).

1.2.4 Existing drug therapies for the management of asthma
There is no cure for asthma, instead medications which are currently
employed function to improve quality of life and to prevent and reduce the
severity of exacerbations (Weiss, 2012). Inhaled treatments are favoured as
they are delivered directly to the required site of action.

Corticosteroids are currently broadly utilised as an effective non-specific
anti-inflammatory treatment for the symptoms of asthma and reduce the
expression of various pro-inflammatory factors (Knight & Holgate, 2003).
They function by binding to and activating certain glucocorticoid receptors
causing them to be translocated from the cytoplasm into the nucleus
(Eickelberg et al., 1999), where they bind DNA and alter gene expression
(Barnes, 2001a).
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Beta-adrenergic agonists are another commonly used treatment which act
as bronchodilators (Thanawala et al., 2013) to immediately relax the smooth
muscle in the airway during asthma attacks. However, high exposure is
thought to actually worsen asthma symptoms (Cazzola et al., 2011) and
there are concerns over the relationship of beta-adrenergic agonists and
asthma-related deaths (Chowdhury et al., 2010). In fact, it has been shown
that beta-adrenergic agonists are required for the development of an
asthmatic model in mice (Thanawala et al., 2013).

As part of asthma pathophysiology, cysteinyl leukotrienes are released by
inflammatory cells and lead to airway constriction and inflammation
(Noonan et al., 1998). Therefore, leukotriene receptor antagonists, such as
montelukast, have been used to improve the symptoms of asthma (Paggiaro
& Bacci, 2011).

Additionally, IgE is an antibody which is elevated in allergic asthma and
often binds to innocuous substances triggering immune responses
(reviewed in Chang, 2000). Therefore, anti-IgE monoclonal antibodies, such
as omalizumab, are used to bind IgE so that it can no longer interact with
immune cells, thus providing an alternative for patients intolerant to
corticosteroids (Busse et al., 2001). However, Bradding et al. (2006) state
that anti-IgE treatment does not have a significant effect on bronchial
hyper-responsiveness, highlighting that treatments require tailoring to the
symptoms of the patient.

1.2.5 Drug responsiveness in epithelial cells

As airway epithelial cells are generally the first point of contact with inhaled
asthma therapies, it is necessary to understand how the cells respond when
directly exposed to these treatments.

Corticosteroids such as dexamethasone, beclomethasone, budesonide and
triamcinolone have been shown to cause apoptosis in a dose-dependent
manner in primary airway epithelial cells in vitro, suggesting that although
there may be some relief by reducing inflammation, this may be achieved in
a deleterious fashion (Dorscheid et al, 2001). However, this publication has
been contested by Carayol et al. (2002) who considered Dorscheid’s (2001)
results to show only a small increase in apoptosis when exposed to relatively
high concentrations of corticosteroids (not previously used in clinical
observations).

Tse et al. (2003) building upon Dorcheid’s (2001) work showed that beta-
adrenergic agonists (which are commonly combined with corticosteroids to
treat asthma) could prevent the 'corticosteroid-induced apoptosis' in
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primary airway epithelial cells in vitro. However, they noted that the
percentage of apoptotic cells due to corticosteroid treatment was relatively
low (5-15%) and may not be clinically relevant in vivo, but suggest that
continual and consistent apoptosis may lead to eventual damage in the
airways and prove detrimental. The effect of corticosteroid treatment on
epithelial apoptosis remains uncertain and currently the benefits of such
treatment and combination with other treatments appear to outweigh any
negative consequences.

Wadsworth et al. (2006) show that the corticosteroid, dexamethasone,
increases survival in repeatedly wounded bronchial epithelial cells in vitro,
whereas B2 adrenoceptor agonists did not. Additionally, pre-treatment of
primary bronchial epithelial cells with the corticosteroid, budesonide, has
been shown to restore barrier function following oxidant-induced and
mechanical damage, whilst pre-treatment with the oxidant, H,0,, decreases
responsiveness to budesonide treatment Heijink et al., (2014). Furthermore,
although these results suggest the success of budesonide, Heijink and
colleagues (2014) also reveal that the protective effects of the corticosteroid
are reduced in asthmatic cells, possibly dampening its success as a
treatment for asthma. They proposed that this is potentially due to higher
oxidant levels in asthmatic individuals which could have the effect of
phosphorylating the glucocorticoid receptor, and suggest that
corticosteroids may be more effective if combined with a treatment to
lower levels of oxidative stress.

1.2.6 Resistance to treatment

Severe (or refractory) asthma is often defined as non-responsive to
glucocorticoid treatment and is becoming an increasing problem in the
management of asthma, due to the lack of efficient alternative options
available (Bradding, 2008). Understanding the mechanisms for non-
responsiveness is therefore of great importance and there is a need for new
and effective treatments for asthma. There are many different
manifestations of asthma which also calls for prescription of tailored
medicine to tackle the variations in asthma phenotype (Paggiaro & Bacci,
2011).

1.3 Uses and limitations of airway epithelial cells in
respiratory research

In order to better understand the airway epithelium and increase the
likelihood of developing successful therapies for disease, human airway
epithelial cells need to be studied in vitro.
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Primary human airway epithelial cells are the current gold standard and
isolated from patients via invasive procedures such as bronchoscopy,
brushings or biopsy for research purposes. When these cells are cultured in
submerged media in vitro they tend not to be differentiated but comprised
primarily of basal cells (Park et al., 2015). However, when these cells are
cultured at Air-Liquid Interface (ALl), where the apical surface of the cells is
exposed to air (as shown in Fig. 1.2), they are capable of differentiating into
the appropriate epithelial cell types (Wu et al., 1986).

E— transwell

eoroeead | [ REEEQRERL] .

membrane

Undifferentiated epithelial cells in Differentiated epithelial cells at air-
submerged culture liquid interface

Figure 1.2 Schematic diagram of airway epithelial cells cultured submerged and at
air-liquid interface in transwells with porous membranes. Exposing the apical
surface of the cell layer to air represents the in vivo environment and drives
differentiation from basal cells into goblet and ciliated cells (based on Stem Cell,
2016).

ALl involves culturing the cells on a semi-permeable membranein a
transwell. Culture media is added to both apical and basal compartments
and the cells are grown until a confluent monolayer is produced. Following
this an air-lift is performed, where media is removed from the apical
compartment and the cells are apically exposed to air, mimicking the
endogenous environment. This is sufficient to drive cells to differentiate into
mucus-secreting and ciliated cell types.

Primary air way epithelial cells cultured at ALI have been shown to express a
similar genome-wide expression profile to tracheal and bronchial epithelial
cells in vivo (Pezzulo et al., 2011). Additionally, Dvorak et al. (2011) also
concluded that the transcriptome of human large airway epithelial cells
grown at ALl were representative of cells isolated via brushing and
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bronchoscopy, but there were slight differences which they state may need
to be taken into account depending on the research conducted.

Unfortunately, there are a number of limitations when working with primary
cells in vitro, including their high variability, expensiveness and restricted
lifespan when cultured (Stewart et al., 2012). Primary airway epithelial cells
also lose their characteristics and dedifferentiate over time when cultured in
vitro (Wu et al., 1986). This rules out larger scale and long term studies.

1.3.1 Existing cell models

Cell lines provide a useful alternative to primary cells which are cheaper and
more reproducible (Kaur & Dufour, 2012). Cell lines are usually cells which
are modified to immortalise them or are obtained from carcinomas where
cells are already mutated to allow continuous cell culture. However, cell
lines are not without limitations; ideally they should represent the primary
cells as best they can.

There are a range of existing cell models which are used for respiratory
research. For example, Calu3 cells, which were originally obtained from a
bronchial adenocarcinoma, BEAS-2B cells which are epithelial cells
transformed by the adenovirus-12 SV40 hybrid virus (reviewed in Forbes,
2000) and 16HBE14o0 cells which are bronchial epithelial cells transformed
by the SV40 large T-antigen to immortalise them (Cozens et al., 1994).

A study by Stewart et al. (2012) compares BEAS-2B cells and Calu3 cells to
primary airway epithelial cells. They found that BEAS-2B cells failed to
produce a high TEER at ALl and did not show differentiation into mature
epithelial cells, whereas Calu3 cells produced a high TEER and were
comparable to primary cells in their expression of epithelial cell markers
(Stewart et al., 2012). Furthermore, BEAS-2B cells are not able to form tight
junctions as well as other airway cell lines (reviewed in Forbes, 2000), so are
thus unsuitable for studying barrier function. On the other hand, both
16HBE140 and Calu3 cell lines show evidence of intercellular junction
proteins (Wan et al., 2000). Heijink et al. (2010) conclude that whilst
16HBe14o0 cells would be suitable for investigating barrier function, BEAS-2B
cells may be more appropriate for studies involving cell-matrix interactions.
This demonstrates that the type of airway cell line used depends on the type
of research and aspect of the airway epithelium being studied.

Although Calu3 are able to form resistive barriers, they differ from
endogenous cells in that they do not form a pseudostratified monolayer and
show some abnormalities due to the cancerous nature of the cells (reviewed
in Prytherch & BéruBé, 2013). Shan et al. (2011) state that Calu3 cells are
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lacking in normal chromosomes 1, 13, 15 and 17 and so are missing genes in
host defence. Furthermore, they are originally isolated from a submucosal
gland rather than surface epithelium; this indicates they would likely have
been apically exposed to liquid in vivo rather than air (Grainger et al., 2006).

In addition, Hughes et al. (2007) discuss the problems of cross-
contamination and over-passaging of cell lines, warning of the need for
vigorous authentication tests to avoid mis-identification. Overall, although
current cell lines provide a useful option for research, they are not without
limitations.

Whilst primary cells provide the closest representation to the in vivo
situation, they are short-lived in vitro, meaning a relatively small window of
time to complete research. This also limits expansion of the cells, so only a
relatively small number of cells are available for study. Therefore, this
project sets out to genetically modify primary airway epithelial cells in order
to overcome these issues.

1.4 Measures to increase cell lifespan in vitro to develop a
sustainable airway epithelial cell model

1.4.1 Cells have a restricted life span

Cells are prevented from excessive cell division by telomere shortening at
each round of replication, putting a limit on the number of times a cell can
divide, known as the Hayflick limit (Kuilman et al., 2010). Cells which reach
this limit undergo replicative senescence and are no longer able to
proliferate (Park et al., 2004). Senescence involves a number of inherent
changes such as altered gene expression, increased protein secretion and
signalling factor release, altering the cell microenvironment (Coppé et al.,
2010) and making the cells unreliable representations of non-senescent
cells.

1.4.2 Delaying cellular senescence is desirable for long-term
cell culture

Primary cells cultured in vitro can currently only be maintained for a brief
period of time before they undergo replicative senescence and irreversible
senescence-associated changes (Kuilman et al., 2010). Therefore, culture of
primary airway cells is limited, restricting long term research of asthmatic
epithelial cells and highlighting the benefit of techniques which can be
employed to delay replicative senescence and overcome the Hayflick limit.
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1.4.3 Over-expression of Bmil as a potential technique to
overcome cellular senescence

Various genes are potential candidates for extending cell lifespan and
delaying senescence. Of particular interest to this project is the Bmil gene.
Bmil is a member of the Polycomb gene family involved in chromatin
remodelling, and its over-expression in various cancers and stem cells (Park
et al., 2004) has stirred interest in its use as a mechanism to prolong cellular
lifespan.

A significant target of BMI1 is the INK4a/Arf locus, which encodes the p16
and p19 (also known as p14 in humans) cyclin-dependant kinase inhibitors
(Jacobs et al., 1999) as shown in Figure 1.3. p16 is known to cause cell cycle
arrest at the G1/S phase checkpoint of the cell cycle, by preventing
phosphorylation of Retinoblastoma proteins - necessary for cell cycle
progression (Serrano, 1997) and p19 binds to and inhibits MDM2 which
results in the stabilisation of p53, again resulting in cell cycle arrest (Stott et
al., 1998). Bmil acts by epigenetically suppressing the expression of p16 and
p19, which consequently leads to a delay in both cellular senescence and
apoptosis and promotes cell cycle progression (Park et al., 2004). However,
Bmil has the potential to act as an oncogene independent of the INK4a/Arf
locus (Xu et al., 2009), suggesting alternative mechanisms of regulating
proliferation. Kim et al. (2010) suggest that Bmil can also function via
inhibition of the TGF-beta signalling pathway.
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Figure 1.3 The pathways Bmil affect to increase cell cycle progression. Bmil
targets the p16™* locus and the p19 alternative reading frame. The red arrows
indicate the effect over-expression of Bmil has at each stage (based on Park et al.,
(2004)).

Bmil is involved in highly proliferative processes; it is necessary for self-
renewal of neural stem cells (Molofsky et al., 2003) and has been shown to
contribute to the proliferative ability of haematopoietic stem cells (Lessard
& Sauvageau, 2003). On the other hand, a loss of Bmil expression in the
epithelium of small bile ducts results in increased cellular senescence (Sasaki
et al., 2006) showing its endogenous importance in epithelial cells.
Decreased Bmil expression also causes a reduction in proliferation of lung
adenocarcinoma cells (Zheng et al., 2014) and leads to necroptosis (cell
death) in ovarian cancer cells (Dey et al., 2016). Fulcher et al. (2009) show
that in vitro Bmil expression is at its highest in passage 1 human bronchial
epithelial cells, but that with repeated passages expression decreases and
p16INK4a protein levels increase before senescence occurs, suggesting that
Bmil may be necessary to prevent senescence in culture.

Bmil has been used in numerous cell types to generate cell lines. For
example, Bmil was elevated in a number of nasopharyngeal carcinomas, so
was used to immortalise nasopharyngeal epithelial cells to create a model
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for research (Song et al., 2006). It has also been shown to immortalise
fibroblasts (Jacobs et al., 1999) and to increase the longevity of oral
keratinocytes (Kim et al., 2010). Furthermore, Dimri et al. (2002) showed
that Bmil was overexpressed in breast cancer cell lines and had the
potential to immortalise mammary epithelial cells (MECs) without altering
the DNA damage checkpoint. Bmil, therefore, is well-renowned as a gene
which functions to extend cell lifespan and can be manipulated to delay the
senescence of cells in culture.

1.4.4 Alternative genes which can extend cell lifespan

Although Bmil is a plausible option, there are a number of alternative ways
in which extended cellular lifespan can be achieved. One such method
involves the introduction of viral genes such as E6 or E7 from human
papillomavirus or H-Ras from SV40 which act to inactivate p53 or pRb
(tumour suppressors) to overcome cell cycle checkpoints (reviewed by
Magsood et al., 2013). However, cell telomeres (chromosome ends)
continue to shorten leading the cells to enter a ‘crisis’ state where they
cease proliferating (Ouellette et al., 2000).

Human telomerase reverse transcriptase (hTERT) functions to maintain and
preserve telomeres so that they do not become shorter through successive
rounds of replication (Armbruster et al., 2004). Lundberg et al. (2000) state
that cells which are obtained from older organisms have already completed
a certain number of replications, so tend to have shorter telomeres and
reduced longevity in vitro, which could be a factor to consider when using
human donors of varying ages. hTERT has been studied for its potential role
in delaying senescence, however telomere shortening is believed to not be
the sole foundation of senescence as there are inconsistencies in telomere
length and onset of senescence (Lundberg et al. 2000).

This project will focus on the use of Bmil to extend cell lifespan in primary
human epithelial cells. Bmil is a gene which is endogenously expressed in
airway cells (Protein Atlas, n.d.) and has been successfully used within our
research group previously.
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1.4.5 Previous use of Bmil to extend lifespan in primary

airway epithelial cells within the research group

Torr et al. (2016) produced lentiviruses conferring constitutive Bmil over-

expression to primary HBECs. These cell cultures were monitored for a

period of up to 12 months and were able to retain airway epithelial

characteristics at a much later passage than endogenous HBECs (see Fig.

1.4).
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Figure 1.4 Previously modified HBECs with constitutive Bmil over-expression
retain the ability to form a pseudo-stratified layer at ALl and share similar
morphology with matched WT cells at passage 3. Early (p6), mid (p8-10) and late
passage (p11-15) +Bmil HBECs shown. HBECs +hTERT failed to form successful
monolayers at ALl (from Torr et al., 2016).

Over-expression of Bmil protein was accompanied by decreased protein

expression of p16 and increased viability, but importantly modified HBECs

were still able to differentiate at ALl and form a measurable TEER.

Preliminary experiments were also conducted using over-expression of

hTERT (an alternative candidate for extending cell lifespan) in HBECs but

were not encouraging, with cells failing to grow at ALI (Fig. 1.4). The cells

also possessed abnormal karyotypes unlike with Bmil alone and so the

success of hTERT may be specific to the cell type used or the method of

delivery. Therefore, research was directed away from hTERT to focus solely

on Bmil. This project is an extension of this research with the novel aspect

of precision gene control.
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1.4.6 Lentiviral genetic manipulation in mammalian cell
culture
There are a range of methods which can be used to deliver genes to
mammalian cells, however, this project makes use of lentiviral gene
delivery.

Lentiviruses are a subtype of the retrovirus family, of which HIV is a
member, and the viral infection mechanism has been adapted to deliver
gene sequences into a desired mammalian cell, whilst avoiding an immune
response (reviewed in Cockrell & Kafri, 2007). Lentiviruses allow delivery of
a gene of interest into a wide variety of mammalian cells, with the
advantage that the gene is permanently integrated into the host genome,
therefore being maintained in future cell progeny. Secondly, they have the
ability to infect non-dividing cells (reviewed in Connolly, 2002) which allows
genetic modification of terminally differentiated cell types and thirdly, they
result in a very high infection efficiency which is necessary for primary cell
lines that can be difficult to transfect.

1.4.7 Unwanted side-effects of delaying cellular senescence
may interfere with further research thus controlled
expression is necessary

The most commonly studied function of Bmil is its inhibition of p16 and
pl4. However, Bmil does not function in a linear fashion alone, but global
mapping analysis indicates that Bmil targets, to some extent, approximately
1536 genes (Meng et al., 2010). Therefore, the effects of over-expressing
Bmil need to be taken into consideration and thorough characterisation of
the genetically engineered cells needs to be undertaken.

In order to minimise side-effects and prevent interference, it may be
necessary to return Bmil expression to normal levels after the cells have
been cultured for a sufficient amount of time. There are various options
available to temporally control Bmil over-expression.

One such method is the cre-lox P system. This method relies on Cre-
recombinase, an enzyme which facilitates DNA recombination at specific
LoxP target sites which flank a gene of interest; the recombination event can
be manipulated to either introduce or delete a gene sequence (reviewed in
Sauer, 2006).

Garcia-Escudero et al. (2010) aimed to incorporate cre-lox P technology, to
reversibly deliver and over-express Bmil and various other genes in human
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olfactory ensheathing glia such as Tag, shp53 and TERT, and then to cleave
them out after a desired amount of time to see if the cells were capable of
returning to normal. Their results showed that of the various genes
examined, only a combination of Bmil and TERT was successful in delaying
expression of senescence markers and avoiding any karyotypic alterations,
whereas others could overcome proliferation constraints, but still expressed
indications of senescence. There has also been some concern over the
toxicity of Cre, which may need to be taken into consideration with
appropriate controls (Schmidt-Supprian & Rajewsky, 2007). Garcia-Escudero
et al. (2010) found that in some instances the cre-recombinase or the cre-
recombinase lentivector was detrimental to the cells and in the case of cells
transduced with a Tag/TERT combination, the de-immortalisation process
was highly toxic. On the other hand, BMI1/TERT expressing cells could
successfully survive the process, suggesting that the success of this
technique relies on the particular combination of genes expressed.

An alternative mechanism for switching expression on/off is to incorporate
the use of an inducible gene expression system based on transcriptional
regulation, where cells can be induced to over-express a gene such as Bmil
and then induction can be discontinued when not required.

The Cumate Switch system (System Biosciences) will be used in this project
and is explained in greater detail in Chapter 2.

As a brief overview, this system relies on two lentivectors, one containing
your gene of interest (which will be integrated into the host genome) and
another which encodes a CymR repressor protein which binds the operon
upstream of your gene of interest and prevents transcription by steric
blocking. The switch can then be controlled via addition of a molecule called
cumate (see Fig. 1.5). Cumate binds to the repressor molecule and causes it
to release the operon - allowing transcription to occur.
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Figure 1.5 lllustration of the Cumate Switch system to be used in this project. The
CymR virus encodes a repressor protein which binds to the operator upstream of
the gene of interest (Bmil in this case). Repression is relieved by the addition of
cumate which binds the repressor molecule and causes it to release the operator
(Image adapted from System Biosciences, 2017).

Another option for inducible gene expression are tetracycline based systems
which work in a similar fashion. These involve a Tet-controlled transactivator
(tTA) and in the Tet-on system, the tTA is required to bind to a region
upstream of the gene of interest to induce expression, but can only do so in
the presence of tetracycline or a derivative (reviewed in Suzuki and Suzuki,
2011). This is a popular method also delivered via lentiviral vectors.
However, a limitation of this system is that control of expression is 'leaky’
(Wall et al., 2016).

1.4.8 Utilisation of the Cumate Switch to control Bmil over-
expression

For this project, the Cumate Switch system was chosen to deliver and over-
express Bmil to primary human bronchial epithelial cells for its tight control
of gene expression, ease of induction and reversible induction (System
Biosciences, 2017). This is important as the aim of the project is not to
immortalise the cells, but to temporarily give them a proliferative advantage
which would be beneficial for cell, before returning level of Bmil to
endogenous levels (without leakiness of expression) by removal of cumate.
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The cells with Bmil over-expression can be maintained for additional
passages, but over-expression can be reversed so that the epithelial cells can
be studied without the interference of excess Bmil. There may still be a
baseline level of expression, so experiments must be carried out to
determine the sensitivity of such a technique.

1.5 Rationale for the project

There is a need to develop new and efficient treatments for asthma,
particularly for severe unresponsive individuals who may have a genetic
predisposition to corticosteroid resistance. Much evidence shows that the
asthmatic epithelium is considerably different from non-asthmatic
epithelium and therefore highlights the importance of studying the airway
epithelial cells in greater detail to further our understanding of asthma
development, intercellular signalling and potential therapeutic opportunity.

Research into asthmatic epithelial cells is limited due to the difficulties in
obtaining and culturing human primary airway cells. The current methods
used to obtain bronchial epithelial cells are often invasive and potentially
harmful, for example nasal brushings and biopsies, the risks of which can be
life-threatening to patients. Furthermore, primary cells tend to be costly,
variable and have a limited lifespan (Stewart et al., 2012) Therefore, there is
the need for a reliable and reproducible cell line with which to further study
the phenotypic changes of asthmatic epithelial cells and better understand
progression and symptoms of the disease.

This project involves inducible over-expression of Bmil in order to
temporarily extend the lifespan of primary human bronchial epithelial cells
(HBECs). This will allow cell expansion of primary cells, for increased
passages, to generate higher numbers of cells and then removal of induction
to return Bmil expression to endogenous levels.

1.6 Overall aims of the MPhil

The aim of my project is to develop a method with which to delay replicative
senescence, allowing the long-term study of human primary bronchial
epithelial cells in vitro. This can be broken down into several stages:

e To generate an inducible Bmil switch system which will allow
conditional gene control in primary human bronchial epithelial cells.

e To investigate the effects of elevated Bmil expression on airway
epithelial cell barrier function.

e Toinvestigate the global effects of Bmil over-expression in a human
epithelial cell line using transcriptomic analyses.
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This work initially began as a PhD, but due to health problems, | was not
able to complete all of the work that | set out to do and subsequently
decided to transfer to an MPhil. The original intentions have been outlined

in this thesis to show the over-arching aims and relevance to respiratory
research.
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2. Development of second generation Bmi-1 expression
vectors that allow inducible expression

2.1 Introduction

This chapter outlines the steps taken towards producing genetically
modified +Bmil HBECs. The advantages of lentiviral gene delivery and an
inducible system to deliver Bmil to HBECs were highlighted in Chapter 1.

Previously within the lab group (Torr et al., 2016), lentiviruses have been
produced allowing constitutive over-expression of Bmil. However, in order
to minimise unwanted side-effects of Bmil over-expression, an inducible
system was deemed more appropriate.

During this project, both inducible and constitutive systems have been
produced for comparison. The constitutive plasmid used in this project
differs from those previously used mainly in that it possesses a fluorescent
reporter gene, allowing for ease in detection of positively infected cells.

2.1.1 Lentiviral Plasmids for delivery of Bmil

The lentiviral plasmids chosen for this project are pCDH-CMV-MCS-EF1-
copGFP (System Bioscience, catalogue number CD511B-1) which will
constitutively express Bmil and SparQ™ (System Bioscience, catalogue
number QM531A-2) which will inducibly express Bmil when cells are co-
infected with a repressor virus, CymR (System Bioscience, catalogue number
QM200PA-2) and exposed to cumate which prevents the repressor system.
The plasmid maps for the vectors can be seen in Figure 2.1 and 2.2.

The pCDH-CMV-MCS-EF1-copGFP lentivector will be referred to as pCDH in
the remaining text, SparQT'vI as SparQ and CymR Repressor vector as CymR.

The lentiviruses generated in this project are second generation; the
lentiviral genes required for a functional virus are separated onto 3
plasmids. For safety reasons, the virus produced will be replication
incompetent.
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Figure 2.1 Lentiviral vector plasmids utilised in this project and the restriction
sites selected for inserting Bmil. A) Constitutive expression vector pCDH-CMV-
MCS-EF1-copGFP and B) inducible expression vector SparQ™. The constitutive
vector includes a CMV promoter and GFP reporter expression, whereas the
inducible plasmid possesses a modified CMV promoter with Ad2 spacer including
repressor binding site. An RFP reporter gene is also downstream from an internal
ribosome entry site (IRES). Sequences were obtained from System Biosciences and
plasmid maps constructed with SnapGene software (from GSL Biotech; available at

snapgene.com).
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Figure 2.2 The CymR Repressor Vector used to repress inducible expression. The
plasmid encodes a repressor protein which binds to the repressor binding site
present on the SparQ inducible plasmid (upstream of the gene of interest) and
causing expression of the gene of interest to be repressed. The CymR plasmid
possesses a puromycin resistance gene which will be used to select CymR positively
infected cells (plasmid map provided by System Biosciences using SnapGene)

The CymR virus produces a repressor protein which is able to bind to a
region upstream of the operator (which will be integrated into the host
genome). This blocks expression of the gene of interest from this modified
CMV promoter. However, with the addition of a small molecule called
cumate (which binds to the repressor) there is a conformational change in
the repressor, causing it to release the DNA and allow expression (System
Biosciences, 2017). Therefore, expression of the gene of interest can be
controlled temporally by the addition and removal of cumate from the cell
culture media.

The gene control used in the inducible system is derived from the p-cmt and
p-cym operon of Pseudomonas putida and produced to be used in
mammalian cell systems (Mullick et al., 2006). Mullick et al. (2006) show
that gene expression can be controlled in a dose dependent manner using
this system. Cumate, also known as 4-isopropylbenzoate, is a small plant
metabolite and non-toxic according to System Biosciences (2017). However,
the potential effects on HBECs are unknown at this time.
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2.1.2 Overview of methodology for this project

Fig. 2.3 shows how genetically modified HBECs have been produced using
the constitutive and inducible lentiviral plasmids; from molecular biology
through to lentiviral infections. The inducible system requires extra stages
due to the dual infection with the SparQ-Bmil virus and CymR virus. At the
end of this process, it would be ideal to possess a large stock of genetically
modified HBECs with both the inducible and constitutive systems, preferably
using cells from multiple donors to account for donor variation.

Fig. 2.4 highlights the characterisation techniques which will be used
following production of genetically modified HBECs. These details will be
expanded upon in Chapters 3 and 4.
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Figure 2.3 Planned methodology for generation of a bank of genetically modified
human bronchial epithelial cell lines. An overview of the processes required in this
project to generate Bmil over-expressing HBECs using constitutive and inducible

lentiviral plasmids. The green and
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methodologies for the constitutive (pCDH) and inducible (SparQ) cell lines
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Figure 2.4 Planned methodology for characterisation of genetically modified cell
lines (Chapters 3 and 4). Once genetically modified cell lines have been produced,
they need to be characterised and compared to endogenous early passage HBECs.
Air Liquid Interface and ECIS will be used to compare epithelial barrier function,
whereas RNA sequencing will provide a more in depth view of how Bmil over-
expression is modifying gene expression. Addition of cumate controls inducible
expression of Bmil in modified cells. Therefore, it will also be important to observe
differences in genetically modified cells with over-expression being repressed.

2.1.3 Strategies for lentiviral titration

Once the viruses have been produced, the next challenge will be to calculate
the titre of each virus. The viral titre, or concentration, is required to ensure
that a consistent dose of virus is used to infect cells and to determine the
multiplicity of infection (MOI) or the 'expected number of gene transfer
events per cell' (Andreadis et al., 2000). The SparQ cumate system protocol
(System Biosciences, n.d.) recommends a 1:1 MOI ratio of CymR to SparQ-
Bmil for dual infection.
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There are a number of viral titration options available which have been
reviewed in Geraerts et al. (2006) and a few are summarised below for the
purpose of this project.

A commonly used titration technique involves using an Enzyme-linked
immunosorbent assay (ELISA) to detect viral protein, in particular the p24
protein found on the nucleocapsid (outer shell) of the virus. The design of
the assay is relatively expensive and has a major disadvantage in that the
method does not distinguish between functional and non-functional vector
particles (Geraerts et al., 2006) - for example, viruses which have not
assembled correctly but still possess the p24 antigen.

FACS (Fluorescence-activated cell sorting) can be used to separate cells with
fluorescence via flow cytometry and is probably one of the simplest
methods available. However, with regards to this project, not all of the
viruses produced will have a fluorescent marker gene (the repressor virus
incorporates puromycin selection instead of fluorescent expression) and it
would be preferable to use the same titration method for each virus for
consistency.

Finally, DNA analysis can be performed by lysing and extracting DNA from
the virus-infected cells. The extracted DNA can then be probed via qPCR (see
Section 2.2.5) for genes present on the lentiviral backbone. For example,
commonly used target genes include WPRE (Woodchuck Hepatitis Virus
Posttranscriptional Regulatory Element) and the LTR (long terminal repeat)
region which flanks the gene of interest and aids genome integration
(Geraerts et al. 2006). When the virus infects a cell, these genes are also
incorporated into the cell genome along with the gene of interest.
Therefore, the number of these copies relative to a 'single copy gene-
specific reference gene', such as albumin, can be used to determine the
initial viral titration (Barczak et al., 2015), see Section 2.2.5. However,
Geraerts et al. (2006) highlight that 'not all integrated vectors contribute to
active gene expression' and that expression levels may vary.

Although there are some drawbacks to the latter method, it was deemed
the most appropriate for this project. The LTR sequence will be present in all
viruses used in this project allowing the same method to be utilised across
all of the viruses produced. qPCR will provide evidence of viral infection and
genome integration.

After the viruses have been titrated, the recommended dose can be used to
infect HBECs and to determine the optimal infection conditions. Large stocks
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of genetically modified HBECs can then be produced and stored in liquid
nitrogen for future analysis (as shown in Fig. 2.4).

2.1.4 Aims of the chapter

e To generate lentiviruses conferring both inducible and constitutive
Bmil over-expression

e To use these lentiviruses to successfully infect primary HBECs

e To titrate these viruses to determine an optimal infection dose for
HBECs

e To generate a bank of genetically modified HBECs which over-
express Bmil for further characterisation and ultimately for use in
academic research and potential commercialisation.
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2.2 Materials and methods

2.2.1 Molecular Biology

2.2.1.1 Cloning strategy

Figure 2.5 shows a simplified overview of the cloning strategy used in this
chapter. The human Bmil mRNA sequence is 978bp long (protein accession
code: P35226 (UniProt, 2017)) and has 10 splice variants, only 4 of which
produce viable proteins and 3 of which have a truncated coding region at
the 3' end (Ensembl, 2017). The full length human Bmil cDNA was used in
this project - previously used by Torr et al., (2016) and originally obtained
from Geneservice™ Mammalian Gene Collection.

2.2.1.2 Polymerase Chain Reaction (PCR)

PCR was used to amplify the Bmil sequence from a previously constructed
PFLRu lentiviral plasmid (Torr et al., 2016). PCR exploits the DNA polymerase
enzyme and involves cycling of various temperatures to denature and
anneal the template DNA. DNA polymerase requires double stranded DNA
to initiate DNA replication and therefore primers are needed to flank the
sequence of interest. Complementary bases are then added to the 3' end of
the primer as the polymerase moves along the template strand. The
template and newly synthesised strand separate at the next heating stage to
act as subsequent templates for the next cycle of synthesis, resulting in an
exponential chain reaction (reviewed in McPherson & Moller, 2006).

Two sets of primers were designed to amplify Bmil and to incorporate
restriction sites Notl (3’ end) and Nhel (5’ end) along with a Kozak sequence
upstream of Bmil (recommended by System Biosciences (2012) for
improved translation efficiency) shown in Table 2.1. Set 1 was used by Torr
et al. (2016) and incorporates a base pair change (shown in red in Table 2.1).
This will result in a silent mutation at position 966 of the Bmil sequence
(GCA to GCT, both encoding alanine) and was not amended in order to
match the sequence used in the earlier publication from the research group
(Torr et al., 2016).
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Set1 | Forward Bmil ACT(GACTAGC)GCCTCCATGCATCGAACAACGAGA
Primer
Reverse Bmil ACTC(CGM"CCGGCG)TCAACCAGAAGAAGTAGC
Primer

Set2 | Forward Bmil ACT(GMCTAGC)GCCACCATGCATCGAACAACGAGA
Primer
Reverse Bmil ACGT(GCCGGCCGC)TCAACCAAGAAGTTGC
Primer

Table 2.1 Primer sequences used to amplify Bmil. The incorporated restriction
sites are shown in parentheses; GACTAGC for Nhel and CGACCGGCG for Notl. The
red letter indicates a nucleotide in the primer which will result in a synonymous
base pair change at position 966 following PCR to match the sequence used by Torr
et al. (2016). The Kozak sequence which will be upstream of Bmil is shown in bold.
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Figure 2.5 Overview of molecular biology cloning strategy used to generate
lentiviral plasmids containing the Bmil sequence. These methods will be utilised
at the start of the project in order to produce the lentiviral DNA plasmids which will
later be packaged into Bmil lentiviruses. Boxes in red show the quality control
checks performed at each stage.
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The template used for amplification was a previously constructed PFLRu-
Bmil lentivirus plasmid (by Torr et al., 2016) conferring constitutive Bmil
expression.

The Bmil sequence was amplified via PCR using the Platinum® Taq
Polymerase Kit (Invitrogen). The Taq Polymerase used to synthesise the DNA
in this kit is derived from Pyrococcus species which possess 3->5
exonuclease activity; this provides a higher fidelity proof-reading mechanism
for increased fidelity (Thermofisher Scientific, n.d. -c). Reagents and cycling
times are shown below in Table 2.2 and 2.3:

Water 36.75ul
Biotaq Buffer (10x) Sul
50mM Mg2+ 2ul
5mM dNTPs 2ul
Platinum Taqg Polymerase (5U/pl) 0.25ul
10uM Forward Primer 1l
10uM Reverse Primer 1l
Template containing Bmil 2ul

Table 2.2 Volumes of reagent used to amplify the Bmil sequence. The Bmil
sequence was amplified from a previously constructed PFLRu-Bmil lentiviral
plasmid (by Torr et al., 2016) by PCR utilising the Platinum® Taqg Polymerase Kit
(Invitrogen).

Temperature Time
94°C 5 minutes
94°C 30 seconds
60°C 60 seconds x35
72°C cycles
60 seconds
72°C 10 minutes
10°C Hold

Table 2.3 PCR thermal cycling conditions used for amplification of the Bmil
sequence. The template used for amplification is a previously constructed PFLRu-
Bmil lentiviral plasmid (by Torr et al., 2016).

2.2.1.3 Gel electrophoresis

The product was analysed by gel electrophoresis using a 1% agarose gel and
addition of 6x Orange G loading dye (1 in 6 dilution). This technique relies on
preparing a porous agarose gel (see Appendix for protocol). An electric
current is applied to the gel and the fragments of negatively charged DNA
are driven through the gel, with larger fragments taking longer to travel
through the pores, thus separating the fragments by size (reviewed in Smith,
1996). The gel is then imaged under an ultraviolet light. For gel extraction, a
UV light box was used (8 Watt, 312nm UV bulbs, SLS catalogue no. ULT4042)
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to visualise the bands. To capture images of gels, GeneGenius Gel
Documentation (Syngene) software was used.

2.2.1.4 Gel extraction

After DNA had been separated by size using gel electrophoresis, the correct
molecular weight sized band of DNA was excised with a scalpel from the gel
and purified using QIAGEN’s QlAquick Gel Extraction Kit as per the
manufacturer's instructions and eluted in 30ul of water. This gel extraction
procedure relies on a silica membrane to bind DNA and purification steps to
remove a range of contaminants including primers, ethidium bromide and
agarose (QIAGEN, 2017).

2.2.1.5 Ligation

Platinum® Taq polymerase which was used for PCR has increased specificity
and adds a 3’ A overhang to the PCR products (Thermo Fisher Scientific,
2015). Therefore, the product could be ligated directly into a ®-T vector
(containing a 3’ T overhang), a carrier vector for amplification (see Fig. 2.6).
The ligation procedure involves joining together the insert (Bmil) and the
pPGEM-T vector, via the action of the DNA Ligase enzyme. Ligation was
performed as recommended by the pGEM-T Easy Vector System | Kit
(Promega), with a control containing water instead of insert:

PCR product/Control Insert + sterile water
5ul 2x Rapid Ligation Buffer

1ul pGEM-T vector (50ng)

1ul T4 DNA ligase (1-3u/ul)

e. Total volume 10ul

o 0 T o

The reactions were mixed Reactions were left for 1 hour at 25°C.

Ampicillin

resistance

PGEM-T vector

T

Figure 2.6 lllustration of the pGEM-T vector with 3' T overhang. Taq Polymerase
leaves a 3'-overhang on PCR products, therefore the pGEM-T vector possesses a
complementary 3'-overhang which eases ligation with the PCR product (Bmil).
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2.2.1.6 Transformation

Transformation allows exogenous plasmid DNA to be introduced into
bacteria, which can then be amplified by the bacteria. 2l of ligation mix
prepared in Section 2.2.2.5 was added to 50ul of IM109 High Efficiency
Competent Cells (Promega). IM109 High Efficiency Competent Cells
'minimize recombination and improve the quality of plasmid DNA' during
transformation (Promega, 2017). The cells were left on ice for 20 minutes,
heat shocked at 42°C for 45 seconds and returned to ice for 2 minutes -
disrupting the cell membrane to allow for DNA delivery. 950ul of room
temperature SOC medium was added to each reaction and incubated for 1.5
hours at 37°C (shaking at 150rpm). 100ul of each transformation mix was
pipetted onto (100uM ampicillin) agar plates and incubated overnight at
37°C. Colonies were selected (negative plates contained no colonies) and
added to 5ml of LB broth (+100uM ampicillin). The vials were left to shake at
200rpm and 37°C overnight (see Appendix for agar plate and LB broth
method).

2.2.1.7 Small scale preparation of plasmid DNA (Mini-Prep)

Plasmid DNA was isolated from plasmid-transformed competent cells and
purified by Mini-Prep. 1.4ml of the bacterial broth was taken into a tube and
centrifuged at 10,000g for 5 minutes. DNA was isolated from the pellet and
purified using the Wizard Plus SV Minipreps DNA purification system kit
(Promega) following the kit protocol (Promega, 2010). The kit contains
solutions to lyse the bacteria and columns to collect the DNA. DNA was
eluted from the columns in 100ul of nuclease free water.

2.2.1.8 Restriction digest of recombinant DNA to confirm presence of
insert

Restriction endonucleases are utilised to cut DNA at specific target
sequences. Having incorporated the relevant target sequences for Notl and
Nhel into the primers used for PCR, the Bmil sequence was now flanked by
these two restriction sites. A restriction digest was performed on the pGEM-
T-Bmil plasmid to see if the insert was present (if successfully ligated, then
an Nhel restriction site should be at the 5" end of the Bmil sequence and
Notl at the 3’ end), producing an insert of approximately 978bp. Reactions
were set up as follows (per tube):

S5ul CutSmart Restriction Buffer
0.5ul Nhe I-HF (10u/pl)

0.5ul Not I-HF (10u/pl)

DNA (pGEM-T Bmi1)

42ul water

-~ o a0 T o

Total volume 50ul
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Reactions were left at 37°C for 1 hour and analysed by gel electrophoresis
(as outlined in Section 2.2.2.3) at 60V along with diluted uncut pGEM-T-
Bmil plasmid for comparison.

2.2.1.9 Sanger sequencing of ligated plasmids

Sanger sequencing relies on the action of DNA polymerase. DNA polymerase
uses a template strand of DNA to create a new strand which is
complementary to the original. It adds new nucleotides to the 3'-hydroxyl
group of the previous nucleotide on the newly synthesised strand.
dideoxynucleotides (ddNTPs) lack a 3'-hydroxyl group, necessary for
addition of the next nucleotide. Therefore, when a ddNTP is present and
incorporated into the strand, it causes extension to be terminated. By
fluorescently labelling these ddNTPs and using them to create various
fragment lengths, it is possible to determine the order of the sequence
(Sanger et al., 1977).

Big Dye termination mix (Applied Biosystems) was utilised which consists of
the relevant ddNTPs and enzymes required for sequencing.

PGEM-T-Bmil plasmid samples containing a correctly sized insert were
prepared for sequencing. Reactions were set up containing:

0.5ul Big Dye termination mix (Applied Biosystems)
3.5ul BetterBase

1uM M13 primer

4ul water

PGEM-T-Bmil ligated plasmid

© oo oW

Reactions were placed in a thermal cycler with these conditions:

Temperature Time
96°C 30 seconds
50°C 15 seconds x25
60°C cycles
4 minutes
28°C 60 seconds
10°C Hold

Table 2.4 Cycling conditions used to prepare DNA for sequencing in a thermal
cycler. After ligating the Bmil sequence into the pGEM-T vector, the plasmid
needed sequencing to confirm Bmil had been inserted correctly.

2.2.1.10 Purification of sequencing reactions
The reaction was then precipitated as follows:

1. 2ul of 3M sodium acetate (pH 5.2) and 2ul of 125mM EDTA (pH 8)
was added to the reaction and incubated for 15 minutes at 28°C
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2. 50ul of 100% ethanol was added and mixed. The tubes were
centrifuged for 30 minutes at 13,000rcf.

3. The supernatant was discarded and 250ul of 70% ethanol was added.
This was centrifuged for 5 minutes at 13,000rcf. Supernatant was
discarded and the pellet left to air dry.

4. Samples were taken to the University of Nottingham DNA
Sequencing Facility where a 3130xI ABI PRISM Genetic Analyzer (Life
Technologies) was used for analysis. The output was analysed using
NCBI BLAST (Altschul et al., 1997) and EMBL-EBI ClustalW (Larkin et
al., 2007).

2.2.1.11 Sub-cloning of the Bmil expression cassette from pGEM-T into
pCDH and SparQ vectors
Plasmid DNA containing Bmil and the lentiviral vectors to be used in this

project - constitutive vector (pCDH) and inducible vector (SparQ) were
restriction digested as follows:

10ul CutSmart Restriction Buffer

1ul Nhe I-HF (10u/pl)

1ul Not I-HF (10u/pl)

DNA (1 tube of pGEM-T-Bmil and 1 of vector)
84yl sterile water

S0 Q0 T W

Total volume 100ul

Reactions were left at 37°C for 1 hour and analysed by gel electrophoresis.
The insert (Bmil) from the pGEM-T vector and the cut lentiviral vector were
excised. A gel extraction was performed as before to purify the fragments
using QIAGEN gel extraction kit (for microcentrifuge) and eluted in 30ul of
water.

Ligation reactions between the lentivector and Bmil fragments were set up
as follows:

a) 1ul T4 DNA ligase (500 units, Promega catalogue no.
M179A)

b) 1ul ligase buffer

c) Ratio of vector:insert (from gel extraction)

d) Made up to 10ul with water

The following ratios were used (vector:insert): 1pl:6ul, 1pl:3ul, 1pl:1ul,
3ul:1pl, 6pl:1pl and left at 22°C for 3 hours. Controls were also set up
containing water instead of insert.
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2.2.1.12 Bacterial transformation of lentiviral plasmids

Reactions were transformed into One Shot Max Efficiency DH5a-T1
competent cells kit following the kit protocol. The One Shot kit is beneficial
in that it provides resistance to bacteriophages (T1 and T5) and cleaner
products downstream (Thermofisher Scientific, n.d. -b).

1. 5ul of ligation mix was added to 25ul of competent cells. A negative
(water only) and positive control (pUC plasmid included in kit) were
also performed.

2. The cells were left for 30 minutes on ice, before heat-shocking at
42°C and being returned to ice for 2 minutes.

3. 125ul of SOC media (Fisher, VX15544034) was added to each
reaction. The reactions were incubated at 37°C for 1 hour shaken at
225rpm in Sanyo Gallenkamp Heated Orbital Incubator (Model:
10X402.XX1.C).

The mix was spread onto agar plates (+ampicillin) and incubated at 37°C
overnight. Colonies were selected and cultured in LB broth overnight. DNA
was purified from the bacterial broth and restriction digested as before.

It was later decided to modify both inserts to contain the unique bp
modification (contained in the SparQ vector.

2.2.1.13 Large-scale preparation of plasmid DNA (Maxi-prep)

A maxiprep was utilised to obtain a higher DNA yield. Once lentiviral
plasmids were achieved containing the Bmil insert, individual colonies were
cultured in LB broth and added to fresh LB broth the following day at a
higher volume of 100-250ml.

Plasmids were purified using QIAGEN maxiprep kit following the kit protocol.
The resultant DNA pellet was re-suspended in 500-600ul of purified water,
quantified via nanodrop (using Nanodrop 2000c UV/IV Spectrophotometer,
Thermo Scientific) and sequence verified as before.
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2.2.2 Genetic manipulation of cells

2.2.2.1 Cell culture

All mammalian cells were incubated at 37°C, 5% CO,. Media was changed
every 2-3days. Cells were detached from flasks using Trypsin-EDTA (0.05%
trypsin, 0.02% EDTA. Sigma T2934).

HEK293T cells

HEK293T cells were grown in Dulbecco's Modified Eagle's Medium with 10%
Fetal Calf Serum (FCS, Sigma, C8056) and 1% Penicillin-Streptomycin (10,000
units penicillin and 10mg streptomycin/ml Sigma, P0781) unless stated
otherwise (during lentiviral packaging, FCS is reduced to 2%). The HEK293T
cells were derived from those used by Torr et al. (2016) and were used at
passages 19, 22 and 31 for transient transfection and passage 21 for
lentiviral production.

HBECs

HBECs were supplied by Clonetics (Lonza). The donor used was a 43 year old
non-smoking Caucasian male, HIV and Hepatitis B negative. HBECs were
cultured in Bronchial Epithelial Growth Media (BEGM, Lonza, CC-3170)
which consists of Bronchial Epithelial Basal Media supplemented with the
SingleQuot Kit (as described in Slater et al., 2016), minus Gentamicin and
Amphotericin-B. Trypsin inhibitor (Invitrogen, 17075-029) was used with
HBECs. HBECs were at Passage 4 for lentiviral infections.

Cryopreservation

HBECs were frozen in 1ml of media, 10% DMSO at 250,000 cells and stored
in liquid nitrogen for long term storage.

2.2.2.2 Transient Transfection in HEK293T cells

Transient transfection allows temporary introduction of exogenous DNA into
actively dividing mammalian cells. As the DNA is not incorporated into the
genome, it is gradually lost from the cell during cell division. Transient
transfection provides a quick method to determine whether the plasmids
are functioning before packaging them into lentiviruses.

HEK293T cells were cultured in T75 flasks and upon reaching confluency
were seeded into 6 well plates at a density of 200,000 cells per well. At
approximately 50-80% confluency, the cells were transfected using TransIT-
LT1 (Mirus Bio, catalogue number MIR2300) at a ratio of 3ul TransIT:1ug
DNA as per the product manual with the SparQ-Bmil and pCDH-Bmil
plasmids. Plasmids containing inserts were corrected to adjust for the
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difference in molar ratio. The transfection mix was added drop-wise to the
cells.

2.2.2.3 Lentiviral production in HEK293T cells
The protocol for lentiviral production is based on that used by Torr et al.
(2016).

The plasmids involved in lentiviral production possess genes from the Feline
Immunodeficiency Virus (System Biosciences, n.d.). For safety reasons, in
second generation systems the genes required to produce a functional virus
are separated onto 3 distinct plasmids: a lentiviral transfer plasmid
containing the gene of interest and long terminal repeats, an envelope
plasmid containing the ENV gene and a packaging plasmid containing the
genes GAG, POL, REV and TAT (Addgene, n.d.) as shown in Fig. 2.7.

Complete lentiviral genome

5’ LTR 3 ITR

GAG
POL
REV
TAT

Packaging plasmid Envelope plasmid

Lentiviral transfer plasmid

Figure 2.7 Schematic illustrating how the lentivirus genome is separated onto
three distinct plasmids (based on Addgene, n.d.). The packaging and envelope
plasmids consist of the genes required to assemble a functional lentivirus and the
lentiviral transfer plasmid contains the gene of interest (Bmil) along with Long
Terminal Repeats required for integration into the host genome.

2.2.2.4 Packaging of lentiviruses

Functional lentiviruses were produced in HEK293T cells. This involved co-
transfecting the lentiviral plasmid along with the packaging (pCMV delta
R8.91) and envelope plasmid (pCMV-VSV-G) as outlined in Torr et al. (2016).

HEK293T cells were seeded into 10cm dishes at a density of 2 million cells
per dish. One dish was used per virus. Before transfection, the media on the
cells was changed for fresh media with 2% FCS, 1% Pen/Strep.
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As detailed in Table 2.5, 10ug of total DNA was required for each dish; 5ug
of the lentiviral packaging and envelope vectors at an 8:1 ratio (4.4ug

packaging, 0.6ug envelope) and 5ug of the lentiviral vector (with or without
gene of interest) as used by Torr et al. (2016).
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Type of
plasmid

Name of plasmid

ng of DNA
needed per
tube

Envelope
Plasmid

pCMV-VSV-G

600

Packaging
Plasmid

pCMV delta R8.91

4400

Lentiviral
Transfer
Plasmid

pPCDH-copGFP empty plasmid (constitutive)

5000

Lentiviral
Transfer
Plasmid

pPCDH-copGFP-Bmil (constitutive)

5000

Lentiviral
Transfer
Plasmid

pCDH-CuO-MCS-IRES-RFP (SparQ) empty
plasmid (inducible)

5000

Lentiviral
Transfer
Plasmid

pCDH-CuO-MCS-IRES-RFP (SparQ)-Bmil
(inducible)

5000

Lentiviral
Transfer
Plasmid

pCDH-EF1-CymR-T2A-Puro

5000

Table 2.5 Quantities of plasmids required for lentiviral packaging reactions. For
each lentiviral packaging reaction, a specific ratio (8:1) of packaging (pCMV delta
R8.91): envelope (pCMV-VSV-G) plasmid was required along with 5000ng of one of
the Lentiviral Transfer Plasmids. Five different lentiviruses were packaged, using
the: constitutive plasmid +/- Bmil, inducible plasmid +/- Bmil and the repressor

plasmid (CymR).

A transfection mix was set up as follows for each virus:

e 800ul Optimem (Fisher, Catalogue no. 10149832)
e 10ug DNA (lentiviral transfer plasmid + envelope plasmid + packaging

plasmid)
e 18ul of TransIT-LT1
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This was incubated at room temperature for 30 minutes and added drop-
wise to the cells. After 48 hours, the supernatant was collected and the cells
were provided with fresh media. The media was also collected the following
day and the two samples pooled together. Supernatant samples containing
live virus were filtered through a 0.45um filter to remove cell debris. The
filtrate was centrifuged at 20,000rpm for 3.5 hours at 4°C. The supernatant
was discarded and the pellet containing the virus re-suspended in 1ml of
BEGM. The virus was aliquoted and stored at -80°C until required.

2.2.2.5 Preliminary infection of HBEC culture
Infections were performed in 6 well plates in passage 4 HBECs. All repeats
were performed in cells from the same donor.

HBECs were seeded at a density of 100,000 cells per well. On the day of
infection, media was removed and replaced with 800ul BEGM (+2ug/ml of
polybrene). Viruses were thawed and a range of volume were added drop-
wise to the cells. The doses included 1pl, 2.5ul, 5ul and 7.5ul of virus based
on previous experiments within the lab group using this infection protocol
with HBECs.

The infected cells were rocked from side to side at intervals of
approximately every 30 minutes for the next 2 hours to increase contact
between the virus and the cells. After 6.5 hours, media was replaced
without polybrene. Media was changed every 2-3 days until 10 days post
infection, when the cells were deemed to be virus-free and no longer
infectious.
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2.2.3 Imaging

A Zeiss Axio-Observer D1 microscope was used with Volocity software to
capture fluorescent images. Lasers are used to excite the reporter proteins
which emit fluorescence at a particular wavelength that can be detected. To
detect GFP in pCDH-Bmil infected/transfected cells, an excitation
wavelength of 491nm was used. For detection of RFP in SparQ-Bmil
infected/transfected cells, an excitation wavelength of 568nm was used.

HEK293T cells were imaged 24 hours post-transfection. Cell lysates were
collected for future analysis of protein expression.

Lentiviral infected HBECs were imaged ten days post-infection to capture
fluorescence. Phase-contrast images were taken to capture 3D structure
using a Nikon Diaphot 300 Inverted Microscope with SPOT RT3 2MP CCD
Slider Digital Camera attached and SPOT software.

2.2.3.1 Fluorescent image analysis

Fluorescent images were analysed using Imagel. There were 2-5 images
taken of each well. The mean grey scale function was used to quantitatively
measure the fluorescence of the cells using images of equal area. The mean
grey scale function converts RGB images into greyscale and calculates the
mean value, allowing direct comparisons to be made between the
brightness of different images. The raw data was plotted onto a graph
across a range of infection doses using GraphPad Prism.
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2.2.4 Protein analyses

2.2.4.1 Western Blotting to confirm Bmil over-expression

Western Blotting involves separating proteins by molecular weight on a gel
and transferring the protein bands onto a PVDF membrane. The membrane
is probed by primary antibodies which specifically bind the protein of
interest and unbound antibody is later removed. There are various methods
which then allow visualisation of the target protein, such as fluorescent
secondary antibodies, but in this case enzyme-labelled secondary antibodies
are used which bind to the target primary antibodies and produce
chemiluminescence when subsequently exposed to the appropriate
substrate (Thermofisher Scientific, n.d -d).

In order to prepare the samples, the cell lysates of transfected cells were
washed with 2ml cold PBS and collected by addition of 100ul SDS loading
dye and use of a cell scraper. They were stored at -80°C. Initial blots
appeared overloaded, so samples were first diluted 1 in 5 and a smaller
volume loaded into wells. Gels were made (see Appendix for details of gels
and solutions). Before loading, protein samples were heated to 95°C for 5
minutes and centrifuged at 13,000rpm for 3 minutes.

The gel was transferred onto a PVDF membrane (Millipore) in transfer buffer
and blocked overnight with 5% milk in TBST. After washing with TBST, the
membrane was treated with primary antibody overnight as shown in Table
2.6. Two gels were run in duplicate and treated separately, one with anti-
Bmil and the other with anti-beta actin antibody.

The membrane was washed three times and treated with secondary
antibody for one hour in darkness.

2.2.4.2 Enhanced Chemiluminescence (ECL)

The membrane was re-washed and treated with ECL™ reagents (GE
Healthcare, catalogue number RPN203E). ECL is a technique used to
visualise the proteins. The secondary antibody is horseradish peroxidase
(HRP)-conjugated and when in the presence of hydrogen peroxide, HRP
oxidises luminol (a chemiluminescent substrate) causing an emission of light
relative to the amount of antibody-bound protein present (reviewed in
Kurien & Scofield, 2005). This emission can then be detected with
photographic film and developed.
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Name Dilution in 5% | Catalogue
milk in TBST number

Primary Antibody Mouse anti Bmil 1in 2000 05-637

clone F6 IgG (Millipore)
Secondary Antibody | Anti- Mouse HRP- 1in 1000 HAF018 (R&D)

conjugated antibody
Primary Antibody Anti-beta actin 1in 2000 ab8227 (Abcam)
Secondary Antibody | Anti- Rabbit HRP- 1in 1000 HAFO008 (R&D)

conjugated antibody

Table 2.6 Antibodies and dilutions used for Western Blotting of HEK293T cell
lysates. To confirm that Bmil protein was being produced in transfected HEK293T
cells, a mouse anti-Bmil antibody was used to probe cell lysates and a rabbit anti-
beta actin antibody as a reference. Anti- mouse and anti-rabbit secondary
antibodies were then used respectively to detect the primary antibodies.

2.2.4.3 Quantification of protein expression level using densitometry
The blot was scanned to obtain a digital copy. The image was converted to

black and white in Microsoft Office Picture Manager by changing the hue

and saturation settings to -100. Image J was utilised to perform

densitometry.

The colours were inverted to make the bands white on a black background.

This technique relies on measuring the greyscale of each band. In greyscale,

the pixel values range from 0-255, where zero is pure black and 255 is pure

white. Therefore, in this case, the higher the pixel value, the more protein

present.

The background of the Western Blot image was subtracted to provide a

constant background and contrast was enhanced using the default settings

of ImagelJ. A box was drawn around the largest protein band and mean grey

scale calculated. The same sized box was used to measure each band to

ensure the same sized area was analysed. The values for the Bmil bands

were divided by the values for beta actin in the corresponding lanes for

normalisation.
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2.2.5 Quantifying lentiviral titre using qPCR

2.2.5.1 Isolation of DNA to determine lentivirus titres

DNA was collected from HBEC cultures 10 days post-infection. HBECs were
detached with trypsin and centrifuged for 5 minutes at 500rcf. The
supernatants were discarded and the pellet stored at -80°C overnight. DNA
was extracted using QlIAamp DNA mini and Blood Mini kit (QIAGEN) as per
the instruction manual. Tagman quantitative PCR (gPCR) was utilised to
measure the amount of product synthesised.

2.2.5.2 TAQMAN qPCR to quantify copies of viral LTR sequence

TAQMAN ¢gPCR is based on the research of Holland et al. (1991). In the
context of this study, the gPCR assay relies on a probe consisting of a FAM
fluorophore and a TAMRA quencher. In close proximity, the quencher
guenches the fluorescence released by the fluorophore. As the DNA
polymerase moves along the template strand, it causes the probe to be
displaced which results in the fluorophore being separated from the TAMRA.
This in turn allows the fluorophore to fluoresce, the intensity of which can
subsequently be detected and recorded.

To calculate viral titre, primers and probes were used (LTR primer and probe
sequence obtained from Geraerts et al., 2006) to perform qPCR using a gene
on the lentiviral backbone (5'LTR). The sequences were analysed using
BLAST (Altschul et al., 1997) and NetPrimer (Premier Biosoft International)
(Table 2.7) and can be visualised mapped against the lentiviral backbone in
Fig 2.8.

Gene Primer Sequence (5’->3’) BLAST results

used
LTR F) TGTGTGCCCGTCTGTTGTGT Only recognised in HIV isolates
LTR R) GAGTCCTGCGTCGAGAGAGC Only recognised in HIV

isolates/cloning vectors

Probe FAM-CAGTGGCGCCCGAACAGGGA- Only recognised in HIV
TAMRA isolates/cloning vectors

Table 2.7 LTR primer and probe sequences used for lentiviral titration via qPCR.
The lentiviruses used in this project all possess the LTR sequence, a region common
in the backbone of many lentiviral vectors. Therefore DNA isolated from infected
cells will be probed using this target region. These primer and probe sequences
were initially used successfully for lentiviral titration and designed by Geraerts et
al. (2009).
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Figure 2.8 LTR primers and probe used by Geraerts et al. (2006) for lentiviral
titration. Schematic of A) the lentiviral backbone and B) how the primers and
probes will bind to the LTR sequence (not to scale). Lentiviral sequence provided by
System Biosciences and visualised using SnapGene Viewer.

The qPCR reaction was set up as follows:

Volume (ul)
Tagman Mastermix (Thermo Fisher Scientific) 10
DNA (10ng/ul stock) 2
10pM LTR F primer 0.6
10puM LTR R primer 0.6
5uM LTR probe 0.4
Water 6.4

Table 2.8 qPCR reaction components and volumes.

A range of dilutions were performed on the plasmid DNA (SparQ-Bmil) to
obtain a standard curve from known DNA concentrations, from which the
viral copy number could be calculated. Control wells were also set up
consisting of water instead of DNA and each condition was repeated three
times per plate. Data was analysed using MxPro qPCR software (Agilent).

The following equations could then be utilised to calculate the viral titre:

"Lentiviral copy number per cell = (copy number WPRE/copy number
Albumin) x 2

Titre (TU/ml) = (Primary number of cells count in day 1 x lentiviral copy
number per cell of the sample/volume of used lentivirus (ml)"

which were taken from Barcazk et al. (2015), where albumin is used as a
single copy reference gene and WPRE is a lentiviral backbone gene.
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2.3 Results

2.3.1 Production of lentiviral plasmids containing the Bmi1l
sequence

| first set out to generate a new series of Bmil expression vectors. The
purpose of these vectors was to deliver the Bmil sequence to HBECs by
assembling into lentiviruses and permanently introducing the sequence into
the cell genome.

To begin with, the pGEM-T vector was used as a means to amplify the Bmil
sequence. The Bmil insert was then transferred into both the constitutive
pCDH vector and the inducible SparQ vector which would provide the means
to produce lentiviruses containing the Bmil sequence. The ligated plasmids
were cut and observed to possess inserts of approximately the expected size
(Fig. 2.9). The insert size was a little higher than expected, but the plasmids
were confirmed to contain the correct insert after being sequence verified.

bp A B

12kb

Skb
2036
1636
1018

1kb

Figure 2.9 Restriction digested pCDH-Bmil SparQ-Bmil plasmids both showing an
insert of approximately 1kb, the expected size of the Bmil insert. A) Restriction
digested pCDH-Bmil plasmid, B) Uncut pCDH-Bmil plasmid, C) Uncut SparQ-Bmil
plasmid and D) Restriction digested SparQ-Bmil plasmid. The Bmil insert is flanked
by Notl and Nhel restriction sites. When the pCDH-Bmil and SparQ-Bmil plasmids
are cut with these enzymes, an insert of 998bp is expected, which can be seen in
lanes A and D. The empty pCDH plasmid is 7544bp and the SparQ plasmid alone is
8414bp.
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2.3.2 Transfected HEK293T cells successfully over-express
RFP and GFP and can be identified using fluorescent
microscopy

Having confirmed that the newly synthesised plasmids contained an insert
and sequence verifying this insert as Bmil, the next stage was to ensure that
the plasmids were functioning correctly and able to express the genes
present. In order to do this, the plasmids were transiently transfected into
HEK293T cells. HEK293T cells are mammalian cells which are frequently used
for transient transfections due to their ease of culture and gene delivery.
They were deemed an appropriate cell type to use for initial transient
transfections as they would be utilised for lentiviral production at a later
stage of the project.

Each of the plasmids possesses a reporter gene, (GFP in pCDH-Bmil and RFP
in SparQ-Bmil) which provides a simple means of detecting whether
transfection is successful or not via fluorescent confocal microscopy.
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Brightfield GFP RFP

e
Figure 2.10 RFP and GFP were observed in transiently transfected HEK293T cells
showing successful delivery and function of lentiviral plasmids compared to
negative controls. A) Untransfected cells and B) TransIT-LT1 only vehicle control.
HEK293T cells were transfected with C) SparQ EV, D) SparQ-Bmil, E) pCDH EV and
F) pCDH-Bmil plasmids. Fluorescent and Brightfield imaging of HEK293T cells 24
hours post-transfection. Representative of 3 independent replicates at passage 20,
p20 and p30. Each replicate consisted of at least two replicate wells per condition.
Images taken using 100x objective, Gain 1, Exposure 345ms, 491nm wavelength
used for detection of RFP and excitation wavelength of 568nm, 40ms exposure and
Gain 3 used for GFP. Seeded at 200,000 cells per well in a 6 well plate and
transfected at a ratio of 7.5ul TranslIT:2.5ug DNA (corrected to account for insert).
Scale bar shows 60um.
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As shown in Fig. 2.10, both RFP and GFP could be detected 24 hours post-
transfection, meaning the cells were successfully transfected; the plasmids
were delivered to the cells and they were able to produce the fluorescent
proteins. On the other hand, no fluorescence was detected in untransfected
and vehicle-only controls. Furthermore, the confluency of all of the cells
appeared similar in Brightfield images.

2.3.3 Bmil protein over-expression is observed in transfected cell lysates
To then determine whether Bmil protein was being over-expressed using
these newly generated vectors compared to controls, the cell lysates from
the transfected and untransfected HEK293T cells were visualised in Fig. 2.11
by Western Blot.

TransIT-LT1 only
Untransfected cells

pCDH-Bmil
SparQ-Bmil

260kDa

70kDa
50kDa
40kDa
35kDa
25kDa

- s W= - - Anti-Bmil
45 second exposure

15kDa

10kDa

B
260kDa

70kDa
S0kDa

40kDa
35kDa

Anti-Betaactin

1 minute exposure

25kDa

15kDa

10kDa W=

Figure 2.11 A) Bmil protein levels are elevated in HEK293T cell transiently
transfected with vectors containing the Bmil expression cassette, B) relatively
equal baseline levels of beta-actin reference protein. Increased Bmil was
observed in 2 independent repeats with protein samples acquired from 2
independent transient transfections in HEK293T cells. Equal volumes of protein
were loaded per well. Separate gels were used for Bmil and beta-actin due to
problems during the stripping stage. The expected protein size of Bmil is 36.9kDa
and beta-actin is 41.7kDa (UniProt, 2016).
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Increased protein signals of the expected size can be observed in samples
from +Bmil transfected cells. The unusual banding observed in Figure 2.11A
is thought to be due to the excess of protein and made stripping the
membrane particularly difficult. To overcome this, beta actin had to be
analysed on a separate gel run in parallel. Each well contained the same
volume of total protein sample in order for comparisons to be made.

The beta actin bands indicate relatively equal amounts of protein. Whereas,
the Bmil bands in Figure 2.11A show that although all cell samples contain a
baseline level of Bmil, the level is much increased in those transfected with
plasmids containing Bmil.

To quantitatively compare the bands of the Western Blot, densitometry was

performed to analyse the differences between the mean grey scale of each
band (effectively how dark the band is).

Figure 2.12 Conducting densitometry on Western Blot protein bands using Image)
to quantitatively compare protein levels. The image colours were inverted. A box
was drawn around the largest protein band and the mean grey scale was
measured. This same box was dragged to each of the other bands to ensure the
same sized area was analysed each time. This provided a means to quantitatively
compare the amounts of protein in each band on the blot.

Fig. 2.12 illustrates how the measurements taken. The SparQ-Bmil band
proved difficult to measure as it appeared to have numerous bands. A box
was drawn around the band of the expected size for Bmil protein and all
other measurements were taken using the same sized box.

Table 2.9 quantitatively shows increased Bmil protein in bands from either
SparQ-Bmil or pCDH-Bmi1l transfected cell lysates compared to empty
vectors and negative controls (vehicle only and untransfected cells).
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Mean Grey pCDH
Scale Value | empty pCDH- SparQ | SparQ- | TransIT-
Untransfected

vector Bmil EV Bmil | LT1only ntransiecte
(EV)

Bmil 36.97 | 69.416 | 32.404 | 189.447 | 29.995 28.331

Beta-actin | 36487 | 43.687 | 46.234 | 43.746 | 50.369 25.798

Ratio

(Bmil/beta | 1.013 1.589 | 0.7001 | 4.330 0.596 1.098

-actin)

Table 2.9 Densitometry of Western Blot bands indicate increased Bmil protein in
transfected HEK293T cells. Protein bands from Fig 2.11. were analysed via Image)
and increased mean grey scale values were observed in lysates from cells
transfected with either pCDH-Bmil or SparQ-Bmi1l (highlighted in red) compared to
empty vector and negative controls. Bmil bands were compared to beta-actin
bands in order to normalise the values. For the mean grey scale (top two rows), a
value of zero would represent black (low protein), whereas a value of 255 would
represent white (high protein). Data representative of one repeat.

The transient transfections in HEK293T cells with the lentiviral plasmids
were a success. The plasmids were able to express both fluorescent genes
and over-express Bmil and therefore were functioning as intended and
ready to be packaged into lentiviruses.

The large difference observed in the levels of Bmil produced in pCDH-Bmil
transfected cells and SparQ-Bmil transfected cells could potentially be due
to the difference in promoters used in each plasmid to initiate protein
transcription. The pCDH-Bmil plasmid contains a CMV promoter, whereas
the SparQ-Bmil contains a modified CMV promoter (CMV5). In a 2008
study, Papagatsias et al. (2008) found that the CMV5 promoter activity was
higher than the CMV promoter in certain cell lines, but in human dendritic
cells, CMV performed best. This suggests that resultant protein expression
may be determined not only by the promoter used, but the combination of
cell type and the promoter together.

63




2.3.4 Lentiviral-infected HBEC cultures survive and produce
RFP and GFP

Having confirmed that the lentiviral plasmids were functional, lentiviruses
were produced in HEK293T cells and collected from the cell supernatant as
outlined in the methods. To determine whether they were able to infect
cells and introduce the gene of interest, preliminary infections with HBECs
were prepared. As the titre had not yet been calculated, a range of volumes
were applied to the cells based on previous experiments within the research
group. In this case the dosage was: 1ul, 2.5ul, 5ul and 7.5ul of virus. Passage
4 HBECs were infected with lentivirus and then imaged ten days post-
infection. Only cells given the maximum dose of virus (7.5ul) are shown in
Figure 2.13, which reveals a similar morphology between infected and
uninfected cells.

As there was no gross change in HBEC culture appearance, fluorescent
microscopy was then undertaken to determine whether the fluorescent
proteins (RFP and GFP) could be observed in the infected cells (Fig. 2.14 and
2.15). This would confirm that the viruses were functioning and could infect
and deliver genes to the primary HBECs. Infections were repeated a total of
3 times with a minimum of 2 wells per condition within each repeat.
Infections with empty vector viruses were repeated twice.

Initial experiments included HBECs infected with both SparQ + CymR to
observe whether the cells could tolerate the dual infection before further
repression experiments were undertaken. Equal volumes of virus were
added (7.5ul of each). As cumate was not added, this should have resulted
in at least some of the Bmil and RFP gene expression being reduced.
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Figure 2.13 Phase contrast images of HBECs 10 days post- lentivirus infection
show similarities in confluency and cell morphology compared to uninfected
controls. Passage 4 HBECs infected with 7.5ul virus: A) pCDH-Bmil, B) pCDH EV, C)
SparQ-Bmil, D) SparQ EV, E) SparQ-Bmil + CymR, F) CymR only and G) none
(uninfected control). There were no significant changes in the morphology of
infected cell cultures compared to uninfected HBECs. Images taken using x20
objective and Phase plate Ph2. Scale bar shows 100pum.
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Figure 2.14 HBECs infected with pCDH-Bmil and pCDH EV viruses express GFP.

HBECs were infected with varying volumes of pCDH-Bmil virus A) 1ul, B) 2.5ul, C)
5ul, D) 7.5ul; E) pCDH EV 7.5 ul, F) Uninfected cells. Scale bar shows 60um (GFP:
exposure 1.68s, gain 4). Representative of 3 replicates in passage 4 HBECs, 10 days
post-infection.
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Figure 2.15 HBECs infected with SparQ-Bmil and SparQ EV viruses express RFP.
Passage 4 HBECs were infected with SparQ-Bmil A) 1pl, B) 2.5ul, C) 5ul, D) 7.5ul; E)
SparQ EV, F) SparQ+CymR, G) CymR only. Scale bar shows 60um (RFP: exposure 3s,
Gain 3). Representative of 3 replicates, 10 days post-infection. The CymR repressor
virus does not possess a fluorescent reporter gene.
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Fluorescence can be observed in the appropriately infected cells and
appears to increase according to viral dose. Uninfected cells and those
infected with the CymR virus (which has no fluorescent marker) showed no
fluorescence.

Lentiviral infected HBEC cultures visually appeared to be growing as well as
uninfected cells although quantitative measures were not taken.
Fluorescence showed that the viruses were assembled correctly and capable
of both infecting HBECs and integrating the fluorescent genes into the host
genome.

2.3.5 Quantification of fluorescent protein expression across
lentiviral titres

To provide an estimate of the viral dosage which should be used for future
experiments and to provide quantitative data for the levels of RFP and GFP,
the fluorescent images were analysed using ImageJ to compare the
differences between cells infected with a range of viral volumes.

For one repeat, incorrect microscope settings were used (different exposure
time) - see red data in Figure 2.16. Unfortunately, this meant that statistical
analysis was not possible for this data.
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Figure 2.16 Quantitative analysis of fluorescent images shows a dose-dependent
increase of fluorescent signal in HBECs. Inclusion of the repressor system
decreases RFP as anticipated. Passage 4 HBECs have been infected with varying
doses of either A) pCDH-Bmi1l virus or B) SparQ-Bmi1l virus. C) shows cells infected
with both SparQ-Bmil and the repressor virus, CymR. The mean grey scale was
determined using ImageJ and raw values plotted into a graph. Each represents an
independent repeat and the horizontal line highlights the median value. The red
dot shows the repeat with images taken using different microscope settings.

2.3.6 Infected cells demonstrated a dose dependent increase
in RFP or GFP

These data demonstrated an increase in fluorescence with increasing viral
dose (Fig. 2.16 A and B), implying that a greater number of cells have been
infected with the viruses. There appears to be much variation between
repeats, even those with the same microscope settings (orange and blue in
Figure 2.16 B).

As expected, there was no fluorescence observed in CymR virus only
infected cells (which does not contain a fluorescent reporter) and a
relatively large increase in cells infected with the SparQ-Bmil virus
(containing a RFP reporter gene).
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2.3.7 The SparQ repressor system shows potential but
requires more optimisation

Following infection with both the SparQ-Bmil and the CymR virus, a
decrease in fluorescence would be anticipated (as the repressor would
prevent expression of both Bmil and RFP). Although statistics could not be
performed on this data, there is a trend of decreased fluorescence in cells
infected with both SparQ-Bmil and CymR virus as compared to SparQ-Bmil
alone (Fig. 2.16 C). Taking the SparQ-Bmil mean grey scale value as 100% in
each of the 3 repeats, the value drops to 90.7%, 43.8% and 31.9% when
measured in cells infected with SparQ-Bmil combined with the CymR
repressor virus. However, large variations in the data can also be observed.

2.3.8 Establishing a qPCR to measure viral integration into the
host genome

Following lentiviral infection of HBECs, qPCR was chosen as the most
suitable method to quantify the genes which had been integrated into the
host cell genome.

Part of the lentiviral backbone as well as the gene of interest (Bmil) would
have been incorporated into the genome of HBECs infected with the virus.
This provides a means of determining the number of gene copies present in
the cells and therefore the initial viral titre.

The 5' LTR is a region upstream of the gene of interest and is involved in
integrating the gene into the host genome via recombination (Addgene, no
date). A section from the 5'-LTR was utilised for primers and probes as it
would be present in cells infected with both Bmil-containing viruses and
empty vector viruses as well as the CymR repressor virus, meaning the same
standard could be used for all of the viruses produced in this project.
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Figure 2.17 Optimisation of the LTR qPCR assay to be used to determine viral
titre. A standard curve was produced in MxPro software (Agilent) using SparQ-
Bmil plasmid DNA at known concentrations with LTR primers and Tagman probe.
Each sample was a 1 in 10 dilution of the previous dilution; initial quantities: blue =
87.54ng, red = 8.754ng, green = 0.8754ng, silver = 0.08754ng. The efficiency was
calculated by MxPro to be 91.5%.

A standard curve was produced using SparQ-Bmil plasmid DNA at a range of
concentrations, which showed that the assay was functioning as intended.
BioRad Laboratories (2006) suggest a gPCR assay should optimally have an
amplification efficiency of between 90 and 105%. The efficiency of this assay
was 91.5%, meaning the amplification efficiency was satisfactory.

2.3.9 Quantification of viral load in infected cell samples using
the LTR qPCR does not identify a signal above negative
controls

Following lentiviral infection of passage 4 HBECs, DNA samples were
collected and extracted 10 days post-infection. The LTR gPCR assay from
Section 2.3.8 was then used to determine the initial titre of each virus.

However, when samples were used which had been obtained directly from
lentiviral infected cells (for a total of 40 cycles), the assay was unsuccessful
on 2 independent occasions as shown in Fig. 2.18. The traces shown in the
graph appear later than expected and there is no difference between the
samples collected and negative controls which did not include template
DNA.
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Figure 2.18 Unsuccessful amplification of Bmil via qPCR using LTR primers and
probe. DNA was extracted from lentiviral infected HBECs. Both samples and
negative controls showed increases in fluorescence at cycle 29. Representative of 2

replicates run for 40 cycles in total.

The peak for samples and negative controls began at cycle 29, which was
much later than those observed in the standard curve (cycles 10-20). This
could indicate that the collected DNA possessed the target gene at a much
lower quantity, so as to become negligible. Alternatively, there may have
been contamination in the water controls, giving a false positive result.

Attempts were also made using a probe targeting an alternative gene, WPRE
(common in many lentivectors) with probe and primer sequences used by
Barczak et al. (2015) and the same qPCR conditions, but without success
(data not shown). Ideally, it would be useful to have two distinct gene
targets which could be used to independently calculate the viral titre.
Further optimisation is required and if still unsuccessful, the project may
demand an alternative method of viral titration or to create a CymR cell line
prior to SparQ-Bmil infection as mentioned previously.

As the gPCR assay did not provide a robust and specific measure of viral
integration, it was not possible to determine the viral titre for the
lentiviruses produced.
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2.4 Discussion

2.4.1 Key findings

The key aim of this chapter was to develop functional lentiviruses allowing
Bmil over-expression (in both an inducible and constitutive manner), and to
infect primary HBECs with them.

Constitutive and inducible lentiviral plasmids were constructed containing
the Bmil sequence and were able to over-express the Bmil protein and
express fluorescent reporter genes following transient transfection in
HEK293T cells. These plasmids were then packaged into lentiviruses and
were able to successfully infect primary HBECs. The cells survived lentiviral
infection and expressed the fluorescent genes which were conferred to
them by the viruses. This suggested that the lentiviruses produced were
functioning as intended and had delivered genes to the host cell. The
fluorescence of the infected cells increased with viral dose and the doses
used in this project do not appear to have a detrimental effect on the
primary HBECs. The levels of fluorescence observed appeared to begin to
plateau at the maximal dose of 7.5ul of virus (they did not continue to
increase at a linear rate), therefore there is likely to be an upper threshold
where additional virus does not increase fluorescence, but is possibly
detrimental to the cells, although whether this also applies to Bmil
expression is yet to be determined.

For the inducible system, the cells tolerated a dual infection with equal
volumes of CymR and SparQ-Bmil. The presence of the repressor virus did
appear to cause some repression of RFP expression although further
optimisation is required with more replicates to obtain a more substantial
decrease in gene expression.

Having produced functional lentiviruses, the next aim was to titrate the
viruses to calculate how much virus was produced and to determine an
optimal dose for HBECs. However, titration via gPCR was not achieved and
therefore experiments did not move past the preliminary infection stages.
There may have been a problem with the method used to collect DNA,
contamination of samples, or the gPCR method may have needed to be
optimised with different conditions to adapt the assay for collected DNA.

Finally, a bank of genetically modified cells was not accomplished due to the
time constraints of the project. However, the foundations to achieve this
have been laid and the methodology used here can be applied to HBECs
obtained from different donors to account for donor variability.
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2.4.2 Limitations

The viruses are able to successfully infect primary HBECs and express the
fluorescent genes, RFP or GFP. However, as the Bmil sequence is present
under a separate promoter from GFP in the pCDH-Bmi1l virus and with an
IRES for RFP in the SparQ-Bmil virus, it has not been confirmed that the
Bmil sequence is present and being expressed in infected cells. A Western
blot has thus far only been obtained for the transiently transfected HEK293T
cells and not from the protein of lentiviral infected HBECs. The qPCR assay
should have been able to confirm whether the gene had been integrated
into the host cell genome, but a Western Blot would still be required to
confirm that Bmil protein is present and being over-expressed compared to
controls.

The Western Blot used for detecting Bmil over-expression in transiently
transfected HEK293T cells was problematic during the stripping stage and
the Bmil protein could not be sufficiently removed before probing for beta-
actin. Therefore, the beta-actin was run simultaneously on a separate gel.
However, although the same samples and volumes were loaded per well,
this method does not account for sample loading inaccuracies. Ideally,
densitometry would have been performed on samples on the same gel and
with more repeats to overcome the variability between samples.

Although the cells did not appear to have suffered a detrimental effect
following lentiviral infection, experimental measures were not taken.
Following future infections, in-depth study could focus on cell death and
proliferation to observe how they change post-infection.

There are now available pre-designed lentiviral titration kits which measure
titre using qPCR of the WPRE gene and a reference gene (Ultra Conserved
Region 1) as a control (System Biosciences). This may eliminate some of the
problems which were encountered in this study and facilitate lentiviral
work.

2.4.3 Further optimisation required for the inducible system
For the inducible system, the product manual (System Biosciences, n.d.-c)
advises infecting with a 1:1 ratio of CymR to SparQ virus (in terms of
Multiplicity of Infection which can be determined using the titre). As the
viruses have not been titrated yet, this was not possible to do. As an initial
experiment, equal volumes were used. This meant doubling the total
volume of virus added to the cell in order to maintain the same level of
SparQ-Bmil to compare with the SparQ-Bmil only infected cells.
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As an alternative to co-infection, a repressor (CymR) cell line could be
produced first using puromycin to select for successfully infected cells which
have incorporated the CymR repressor gene. Following selection, the
surviving cells could undergo a secondary infection with the inducible
SparQ-Bmil virus to ensure that the majority of cells are infected with both
viruses. This would also avoid problems with titration and finding an optimal
dose, as uninfected cells would not survive the process of puromycin
selection and flow cytometry could subsequently be used to sort for SparQ-
Bmil infected HBECs which will express RFP.

Only a small repression of the RFP gene in the SparQ-Bmil infected cells was
observed when dual infected with CymR (Figure 2.16 C). However, even
though equal volumes were used, if the titre of the SparQ-Bmil virus was
much higher than the CymR virus, there may not be sufficient gene
repression to observe the effect. Furthermore, the analysis may have
required a larger number of images to be taken for each condition to
provide a more representative overview and reduce variation between
repeats. Fluorescent image analysis was intended to be used alongside gPCR
to calculate the optimal viral dose for each virus and cannot by itself provide
an accurate estimate.

2.4.4 Over-expression of Bmil protein by mRNA delivery as an
alternative methodology

An alternative approach to lentiviral delivery which could be utilised in this
project is the direct addition of Bmil mRNA to cultured cells. This would
allow Bmil protein to be synthesised without permanent modification to
the epithelial cells.

There are several differences between mRNA delivery and lentiviral gene
delivery. For gene expression, it is not necessary for exogenous mRNA to
enter the cell nucleus and therefore there is quicker expression of protein
(Thermofisher Scientific, n.d. -a) and there are unlikely to be unwanted side
effects at a genomic level (via insertional mutagenesis, which can be a
negative consequence of lentiviral infection). However, there is a risk of host
immune defences against the foreign RNA and subsequent degradation of
the oligonucleotide (reviewed in Islam et al., 2015).

Kim et al. (2015) have developed a nano-particle mRNA delivery system
entirely comprised of mRNA (eliminating the use of chemical modification,
which is used to protect the mRNA, but can result in damage to the cell). In
their study, they were able to produce numerous copies of mMRNA which
became tangled and self-assembled into mRNA nanoparticles. They state
that the mRNA nanoparticles are more resilient to enzymatic degradation
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from nucleases. However, a disadvantage is that the system still relies on
transfection reagent-aided delivery and gene expression had started to
decline after 24 hours (meaning a more restricted window of over-
expression compared to the cumate-switch system).

Bangel-Ruland et al. (2013) were able to restore function in an epithelial cell
line possessing a mutation in the CFTR gene (a common cause in cystic
fibrosis) with delivery of wild-type CFTR mRNA by lipofectamine. However,
their experiments were not conducted beyond 24 hours. A limitation of
transient transfection is that the genetic manipulation is short-lived. Whilst
it is advantageous in this project to have reversible gene over-expression,
MRNA-based systems appear to offer less control over gene-expression than
the Cumate Switch system.

Therefore, for this project the Cumate Switch seems the more appropriate
option as Bmil over-expression is likely to be required over several days in
order to expand the HBECs sufficiently.

2.4.5 Summary

This chapter covers the methodology used to generate genetically modified
HBECs. The system used incorporates conditional control of Bmil over-
expression, potentially allowing more precise control than other
mechanisms such as RNA delivery.
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3. Characterisation of modified Bmil HBECs using cellular
outcomes

3.1 Introduction

In preparation of the generation of modified airway epithelial cell lines,
there was a need to assess the functionality of epithelial airway cells and
characterise them effectively, for example in terms of proliferation,
migration, apoptosis and barrier formation. Different techniques could be
utilised to compare the modified cells to endogenous wild type cells and this
project will focus on barrier formation.

3.1.1 Electric Cell Substrate Impedance Sensing

Electric Cell Substrate Impedance Sensing (ECIS) is a non-invasive measure
of barrier function across a cell monolayer. Cells are grown on gold-plated
electrodes in an array and a small alternating current is applied. The
resultant impedance produced by the cells is measured in real time as the
cells grow, from which the resistance and capacitance are derived and
provided to the user by the ECIS software (Applied Biosystems, 2017a).

At higher frequencies, the majority of the current travels through the cell
(Fig. 3.1), which provides an insight into proliferation of the culture and the
electrode coverage (Applied Biophysics, 2017a). As the monolayer becomes
more confluent, the capacitance should drop as the cells flatten out, attach
and spread across the surface - due to the layer of cells having an insulating
effect and interfering with the current flow (Xiao & Luong, 2003).

On the other hand, at lower frequencies, the majority of the current flows
around the cells which gives an indication of the barrier properties of the
monolayer (Applied Biophysics, 2017a). As the barrier develops, the
resistance (at low frequencies) across the monolayer is expected to increase
due to the formulation of tight junctions. This was highlighted by Heijink et
al. (2010) who showed that junctional protein, ZO-1 in airway epithelial cells
was present at 72 hours when ECIS resistance increased sharply, but not at
earlier time points.

Therefore, different aspects of the monolayer can be studied depending on
the frequency of current used.
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Low frequencies - current travels around the cells

High frequencies - current travels through the cells

Figure 3.1 The current applied to the electrodes travels different routes through
the monolayer depending on the frequency (based on Applied Biophysics, 2017a).
At lower frequencies, the current travels around the cells through intercellular
spaces, which gives an indication of barrier function. At higher frequencies, the
current travels through the cell, giving an indication of electrode coverage and
confluency.

ECIS provides a way to study airway epithelial cells non-invasively to provide
insight into the barrier characteristics and behaviour of the monolayer. It
can therefore be used to compare the genetically modified +Bmil HBECs
against early passage wild type HBECs to evaluate how representative the
genetically modified cells are of endogenous non-modified low passage
primary cells traditionally used in cell biology experiments, and that the
changes incurred by over-expressing Bmil do not detrimentally affect the
functionality of the cells.

Whilst production of inducible HBECs was occurring in this project, ECIS was
performed using previously modified constitutive +Bmil HBECs (by Torr et
al., 2016) to provide an indication of the suitability of this method and initial
assessment of Bmil over-expression. The cells were previously shown to
over-express Bmil protein via Western Blot (Torr et al., 2016).

3.1.2 Air Liquid Interface

Air liquid interface (ALI), as mentioned previously (see Chapter 1), involves
growing the cells in submerged culture, but then exposing the apical cell
surface to air. For airway epithelial cells, this mimics the in vivo environment
and drives them to differentiate into the various cell types of the epithelium.
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Once differentiated, the trans-epithelial electrical resistance can be
measured across the layer to provide insight into the barrier function of the
cell monolayer. ALl allows the development of a more complex,
representative barrier.

A disadvantage of ECIS is that the measurements cannot be taken when the
cells are grown at ALI, only in submerged culture. Therefore, this method of
measuring TEER may provide a more representative insight into the
epithelial cell layer properties. For example, the airway epithelium is
normally coated in a layer of mucus, however this is removed in submerged
culture, meaning the conditions do not match those in vivo (Ahmad et al.,
2014).

To establish ALI methodology, Calu3 cells were used due to their ease of
culture and ability to develop a high TEER (Stewart et al., 2012), as well as to
become acquainted with culturing this cell type. ALl will be an integral part
of characterising the modified cells in the future and the Calu3 cells are
intended to be used for a later stage in the project, CRISPR-Cas9 genome
editing (where genes relevant to asthma progression will be knocked out)
before attempting this in the modified HBECs. An advantage in using Calu3
cells is that they spontaneously differentiate and are frequently used as an
ALl model, however they have been confirmed to be deficient in ciliated
cells meaning they are not fully representative of primary airway cells
(Stewart et al., 2012).

3.1.3 Aims of the Chapter

The main aim of this chapter was to utilise ECIS as a method of
characterising and studying HBECs, and to offer insight into the effect of
elevated Bmil expression on cell proliferation and barrier formation.
Furthermore, to provide initial characterisation of Bmil engineered cells
compared to endogenous control cells to evaluate how representative these
cells are.
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3.2 Methods

3.2.1 Cell Culture
HBECs

HBECs

HBECs were supplied by Clonetics (Lonza) and used for ECIS at passage 3.
The donor used was a 43 year old non-smoking Caucasian male, HIV and
Hepatitis B negative. All HBECs were cultured as in Section 2.2.2.1.

Genetically modified +Bmil HBECs

The genetically modified cell lines used for ECIS were previously produced
within the lab group (Torr et al., 2016). These HBECs were infected with a
pFLRu lentivirus containing Bmil under the human ubiquitin C promoter.
They are constitutively expressing Bmil HBECs, which were donor matched
to early passage unmodified cells for ECIS. The passage number is presented
as 'a/b' where a is the infection passage (humber of passages since infection
with virus containing Bmil) and b is the actual passage (as used by Torr et
al., 2016). The genetically modified cells were used for ECIS at passage 7/10
(7 passages since infection, actual passage 10).

Calu3 cells

Calu3 cells were grown in DMEM/F12 (+ L glutamine) with 10% FBS, 1%
essential amino acids and 1% Pen/Strep and used at passages 22-25. To
detach Calu3 cells, they were treated with trypsin EDTA 0.25% (cat no.
T4049 Sigma).

Calu3 cells were seeded into 12mm Transwells with 0.4um pore insert
(Corning cat no. 353180) within a 12 well plate (Costar cat no. 3513) at a
density of 100,000 cells per well. 0.5ml of media was used in the upper
compartment, and 1.5ml of media in the lower. Media was changed in both
compartments every 2-3 days. Protocol provided by Emanuela Cingolani.

All cells were incubated at 37°C in 5% CO,.

3.2.2 ECIS array preparation and settings

The ECIS 26 (Applied Biophysics) machine was used for measurements. An
8W10E (Applied Biophysics) array was inserted into the machine, which
consisted of 8 wells, each with 10 electrodes.

The array was treated with 200ul of 10mM L-cysteine (Sigma, catalogue
number 168149-2.5G) in water for 15 minutes at room temperature to
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remove production contaminants. L-cysteine was removed and the array
washed three times with 300ul of water. The array was coated with 200ul of
30ug/ml PureCol Bovine Collagen Solution, Type 1 (Catalog #5005-B
Advanced Biomatrix) and placed in the incubator overnight. The following
day, it was washed with media three times and stored at 4°C until further
use.

Before seeding, the array was stabilised inside the ECIS machine with 400l
of media. 75,000 cells added to each well in a total volume of 400ul as in
Heijink et al. (2010). The array was inserted into the ECIS machine and
recordings taken continuously over a range of frequencies for 72 hours.
Heijink et al. (2010) found the optimal frequency to monitor resistance was
at 400Hz and capacitance at 40,000Hz for airway epithelial cells. Therefore,
a frequency of 400Hz was used and for capacitance a frequency of 32,000Hz
(which was the closest available setting, the next being 64,000Hz).

Thanks to Dr. Vincent Pang and Prof. Irene Heijink for advice in this protocol.

3.2.3 Statistical analyses of ECIS results

Normalisation of data (to minimise inter-experimental variation) involved
either taking one of the wells containing endogenous passage 3 HBECs of
each array as 100% or the average of two empty wells (in Repeat 1) as 100%.
The results for each of the other wells were taken as a percentage of this
value. Multiple wells of a sample were then averaged for plotting. This
control well with HBECs was kept in the same position on the array for each
biological replicate. Graphs were produced using GraphPad Prism version 7
for Windows (La Jolla California USA, www.graphpad.com).

There were multiple sharp peaks observed in ECIS plots, likely to be caused
by disturbances in the incubator (opening and closing of the door) and
sensitivity to environmental conditions. The peaks are possibly unavoidable,
so were removed from the graph for a smoother trace.

A two-way ANOVA was used with Sidak's post-hoc multiple corrections test
to analyse the differences between endogenous and +Bmil HBECs over
time. At each time point, the data was compared between cell types. This
was also performed on normalised data using GraphPad Prism version 7.01
for Windows, GraphPad Software, La Jolla California USA,
www.graphpad.com.

3.2.4 Air-liquid interface with Calu3 cells
TEER measurements were taken as in Stewart et al. (2012). Upon the cells
reaching confluency within the transwells, media was removed and replaced
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only in the basal compartment to create the air-liquid interface. Before TEER
measurements were taken, the apical surface of the cells was washed with
PBS and media replaced in both apical and basal compartments. An EVOM?2
epithelial volt/ohm (TEER) meter (World precision Instruments, cat. no.
300523) was used to measure resistance. The electrodes were first
stabilised in 5ml of pre-heated media without cells. They were then placed
either side of the transwell membrane (one in the apical compartment and
one in the basal compartment) and the resistance was measured across the
monolayer. Care was taken to ensure that measurements were taken so as
not to disturb the layer of cells. One measurement was taken per well, with
4 wells in the first repeat and 8 wells in the subsequent two repeats. Three
readings were taken and averaged for the control well (no cells). After
readings were taken, media was replaced in the basal compartment only.
The readings were taken at intervals of 2-3 days over a period of 15 days.

The TEER was then calculated using the following equation:

Calculated TEER (Q cm?) = (measurement-control average)*area of
membrane (as in Chen et al., 2015)

The area of the transwells used in this project was 0.9cm?.

3.2.5 Microscopy
A Nikon Diaphot 300 Inverted Microscope was used and images taken using
the 10x objective.
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3.3 Results

| set out to use ECIS as a tool for characterising bronchial epithelial cells and
determining whether differences between modified and unmodified HBECs
could be observed using this technique.

3.3.1 Reproducibility of ECIS measurements in HBECs

For ECIS to be a viable option for characterisation of genetically modified
HBECs, the results need to be reproducible and reliable. Therefore, the
traces of three independent biological repeats were compared for early
passage unmodified cells to determine similarity between them and
whether they conformed to the results of existing studies. Cells were seeded
at 75,000 cells as per Heijink et al. (2010) as they found that lower densities
meant that the airway cells did not form appropriate intercellular junctions
within the 72 hour timeframe. The experiment was limited to 72 hours as
preliminary work (not shown) showed that the ECIS output was hugely
affected by media changes. A peak resulting from a media change is also
shown by Applied Biophysics (2017c) in their examples of chondrocyte
proliferation.
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Figure 3.2 Increased barrier function and cell adherence observed over time in
primary HBECs. Raw A) resistance and B) capacitance plots and C) Normalised
resistance and D) capacitance plots. (A-B: Each line represents one well of passage
3 HBECs from the same donor). C-D: All measurements were normalised to an
empty well control in Repeat 1 to account for variation across repeats and then
averaged. Three independent biological replicates shown.

The initial dynamics of the raw data (Fig. 3.2 A and B) observed in the first 3
hours (a sharp increase in resistance and a sharp dip in capacitance)
correlate with the results Heijink et al. (2010) obtained - which they describe
as a 'hallmark' of primary bronchial epithelial cells and suggest they are
potentially caused by changes in cell shape as the cells adhere. Results
obtained by Hackett et al. (2013) also show an initial peak in resistance in
ECIS measurements of primary bronchial epithelial cells, but not other
airway cell types (BEAS-2B and 16HBE cells) supporting the idea that this is
unique to primary bronchial epithelial cells.

A plateau in capacitance can be observed after 40 hours (Fig. 3.2 B and D),
suggesting the cells had reached confluency. However, Heijink et al. (2010)
observe a much more dramatic drop in capacitance measured at high
frequency with primary bronchial epithelial cells.

The resistance across the monolayer begins to increase at approximately 10
hours (Fig. 3.2 A and C) which could suggest settling of the cells and the
beginning of junctional protein formation.
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The plots for Repeat 1 lie very closely to the control empty well trace. This
could potentially be a result of problems in cell counting or seeding, where
the cells are at a lower density than intended.

In terms of reproducibility, the plots appear to show that there is more
variation between biological replicates than between technical replicates in
the same array.

The next stage was to investigate the variation between wells of the same
array. For each repeat one well of passage 3 HBECs was used as a control
and the other well of passage 3 HBECs was normalised against it, as seen in
Fig. 3.3.
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Figure 3.3 ECIS plots show low variation in measurements on the same array.
Normalised A) Resistance and B) Capacitance. Each result is one well of
endogenous passage 3 HBECs normalised to a control well of passage 3 HBECs on
the same array. The control well was kept in the same position between repeats.
Measurements were taken over 72 hours for 3 independent biological replicates.

Figure 3.3 shows that there is relatively low variation within wells on the
same array (when compared to Fig. 3.2 C and D). This suggests that there is
less variation in technical repeats than in biological repeats.
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3.3.2 Comparison of early passage endogenous HBECs and late
passage +Bmil HBECs using ECIS

Whilst inducible cell lines were being produced, the ECIS system was used to
compare previously modified (by Torr et al., 2016) late passage HBECs
(+Bmil) to early passage unmodified HBECs of the same donor. If +Bmil
HBECs are to be used for respiratory research, ideally they should be as
representative of unmodified cells as is possible. ECIS has been used here to
compare barrier function between the two cell types.
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Figure 3.4 Bmil-engineered cells show growth and barrier differences compared
to endogenous cells of the same donor. A) Raw resistance, B) Raw capacitance; C)
Normalised resistance and normalised capacitance of unmodified passage 3 HBECs
(blue) and genetically modified passage 7/10 +Bmil HBECs (red) show deviances
between cells. Resistance measured at 400Hz and capacitance at 32kHz. In A-B,
each line represents the mean of two wells from an independent repeat. In C-D),
results were normalised per well to one of the endogenous passage 3 HBEC wells
and then averaged. Cells from the same donor were used for both endogenous and
genetically modified samples.

The resistance does not increase as quickly in modified HBECs and does not
reach the same level of resistance as wild type cells (Fig 3.4 A and C), by 40
hours, the +Bmil HBECs were only at 70% of the resistance of wild type
cells, which could indicate that the barrier function is affected in the +Bmil
HBECs or as a result of being at a later passage. The normalised resistance
appears to plateau after this time point for both cell types.
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Furthermore, the capacitance does not decrease as markedly in the
modified cells, suggesting that there is decreased electrode coverage. Again,
the raw data (Fig 3.4 B) shows that the modified HBECs do not reach the
same level of capacitance as the wild type cells and by 40 hours were at
almost double the capacitance (Fig. 3.4 D).

Overall, this could indicate that the genetic modification and/or late passage
of the cell line has decreased barrier characteristics and decreased cell
attachment. Furthermore, the modified HBECs appear to be more variable
than the unmodified cells.

In order to determine when the differences in barrier properties occur
between wild type and +Bmil HBECs, the resistance and capacitance
measurements were taken at various time points over the 72 hours.
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Figure 3.5 Genetically modified HBECs with elevated Bmil show a greater degree
of deviation from endogenous HBECs after 24 hours. The A) resistance, B)
capacitance, C) normalised resistance and D) normalised capacitance for 3
independent repeats biological shown. Duplicate wells in each repeat were
averaged. Bars indicate the standard error of the mean. A two-way ANOVA was
performed on the normalised data with Sidak's multiple comparison test. *: p<0.05,
**: p<0.01, not significant: P > 0.05.



Fig 3.5 shows differences in resistance and capacitance between
endogenous and genetically modified HBECs. Larger deviations from the
wild type are seen after 24 hours, but statistical significance is only observed
in the capacitance plot after 36 hours, showing that there is a difference
between the cell types in terms of electrode coverage. Overall, the +Bmil
HBECs show a greater variation between repeats compared to the wild type
HBECs.

3.3.3 Monitoring barrier resistance in Calu3 cells

A key aim of the current work was to utilise +Bmil HBECs with the ALI
model; ALI will be an integral part of characterising the modified cells in the
future. As a prelude to this, | developed ALl techniques using the Calu3 cell
line. In addition, the purpose of this was to become acquainted with
culturing this cell type which was to be used for CRISPR-Cas9 genome
editing in the later stages of the project, however due to time restraints this
element of the project was not completed .

Figure 3.6 Morphology of Calu3 cells before and after air lift. A) Submerged
Passage 22 Calu3 cells immediately before air lift, B) at day 2 of ALl and C) at day 8
of ALL. Mucus can be observed on the surface of the cells showing differentiation
after culture at ALI. Scale bar shows 200pm.
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Mucus could be observed on the apical surface of the cells (Fig. 3.6 B),
suggesting that the cells had undergone differentiation and goblet cells were

present in the culture.
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Figure 3.7 TEER measured at ALl shows an increasing trend over time in
Calu3 cells. Repeat 1: P22, Repeat 2: P24, Repeat 3: P24.

Overall, the TEER gradually increases over time as the monolayer became
more substantial and reached levels of > 400Qcm?, as observed in Stewart et
al. (2012). Repeat 1 was conducted at a slightly lower passage, which may
have accounted for the higher resistance achieved.
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3.4 Discussion

The aim of this chapter was to establish the ECIS approach in my laboratory
and begin to characterise similarities and differences in growth, adhesion
and barrier formation between endogenous cells and Bmil-engineered cells.
In particular, to use ECIS with modified and unmodified HBECs and
determine if this was a suitable method to use for characterisation.

3.4.1 Key findings

ECIS appears to be a sensitive enough method to detect a difference in
barrier establishment and function between the modified and unmodified
HBECs. The raw ECIS traces obtained for endogenous HBECs agreed with
those in existing literature - the peak in resistance and dip in capacitance
observed in the first few hours are proposed to be a 'hallmark’ of primary
bronchial epithelial cells, which is not seen in other airway cells (Heijink et
al., 2010). This suggests that ECIS is able to identify between different
airway cell types and indicates that this could be a useful marker of
bronchial epithelial cells. The 'hallmark’ is seen in the genetically modified
cells, but to a lesser extent than in WT controls.

Genetically modified HBECs with elevated Bmil show decreased resistance
compared to endogenous controls which could suggest that barrier function
is detrimentally affected. This agrees with results obtained by Torr et al.
(2016), who found that the previously genetically modified HBECs produced
a lower TEER at ALl than endogenous cells; low passage (p5) +Bmil cells
reached only 56.5% of the TEER that control endogenous cells produced,
medium passage (p8) cells reached 88% and high passage (p13) cells, 29.1%.
At each stage, the TEER was lower in +Bmil cells than endogenous controls.
Using ECIS, the normalised resistance of passage 10 HBECs dropped to 70%
of the passage 3 WT control after 72 hours (Fig. 3.5 C), which is comparable
to the decrease in TEER observed by Torr et al. (2016) at passage 8. Further
analysis, for example, by using immunofluorescent staining to investigate
tight junction proteins would be advantageous to provide a more complete
picture. However, as the electrode coverage is also decreased (as indicated
by a high capacitance), this could be due to a loss of cells rather than a
decrease in the barrier integrity.

Loss of cells could be due to a decrease in adherence to the surface of the
plates or as a result of increased apoptosis. As Bmil normally promotes cell
survival, it would be surprising that over-expression of Bmil would directly
cause cell death, although the process of gene manipulation may have had
some adverse effects on the cells. Alternatively, a study in 2015 (He et al.,
2015) found that knockdown of Bmil resulted in a decrease in migratory
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behaviour in tongue squamous cell carcinoma cells, and another (Li et al.,
2014) showed that Bmil over-expression enhanced migration and epithelial-
mesenchymal transition, suggesting that Bmil could promote migratory
behaviour. However, these studies were completed in cancerous cell types
which may already have a predisposition for migratory behaviour.

Cell loss could potentially be problematic further down the line, and
additional experiments will need to be undertaken to determine the extent
and cause of the cell loss, particularly as cell adhesion is a vital requirement
of epithelial cells in order to form an effective barrier. The ability to switch
off Bmil over-expression may prove essential for developing the cell model.

At specific time points during ECIS measurements, larger differences were
observed between the resistance and capacitance of modified cells
compared to wild type cells after 24 hours, however resistance was not
found to be statistically different at the time points analysed, whereas
capacitance was statistically different after 36 hours, suggesting that by this
time the barrier function and electrode coverage had decreased, although it
is unclear which mechanisms are behind this.

There was high variation between biological repeats, particularly the
genetically modified cells, which could be due to a number of factors, such
as human error or the cells being less tolerant to external factors due to
their manipulation. An element of this may be unavoidable given that the
experiments were performed in a different laboratory.

A range of TEER measurements have been recorded for Calu3 cells in various
studies from 100-2500Qcm? (reviewed in Srinivasan et al., 2015). The
measurements taken in this project fall within that range, however are
highly variable between repeats and over time. They are similar to those
obtained by Stewart et al. (2012); their results also show variability between
repeats. The TEER results they achieved were slightly lower but this may be
due to the increased passage of their cells (35-37).

The next stage of the project would have been to culture the genetically
modified cells produced in this thesis at ALI and on the ECIS array.

3.4.2 Potential for the future

ECIS provides a sensitive method of analysing barrier properties in airway
epithelial cells and various other studies have used ECIS to study airway
epithelial cells.

Singh et al. (2007) use ECIS to show that infection with respiratory syncytial
virus causes a decrease in the barrier function of primary human bronchial
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epithelial cells, although not until 16 hours post-infection. Furthermore,
Antony et al. (2002) show that exposure to cockroach antigen also causes a
significant decrease in the barrier function of bronchial airway epithelial
cells after only 3 hours by inducing vascular endothelial growth factor
(VEGF) activity, but this can be prevented by treatment with VEGF antibody.
The ECIS measurements of primary bronchial epithelial cells from healthy
and asthmatic donors show that there is a significant difference between
their barrier resistances, and that in response to house dust mite, cells from
asthma patients show more of a decrease in barrier resistance (Post et al.,
2013).

ECIS has also been used to compare the responses of Calu3 and normal
human bronchial epithelial cells to the B1-AR agonist, dobutamine
(Peitzman et al., 2015). This study found dobutamine caused a significant
inhibition of both cell migration and wound repair in normal human
bronchial epithelial cells, but not in Calu3 cells. This further illustrates the
differences between primary bronchial epithelial cells and airway cell lines
and shows how ECIS can differentiate between the two.

Whilst the results of this project show that passage 10 HBECs with elevated
Bmil had decreased barrier function and cell coverage, the +Bmil HBECs
used for ECIS in this instance possessed constitutive expression of Bmil.
Once inducible lines are produced, Bmil over-expression can be switched
off in late passage GM HBECs and compared to early passage endogenous
cells. Culturing the cells as high as passage 10 may also not be necessary to
sufficiently expand the cells for experiments, and effects may be limited at
lower passages.

Applied Biophysics also produce a 96 well plate for experiments (instead of
the 8 well plate used in these experiments). The 8 well plate meant
experiments were very limited and an empty well control could not always
be included. As the results in this chapter indicate that there is less variation
within the same array, the 96 well plate may be advantageous and would
allow more comparisons, but would only be cost-effective with larger scale
experiments.

3.4.3 Limitations

ECIS provides an interesting technique of assessing barrier function, with
benefits of real time measurements. However, because the cells cannot be
exposed to air, as in ALl, they remain undifferentiated basal cells, which is
not representative of the in vivo environment. Therefore, in the case of
airway epithelial cells, ECIS cannot be utilised alone, be should remain a
complementary technique alongside other methods such as ALI and TEER.
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Heijink et al. (2010) reinforce this issue by showing that 16HBE140- cells
provide a relatively low ECIS resistance reading (suggesting poor barrier
formation), but a markedly higher TEER reading when grown at ALI.

Another limitation of ECIS is that any disruptions to the cell culture
(incubator door opening, cell media changing, removal of the array) resulted
in large anomalies in the measurements which lasted a period of several
hours in the case of a media change (in preliminary experiments). As the
measurements were taken over 72 hours, this meant a large proportion of
the data was affected, so in future experiments, media was left unchanged
and disruptions minimised as much as possible.

Ideally, images would have been taken to compare confluency with the ECIS
capacitance output. However, cells could not easily be imaged following
ECIS due to the electrodes on the bottom of the array obscuring the cells.

There were various options available for normalising the data obtained from
ECIS. Applied Biophysics (2017c) mention that they minus the starting value
of an empty well when plotting data. This was not possible in the repeats
obtained as an empty well was not included on every array due to the
limited number of wells available. The process used here normalised data at
every time point and allows a clear visual comparison between cell types.

Calu3 cells were to be used for CRISPR-Cas9 genome editing. Genes of
relevance to asthma progression were to be investigated and the effect on
barrier function studied at ALl as a precursor to working with the modified
+Bmil HBECs. The protocol followed for culturing Calu3 cells at ALl may
need to be adapted for HBECs as the cell types grow at different rates. TEER
provides a simple measure of barrier resistance, although the act of taking
the measurements may affect the result, something which is not an issue for
ECIS. In addition, the resistance may alter depending on the temperature of
the cells (they need to be outside the incubator for as little time as possible)
and the positioning of the electrodes. This could be overcome by
maintaining the cells at 37°C whilst measurements are taken and always
taking measurements from the same location within the wells. A clearer
trend may have been observed if the cells were cultured for a longer period
of time. This experiment was to practice taking measurements and gain
confidence in using Calu3 cells, however for future experiments all repeats
should be performed at the same passage.

3.4.4 Summary
ECIS provides a complementary technique to utilise alongside ALI TEER
measurements, with the considerable advantage of measurements being
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taken in real-time without needing to disturb the cells. Whilst ECIS provides
a lot of data, it can only be interpreted fully when analysed alongside other
experimental techniques, for example protein studies, like Western Blotting
and immunohistochemistry to determine the mechanisms behind the
changes observed. ECIS has successfully been used to study airway epithelial
cells in this study and others and will therefore provide a useful tool for
characterising the inducible cell line.
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4. Transcriptomic analysis of the effect of BMI-1 over
expression in a human cell line

4.1 Introduction
Transcriptomic analyses can be used to explore the global effects that Bmil
over-expression has on the genetically modified cells.

The genes which are being expressed by a cell determine its function,
behaviour and characteristics and is known as the transcriptome. Recent
advances in sequencing and computing technology now mean that it is
possible and economically viable not only to sequence the entire
transcriptome but also to determine a measure of transcript abundance and
calculate differential gene expression between samples using statistical
analyses (Mutz et al., 2013).

RNA sequencing (RNA-seq) produces an overview of the transcriptome and
can provide a 'snapshot' of the gene expression levels of a particular sample.
Collection and sequencing of the RNA from the genetically modified HBECs
would provide a wealth of information about how over-expression of Bmil
affects the primary cells and to determine the utility of the Bmil approach
as an airway epithelial cell model based on the number and extent of
changes observed. RNA sequencing has many benefits, for example it
provides a large amount of unbiased information, with low background
noise, and is able to function even with incomplete reference genomes (Han
et al., 2015).

In respiratory research, RNA-seq has been used to highlight how smoking
affects the expression of various genes within the airway epithelium and
was sensitive enough to identify novel genes associated with smoking
(Hackett et al., 2012). RNA-seq can thus be used on the genetically modified
airway epithelial cells produced in this project and early passage
endogenous airway epithelial cells to determine differentially expressed
genes and assess how representative the modified cells are.

As discussed in Section 2.1, Fig. 2.4, the genetically modified HBECs were
intended to undergo RNA sequencing analysis to determine the effects of
Bmil over-expression and lentiviral infection. In particular this would have
been useful in comparing differential gene expression in endogenous cells
and genetically modified but repressed HBECs (Bmil over-expression
switched off).
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However, due to time limitations of the project, RNA sequencing could not
be performed on the modified cells and ideally a larger number of donors
would be utilised first to create numerous cell lines. Therefore, online RNA
sequencing databases were examined for existing studies involving Bmil
over-expression instead to at least provide an indication of the nature and
extent of the changes observed.

4.1.1 A Gene Expression Omnibus dataset was chosen for
analysis of differential gene expression

Gene Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/geo/) (Edgar
et al., 2002) is a repository which collates gene expression data from
researchers (Barrett & Edgar, 2006), allowing them to share their RNA
sequencing data with others for independent analysis.

GEO was searched with keywords 'Bmil' and 'human’ to find datasets which
provided RNA sequencing data for human Bmil over-expression. Initially, it
was intended to perform a meta-analysis of multiple studies, however at the
time of research only one study met the needs of this project.

The GEO dataset that was identified as the most relevant (a study by Ferretti
et al., 2016; GEO accession: GSE71890), contained RNAseq data from a
human melanoma cell line (A375 cells) infected with lentiviruses containing
either mouse Bmil or GFP (mouse and human Bmil coding regions are 92%
homologous (Kinnon & Fulton, 1999)). A summary of the methods used in
their study are shown in Table 4.1.

GEO ID GSE71890

Cell type used A375 cells (human melanoma)

Conditions +Bmil or +GFP (control)

Samples 3 independent biological repeats for
each condition (total RNA)

RNA preparation Illumina protocol

Sequencing system [llumina HiSeq 2000 (Homo sapiens)

Paired or single-end sequenced? Single-end

Read length -50mers

Log transformed? No

Normalisation EBSeqg Median normalisation

Differential expression software EBSeq version 1.4.0

Table 4.1 Summary of the RNA-seq methods used by Ferretti et al. (2016)

Their study aimed to investigate the role of Bmil over-expression in
promotion of metastatic behaviour and therefore their study was targeted
towards differential expression of metastatic regulators, such as PTEN and
AKT.
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However, for this project the RNA sequencing data will be used in a broader
investigation into how Bmil over-expression could affect a human cell line
and to what extent these changes may occur.

The use of alternative statistical approaches to investigate differential
expression of mRNA is an evolving field. These approaches use different
parameters from the data and have various strengths and weaknesses
depending on which parameters are ranked highly and the nature of the
dataset.

The authors of the paper use EB Seq (Leng et al., 2013) for the differential
expression analysis. This technique appears to prioritise analysing the
differential expression of isoforms (Leng et al., 2013) and may not be as
relevant to my interest.

For this project | have applied two techniques to analyse differential
expression, Rank Prod (Carratore et al., 2016) and Cuff Diff (Trapnell et al.,
2010, 2013). These outputs will be compared with the genes identified by
Ferretti et al. (2016) to determine the genes which are consistently ranked
differently in cells engineered to over-express Bmil. Scripture-Adams et al.
(2014) have also utilised a combination of both CuffDiff and an analysis
based on rank products to identify differentially expressed genes, which
supports the use of this methodology in this project.

4.1.2 RankProd

RankProd is a non-parametric analysis package which identifies differentially
expressed genes that are consistently ranked highly amongst repeats (Hong
et al., 2006).

RankProd relies on the Rank Product method (Breitling et al., 2004). It is
primarily aimed at micro-array data and ranks data between a sample and
control based on the Fold Change, which is thought to be more reproducible
than analyses based on expression level variability (Dembélé & Kastner,
2014). This technique takes into account that biologically relevant changes
are usually relatively large and it has been shown to deal well with data of
high variance (Breitling et al., 2004).

One of the main benefits is that it allows the user to compare data obtained
from different laboratories and using different platforms (Hong et al., 2006),
thus would not have been a limiting factor had multiple Bmil datasets been
found online.
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4.1.3 CuffDiff

As an alternative methodology, the Bowtie-Cufflinks Pathway (Trapnell et
al., 2010, 2013) was utilised. The Bowtie-Cufflinks Pathway is a series of
analyses which when combined together assist in comparing differential
gene expression between conditions using RNA-seq data (Trapnell et al.,
2012). A brief overview of the pathway can be seen in Fig. 4.1. Each step
produces files which are fed into the next stage.

The initial stage is a program called TopHat. TopHat was developed to use
Illumina output and in conjunction with a software called Bowtie functions
to align RNA sequencing reads to a reference genome (CCB, n.d.).

These alignments are then assembled and quantified by Cufflinks (which
also filters out background noise) and merged together to form a
transcriptome for each condition by Cuffmerge (Trapnell et al. 2012)

CuffDiff then uses rigorous statistical tests to compare the expression levels
for each condition and identify differential expression based on the
abundance of transcripts being equivalent to the level of expression
(Trapnell et al., 2012). The statistical analyses are based on a negative-
binomial distribution model which is thought to represent the output data
most appropriately (Zhang et al., 2014).

The CuffDiff output provides numerous files - the most relevant to this study
is gene_exp.diff which provides gene level information about whether there
is differential expression. For each gene, a single FPKM (or Fragments Per
Kilobase of transcript per Million mapped reads) value is calculated for each
condition. When the FPKM value is totalled per gene it provides a
measurement of transcript abundance and therefore gene expression
(Twine et al., 2011). The calculated FPKM values per condition indicate
whether the gene is up or down-regulated. The log2(fold change), p-value
and g-value (the "FDR adjusted p-value" (Trapnell, 2016)) are also computed
to determine whether there is statistical significance and to what extent the
expression is changed.
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Figure 4.1 A flowchart of the stages involved in the Bowtie-CuffLinks Pathway
(Trapnell et al., 2012) in order to analyse RNA sequencing data for differential
gene expression.
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4.1.4 Aims of the chapter

The aim of this chapter is to provide initial characterisation of the effects
caused by increasing Bmil expression in a human cell line and to identify
any relevant genes which may be significantly affected by Bmil over-
expression.

4.2 Methods
This work was completed in collaboration with Sangita Bhaker and
Alexander Kheirallah.

4.2.1 Rank Product Analysis
RankProd (Hong et al., 2006) is an R package (R Core Team, 2013) which was
utilised to rank differentially expressed genes.

Only the normalised data of the differentially expressed genes identified by
Ferretti et al. (2016) was available online via Supplementary Information, so
a complete normalised dataset (containing all genes) in Excel format was
requested and provided by the authors via personal communication.

Any genes which had an RNA-seq test value of zero (in either the Bmil
samples of the control GFP samples) were excluded from the analysis. The
normalised values were saved in a csv file to be accepted by R.

The Rank Prod package was used as described in the Rank Prod Vignette. R
version 3.3.3 was used with R studio Desktop 1.0.143.

After inputting the script into R, a table was produced of the genes.
Percentage of false predictions (pfp) was the corrected p value and a cut off
of pfp<0.05 was selected to identify significantly altered genes compared to
controls.

4.2.2 CuffDiff Analysis using the Bowtie-Cufflinks Pathway
Bowtie-Cufflinks Pathway (Trapnell et al., 2010) was used with TopHat
version 2.0 and Cufflinks version 2.21 on Ubuntu Linux version 12.04 LTS.

The FASTQ files of raw sequencing data (3 files for each condition) were
downloaded directly from the GEO (Edgar et al., 2002) website (GEO
accession: GSE71890) and unzipped.

The reference human genome (GRCh37) was downloaded from Ensembl
(Aken et al., 2016) and the Bowtie-Cufflinks Pathway followed as described
in Trapnell et al. (2012).
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The cuffdiff output includes a range of files including gene_exp.diff which
compares differential gene expression but also files with additional
information, for example which allow comparisons of isoform expression.

CummeRbund (Goff et al., 2013) was used in R Studio Desktop 1.0.143 with
R (version 3.2.5) and Bioconductor (version 3.5) in order to create figures as
described in Trapnell et al. (2012).

4.2.3 Comparisons between methods
Venny 2.1 (Oliveros, J.C., 2007-2015) was used to compare gene lists
between methods.

Genes which were identified at the same locus by CuffDiff were individually
considered during comparisons and those loci which did not have a gene
name associated with them were omitted from gene comparisons using
Venny.

For RNA-seq analysis, a percentage of false predictions (pfp) value of < 0.05
was used for Rank Prod as used in Henz et al. (2007), and False Discovery
Rate of < 0.05 was considered significant for CuffDiff, as used in Soneson &
Delorenzi (2012).
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4.3 Results
Using the GEO dataset, two different methods of identifying differentially
expressed genes were utilised: Rank Prod and CuffDiff.

4.3.1 Rank Product Analysis identifies 380 differentially
expressed genes

Rank Prod provides a relatively quick and simple means to study differential
MRNA expression based on rankings of 'peak abundance and expression
changes' (Wang et al., 2015).

Initial analysis results were heavily skewed by values of zero in the dataset.
Therefore, the analysis was redone excluding any genes which included a
zero RNA-seq value in the normalised data. The total number of genes this
included was 5263 of the 21,712, leaving 16,449 genes for the Rank Prod
analysis.

Of the 16,449 genes analysed from the Ferretti et al. (2016) dataset, 269
were significantly up-regulated and 111 were significantly down-regulated in
response to Bmil over-expression (pfp<5%).

Of the significantly up-regulated genes, the fold change ranged from 3.4411
to 91.2409. Of the significantly down-regulated genes, the fold change
ranged from 0.1054 to 0.5653, suggesting that the down-regulated genes
are affected to a much lesser extent than the up-regulated genes.
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Figure 4.2 Of the 16,449 genes analysed, only a small proportion are significantly
up or down-regulated (estimated pfp<0.05 highlighted in red). Each dot
represents a gene with its RP/RSum value plotted against its estimated percentage
false prediction as computed by Rank Prod.

The list of up-regulated genes (pfp<5%) produced by Rank Prod were
compared to the up-regulated genes discovered by Ferretti et al. (2016).
They identified 842 up-regulated genes (g-value<0.05, FC>1.5) of which 192
were also identified using RankProd and 107 down-regulated genes (g-
value<0.05, FC>1.5), of which 29 were also identified using RankProd.

4.3.2 Cuffdiff identifies 1024 genes which are differentially
expressed

CuffDiff is an alternative means of determining differentially expressed
genes which is widely used to analyse RNA sequencing data (Hayer et al.,
2015).

CuffDiff identified 836 genes which were up-regulated and 188 were down-
regulated (q<0.05); g is the False Discovery Rate (FDR) adjusted p-value.
Multiple genes were sometimes identified at the same locus. Those loci not
associated with a gene name have not been included (90 of the 1114
significant loci did not have a gene name associated with them).

Of the 836 up-regulated genes, 287 had a log2Fold Change >1.5 and 50 had
a log2Fold Change >3. Of the down-regulated genes, 47 had a log2Fold
Change >1.5 and 20 had a log2Fold Change >3.
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Bmil is identified as being significantly up-regulated (g-value = 0.001636,
log2Fold Change = 1.40097, Fold Change = 0.3786744532), however is 246th
when the up-regulated genes are ordered by g-value (smallest to largest),
and 318th when ordered by log2FoldChange (largest to smallest).

CummeRbund, which is an additional component of the Bowtie-Cufflinks
pathway, was used to visualise the CuffDiff output in R globally. There are
quality control features included in the CummeRbund package; one of which
is a density plot to ensure similar distributions of data between samples. Fig.
4.3 shows the density plots from the CuffDiff output. The over-lapping plots
show that the majority of both sets of data share a comparable distribution
and therefore were likely to be successfully normalised. A similar size and
shaped density plot for each condition also suggests that they were both
sequenced to similar read depths (Hart et al., 2013).
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Figure 4.3 Overlapping density plots logl0-transformed FPKM values indicate
successful normalisation of samples. The computed densities of logl0-
transformed FPKM values for genes from either the condition engineered to over-
express Bmil (blue) or the control GFP (red). The data distribution of both samples
is similar as the majority of genes are not affected between conditions.

CuffDiff has grouped Bmil with two other isoforms at the XLOC_005475
(location 10:22604902-22620553) locus, COMMD3 and COMMD3-BMI1.
COMMD3 is identified as being in close proximity to the Bmil gene on
Chromosome 10. COMMD3-BMI1 is a read-through transcript which results
in a fusion protein of the two components (Hoffman et al., 2017), however
there is little published data concerning this fusion product.

As expected, a bar plot of the FPKM results for 'BMI1, COMMD3, COMMD3-
BMI1' shows a significantly increased FPKM value in the +Bmil sample
compared to the GFP control (Fig. 4.4).

104



BMI1,COMMD3,COMMD3-BMI1

XKLOC_005475
500 -

400~

300-

FPKM

200-

100 -

oK 0K

+Bmil GFP control
sample_name

Figure 4.4 RNA sequencing analysis shows Bmil expression is significantly higher
in cells engineered to over-express Bmil compared to the control GFP sample. A
bar plot of the FPKM values for the 'BMI1, COMMD3, COMMD3-BMI1' locus with
95% confidence intervals shown.

In order to determine that the data shown is a result of Bmil over-
expression (rather than COMMD3) the FPKM of the gene isoform expression
data was compared for each isoform separately in Table 4.2.
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Isoform +Bmil sample GFP control
BMI1 5.50825 12.825
BMI1 0.372799 1.24994
BMI1 1.37896 2.24268
BMI1 18.1655 3.57194
BMI1 131.565 4.79107
BMI1 0.127296 0.050107
BMI1 0.0966101 0
BMI1 124.888 6.8113
BMI1 4.24165 15.7034
BMI1 31.2013 2.05938
317.5453651 49.30482
coMMD3 0.886149 0.969284
COMMD3 0.16441 0
COMMD3 0.571418 0.654975
COMMD3 0.409805 0.316258
COMMD3 10.9294 14.8317
coOMMD3 0 0.124163
COMMD3 0 1.55028
COMMD3 0.084924 0
COMMD3 0.552821 1.33471
COMMD3 14.5846 12.4658
coMMD3 0.53123 0.627502
COMMD3 19.2674 25.6571
COMMD3 0.467085 2.07347
comMmmvbD3 0.894352 1.02188
COMMD3 0 0.039597
49.34359 61.66672
COMMD3-BMI1 5.97243 5.65276
COMMD3-BMI1 0.952823 0
COMMD3-BMI1 0 3.10853
COMMD3-BMI1 7.30762 16.1907
COMMD3-BMI1 0 0
cCOMMD3-BMI1 0.232363 0.498957
COMMD3-BMI1 5.76106 6.69222
COMMD3-BMI1 2.73983 4.51345
22.96613 36.65662

Table 4.2 Increase in the FPKM value show that
attributed to the Bmil isoform rather than COMMD3. The CuffDiff FPKM values
were totalled (in red) for the reads assigned to each isoform to ensure that changes
in gene expression were due to the contribution of Bmil.

differential expression is

Table 4.2 shows a large increase in the FPKM value for the Bmil isoform in
the +Bmil samples compared to the GFP control, rather than COMMD3.
Therefore, the resultant changes in expression are a result of Bmil over-

expression. This data is also summarised and presented in Fig. 4.5.
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Fig. 4.5 The mean FPKM values for each isoform at the XLOC_005475 locus show
that the Bmil isoform has the largest increase between conditions. Therefore, the
signal from this locus is attributed to the Bmil isoform. Error bars showing the
standard error of the mean.

Furthermore, COMMD3 is not amongst the differentially expressed genes
identified by Ferretti et al. (2016) whereas Bmil is. This allows me to have
confidence that the differential gene expression results obtained from
CuffDiff are due to the Bmil gene and not COMMD3 or COMMD3-BMI1.
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4.3.3 Overall differential gene expression

In order to get an overview of how Bmil over-expression can affect gene
expression, all of the gene expression data was plotted into a scatter plot
(Fig. 6) and a volcano plot (Fig. 7).
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Figure 4.6 Pairwise comparison of FPKM values assigned to each gene by CuffDiff
from samples engineered to over-express Bmil compared to a control GFP
condition. A) All genes analysed by CuffDiff and B) only differentially expressed
genes (1114 loci where g<0.05) are shown. Each dot represents the FPKM value of
a single locus plotted on a loglO scale. The line represents the same level of
expression between samples, Therefore, any dots which deviate from the line show
differential expression at that locus. A position below the line indicates higher
expression in the control GFP sample, whereas above the line represents higher
expression in the +Bmil sample.

108



logolp value)

As can be seen in Fig 4.6 B, there are a greater number of genes over-
expressed in the +Bmil sample compared to the GFP control. However,
those which are expressed more highly in the control (and thus down-
regulated with Bmil over-expression) deviate more from the line,
suggesting a larger difference between conditions.

significant
—

* yes

log.(fold change)

Figure 4.7 Volcano plot showing higher fold changes in genes up-regulated in
+Bmil samples (alpha <0.05). The dots on the left of zero log,(fold change) indicate
loci for which expression is lower in the GFP control, whereas those on the right
show those which are higher in the GFP control when compared to the +Bmil
sample.

Fig. 4.7 also provides a graphical overview of the differential gene
expression between the +Bmil and GFP control condition, showing that for
significant genes, the log2(fold change) has a similar distribution for up and
down-regulated genes. Note - for Fig. 4.7, Bmil was used as the reference
gene by default, so the dots represent the effect on GFP compared to Bmil.

As Fan et al. (2008) and others have shown, both p16 and alternative
reading frame p14 (CDKN2A) are inhibited by Bmil. Therefore, the FPKM
values were investigated for CDK2NA and compared between samples.
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Figure 4.8 CDKN2A expression was not significantly different in +Bmil samples
compared to the GFP control. The FPKM values were unchanged suggesting that
the Bmil over-expression did not alter the expression of the p16 or p14 gene. Error
bars show 95% confidence intervals.

As with the Ferretti et al. (2016) paper and Rank Prod, p16 was not
identified by CuffDiff as being significantly differentially expressed (Fig. 4.8).

4.3.4 Differentially expressed genes which are consistently
significant

CuffDiff identified a large number of significantly differentially expressed
genes. Therefore, the list of genes was compared with those found to also
be significantly different by Ferretti et al. (2016) using EBSeq, and those
found using Rank Prod in Section 4.3.1. This produced a list of genes which
have been consistently ranked as significant via the various methods and are
therefore more likely to be of consequence biologically.

Bmil was amongst those, as expected, and statistical comparisons can be
seen in Table 4.3.

Statistical Fold Change Log2(Fold

significance Change)
CuffDiff q=0.00005 2.6407907678 1.40097
Rank Prod pfp =0.01246 5.737235 2.520356
EB Seq (Ferrettietal. | FDR=0 5.7372 2.5204
(2016)

Table 4.3 Comparison of the statistical values computed for the Bmil gene from
RNA sequencing data. Data from the two different methods explored in this
project and EB Seq which was used by the authors of the data (Ferretti et al., 2016)
shown. Data represents samples over-expressing Bmil compared to GFP controls.
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Comparisons were performed using the differentially expressed genes which
were identified by Ferretti et al. (2016), RankProd and CuffDiff to determine
those which were consistently significant across all three. Multiple genes
which were identified at the same locus with CuffDiff were treated
separately for the purpose of these comparisons.

144 up-regulated genes were shared by the three methods and 14 down-
regulated genes as shown in Fig. 4.9 A and B. A large proportion of the
significant genes are not shared between methods.
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Figure 4.9 A) 144 genes are significantly up-regulated and B) 14 genes are
significantly down-regulated in all three methods. Genes which were significantly
different in the Ferretti et al. (2016) paper (q<0.05), Rank Prod (pfp<0.05) and
CuffDiff (FDR<0.05).
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To determine how these differentially expressed genes may affect the cells,
their functions have been investigated.

In order to narrow down the gene list for up-regulated genes, after the
comparison (144 in total), the results were ordered by log2(FC) of the
CuffDiff output and the top 20 up and down-regulated genes are listed in
Table 4.4 and Table 4.5 respectively. The complete list of 144 genes
significantly up-regulated in all three methods can be found in the Appendix
(Table S3).

Amongst the up-regulated genes in Table 4.4, are genes which are
associated with cell growth and some which were linked to cancer and
metastases, such as ELFN2 and IGF2.

In a recent study, cells were derived from either a lower gingival carcinoma
primary lesion or a secondary cervical lymph node metastasis (in the same
donor) and the gene differences studied to determine factors contributing
to metastasis (Fujinaga et al., 2014). ELFN2 was identified as one of the top
5 genes up-regulated (in terms of fold change) in the secondary tumouir,
suggesting that it may play a role in promoting a metastatic state.

IGF2 is elevated in multiple cancers (Livingstone, 2013). For example, IGF2
mMRNA is found to be up-regulated in liver tumours compared to equivalent
non-tumour tissue and is believed to accelerate tumour development
(Martinez-Quetglas et al., 2015). It is thought to act via the MAPK pathway
to promote genes involved in proliferation and is transcriptionally
suppressed via p53 (reviewed in Livingstone, 2013).

Additionally, there are genes associated with the extra-cellular matrix, such
as ADAMTS2 and FN1, which may also enable metastatic behaviour and
affect cell adhesion.

Surprisingly, there are also genes which are thought to be suppressed in
certain cancers (IGFBPL1, NPTX1, NPTX2 and CHD5).

Amongst the down-regulated genes are BEX4, which is a suspected tumour
suppressor (Chien et al., 2005) and RBM11 which is involved in neuron and
germ cell differentiation (Pedrotti et al., 2011) and therefore its down-
regulation may assist in maintaining plasticity. Again, there are unexpected
genes down-regulated, such as PDGFD, which is highly expressed in breast
cancer (Liu et al. 2011).
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Gene Name g-value | Log2 (Fold | Function Citation
Change)
MEGF6 (Multiple 0.001636 | 6.39519 Calciumion binding | Jonchére et
EGF Like Domains protein al., 2010
6)
0.001636 | 6.19085 Growth factor. Over- | Martinez-
expressed in Quetglas et
IGF2 (Insulin Like hepatocellular al., 2016
Growth Factor 2) carcinoma
CACNG?7 (Calcium 0.001636 | 4.94881 Calcium channel Burgess et
Voltage-Gated subunit al., 2001
Channel Auxiliary
Subunit Gamma 7)
SNCB (Synuclein 0.001636 | 4.42134 Suspected role in Galvin et al.,
Beta) synaptic function 2001
0.001636 | 4.3113 Membrane protein Fairchild et
TSPAN18 prevents neural crest | al., 2014
(Tetraspanin 18) migration
0.001636 | 4.1529 Involved in Hull et al.,
neutrophil activation | 2001
IL8 (Interleukin 8) and migration
IGFBPL1 (Insulin 0.0044 4.03275 Silenced in breast Smith et al.,
Like Growth Factor cancer 2007
Binding Protein
Like 1)
0.001636 | 3.90804 Hydrogen peroxide Khan et al.,
metabolism. 2011
PXDN Required for normal
(Peroxidasin) eye development.
CHD5 0.001636 | 3.82857 Tumour suppressor Bagchi et
(Chromodomain- al., 2007
helicase-DNA-
binding protein 5)
ADAMTS2 (ADAM | 0.008055 | 3.81937 Metalloproteinase Wang et al.,
Metallopeptidase involved with the 2006
With extracellular matrix
Thrombospondin
Type 1 Motif 2)
0.030194 | 3.72742 Neuronal lineage Boles et al.,
differentiation 2014
Hypermethylated
NPTX1 (Neuronal (silenced) in lung Zhou et al.,
pentraxin 1) tumours 2015
NPTX2 (Neuronal 0.001636 | 3.55689 Inhibits pancreatic Zhang et al.,
pentraxin 2) cancer cell invasion 2011

Table 4.4 (continued on next page) Top 20 genes based on log2(fold change)
which are significantly up-regulated in all three methods. The 144 significant
genes identified by the three methods were ordered by log2(fold change) from
CuffDiff output and the 20 genes with highest log2(fold change) are shown.
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Gene Name g-value Log2 (Fold | Function Citation
Change)
0.001636 | 3.54521 Connective tissue Pankov &
protein, role in cell | Yamada,
FN1 (Fibronectin 1) adhesion 2002
GPRC5C (G 0.001636 | 3.53963 G-protein coupled Gonzales et
Protein-Coupled receptor al. 2009
Receptor Class C
Group 5 Member
o)
0.005641 | 3.41413 Development of Crisponi et
CRLF1 (Cytokine the nervous al. 2007
Receptor Like system. Associated
Factor 1) with Crisponi
Syndrome.
ELFN2 0.001636 | 3.37959 Inhibits protein Fujinaga et
(Extracellular phosphatases and al., 2014
leucine rich repeat related to
and fibronectin cancer/metastasis
type lll domain
containing 2)
C2CDA4AC (C2 0.001636 | 3.3397 May play a role in Omori et al.,
calcium dependent pancreatic cell 2016
domain containing development
4C)
CRABP2 (Cellular 0.001636 | 3.31755 Vitamin A carrier. Yuanetal.,
Retinoic Acid Involved in 2013
Binding Protein 2) myoblast
differentiation
HMX3 (H6 Family 0.01682 3.22849 Transcription factor | Wang et al.,
Homeobox 3) involved in CNS 2004
development
ARHGEF16 (Rho 0.001636 | 3.20128 Promotes Leeetal.,
Guanine phagocytosis of 2014
Nucleotide apoptotic cells

Exchange Factor
16)

Table 4.4 (continued). Top 20 genes based on log2(fold change) which are
significantly up-regulated in all three methods. The 144 significant genes
identified by the three methods were ordered by log2(fold change) from CuffDiff
output and the 20 genes with highest log2(fold change) are shown.
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Gene Name g-value Log2 Function Citation
(Fold
Change)

SPRR2D (Small Proline | 0.03912 -3.29462 Scavenger of Tan & Wahli,

Rich Protein 2D) reactive oxygen 2014
species

DNAHS9 (Dynein 0.001636 -1.94813 Movement of Bartoloni et

Axonemal Heavy Chain organelles and al., 2001

9) cilia/flagella

RBM11 (RNA Binding 0.03177 -1.76602 Splicing regulator. Pedrotti et

Motif Protein 11) Involved in neuron al.,, 2012
and germ cell
differentiation

CXorf57 (Chromosome | 0.008055 -1.71235 Uncharacterised

X Open Reading Frame

57)

CALB2 (Calbindin 2) 0.001636 -1.66213 Calcium binding Bezprozvanny
protein , 2009

DTNA (Dystrobrevin 0.001636 -1.62256 Membrane protein | Requena et

Alpha) which interacts al., 2015
with the
cytoskeleton

PTPRO (Protein 0.003077 -1.62105 Suspected tumour Motiwala et

Tyrosine Phosphatase, suppressor al., 2004

Receptor Type O)

GCA (Grancalcin) 0.001636 -1.42881 Calcium binding liaetal.,
protein. Found in 2000
neutrophils at high
levels.

KCNJ2 (Potassium 0.00163577 | -1.42672 Associated with Prioriet al.,

Voltage-Gated Short QT syndrome | 2005

Channel Subfamily J of the heart

Member 2)

FBXL7 (F-Box And 0.001636 -1.40241 Causes mitotic Coonetal.,

Leucine Rich Repeat arrest by 2012

Protein 7) ubiquitinates the
kinase, Aurora A

PDGFD (Platelet 0.020825 -1.35739 Highly expressed in | Liuetal.,

Derived Growth Factor breast cancer 2011

D)

BEX4 (Brain Expressed | 0.00163577 | -1.3307 Suspected tumour Chienetal.,

X-Linked 4) suppressor 2005

SLC1A3 (Solute Carrier | 0.001636 -1.23698 Glutamate Berger &

Family 1 Member 3) transporter Hediger,

2006
TAC1 (Tachykinin 0.001636 -0.001636 | Modifies immune Cunningham
Precursor 1) response etal., 2007

Table 4.5 The 14 genes which are significantly down-regulated in all three
methods. The 14 significant genes identified across all three methods as down-
regulated were investigated to determine function and relevance to Bmil over-
expression. The g-value and log2(fold change) results from CuffDiff are displayed.
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4.3.5 Genes associated with barrier function were not
consistently differentially expressed

For this project, Bmil will be over-expressed in airway epithelial cells. As
mentioned in Chapter 1, barrier function is crucial to the airway epithelium
and various genes contribute to the 'tightness' of the barrier. This Bmil cell
model will be used in airway epithelial studies and so over-expression of
Bmil should not confer a disadvantage to barrier formation.

Contributing factors to barrier function include the formation of intercellular
junctions such as tight junctions, adherens junctions and gap junctions.

Therefore, genes important to epithelial barrier function were investigated
to determine if they were significantly affected by Bmil over-expression and
the analysis from all three methods can be observed in Table 4.6.

Significant differential expression was not identified by all three methods for
any of the genes selected to represent barrier function. Nextin and TJP1
were found to be significantly up-regulated in CuffDiff and by Ferretti et al.
(2016), but not by Rank Prod. There were also four other genes identified as
significant by only one of the methods.
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Gene Name Function/relation Citation CuffDiff g- Rank Prod | Significant
to epithelial cells value pfp value in Ferretti
(up, etal.
down) (2016)?
TIP1 Necessary for tight Fanning et | 0.00307742 | 1.25, No
(Zona-occludens 1) junction assembly al. (2012) (log2FC= 1.074
0.725829)
TIP2 Necessary for tight Fanning et | 0.00163577 | 0.4744, Yes
(Zona-occludens 2) junction assembly al. (2012) (log2FC= 1.081 (FDR=0,
0.663609) log2FC=
0.6248)
TIP3 Joins tight junction Kiener et 0.759208 0.01046, No
(Zona-occludens 3) components to al. (2008) 1.01
actin
CDH1 (E-cadherin) Required for the Pecina- 1 NO TEST 0.3988, No
formation of Slaus 1.081
adherent junctions (2003)
OCLN (Occludin) A component of Furuse et 1 NO TEST 1.252, No
epithelial tight al. (1993) 1.09
junctions
F11R (Junctional Component of tight | Ozaki et 0.997556 0.9741, No
Adhesion Molecule 1) | junctions al. (1999) 1.136
MMP7 (Matrix Loss of MMP7 Grindelet | 1 NO TEST NA, NA No
Metallopeptidase 7) results in loss of al. (2014)
barrier function
PCDH1 Involved in cell Faura 0.502805 0.7,1.107 | No
(Protocadherin 1) adhesion Tellez et
al. (2016)
EHD2 (EH Domain Involved in Guilherme | 0.595165 0.6853, No
Containing 2) endocytosis etal 1.107
(2004)
CGN (Cingulin) Tight junction Citi et al. 0.997556 0.1509, Yes
component (1988) 1.039 (FDR =0,
log2FC=
1.2333)
PVRL1 (Nectin) Intercellular Takai & 0.047277 0.4227, Yes
adhesion molecule Nakanishi | (log2FC= 1.076 (FDR =0,
(2003) 0.582497) log2FC=
0.6822)
AFDN (Afadin) Nectin-binding Takai & 0.336703 0.9739, No
molecule Nakanishi 1.136
(2003)
GJB2 (Gap Junction Gap Junction Sohl & 1 NO TEST NA, NA No
Protein Beta 2) component Willecke
(2004)
SCNN1A Epithelial sodium Xue et al. 0.997556 0.3727, No
channel (2002) 1.077
VCL (Vinculin) Formation of Maddugo | 0.799719 1.015, No
epithelial cell-cell daetal., 1.137
contacts (2007)

Table 4.6 (continued on next page) A table of comparison to determine whether
genes implicated in barrier function/maintenance of barrier integrity are
differentially expressed with Bmil over-expression. Statistical results generated
by CuffDiff and Rank Prod along with those produced by Ferretti et al. (2016) using
their RNA sequencing dataset. Statistically significant results highlighted in red (g-
value, pfp or FDR<0.05). Rank Prod provides a pfp value for both up and down-

regulation.
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Gene Name Function/relation Citation CuffDiff g- | Rank Identified
to epithelial cells value Prod as
pfp significant
value by Ferretti
(up, etal.
down) (2016)?
CLDN1 (Claudin-1) The claudin family Lal-Nag & 0.252528 1.012, Yes (FDR=
has a role in tight Morin (2009) 0.1362 0.0162,
junction formation log2FC=
-0.9294)
CLDN2 (Claudin-2) - - 1 NOTEST | 1.012, No
0.1362
CLDN3 (Claudin-3) - - 1 NOTEST | NA,NA No
CLDN4 (Claudin-4) - - 0.997556 1.178, No
0.9661
CLDNS5 (Claudin-5 - - 1 NOTEST | 1.012, No
0.1162
CLDNG6 (Claudin-6) - - 1 NOTEST | NA, NA No
CLDN7 (Claudin-7) - - 0.997556 | 0.9361, No
0.5846
CLDNS8 (Claudin-8) - - 1 NOTEST | NA, NA No
CLDN9 (Claudin-9) - - 1 NOTEST | NA, NA No
CLDN10 (Claudin-10) - - 1 NOTEST | 0.5277, No
0.8409
CLDN11 (Claudin-11) - - 0.901885 | 0.4638, No
1.087
CLDN12 (Claudin-12) - - 0.877669 1.043, No
0.5955
CLDN14 (Claudin-14) - - 1 NOTEST | 1.228, No
0.2649
CLDN15 (Claudin-15) - - 0.997556 | 1.198, No
0.9701
CLDN16 (Claudin-16) - - 1 NO TEST | 0.7099, No
0.6815
CLDN17 (Claudin-17) - - 1 NOTEST | NA, NA No
CLDN18 (Claudin-18) - - 1 NOTEST | 1.055, No
0.8037
CLDN19 (Claudin-19) - - 1 NOTEST | 1.232, No
0.4437
CLDN20 (Claudin-20) - - 0.997556 | 0.3484, No
1.064
CLDN22 (Claudin-22) - - 0.998058 NA, NA No
CLDN23 (Claudin-23) - - 0.701297 | 0.7279, No
1.121
CLDN24 (Claudin-24) - - 1 NOTEST | NA, NA No

Table 4.6 (continued) A

table of comparison to determine whether genes

implicated in barrier function/maintenance of barrier integrity are differentially
expressed with Bmil over-expression. Statistical results generated by CuffDiff and
Rank Prod along with those produced by Ferretti et al. (2016) using their RNA
sequencing dataset. Statistically significant results highlighted in red (g-value, pfp
or FDR<0.05). Rank Prod provides a pfp value for both up and down-regulation.
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4.3.6 Genes associated with asthma were not consistently
differentially expressed

As the cell model is intended to be used for respiratory research and more
specifically to study asthma, a search was also performed for genes related
to asthma pathogenesis and susceptibility, to determine whether they are
affected by Bmil over-expression.
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Gene Name Function/ relation Citation | CuffDiff q- Rank Prod Significant
to asthma value pfp value in Ferretti
(up,down) etal.
(2016)?
GATAS3 (GATA Binding | SNP associated Hirota et | 0.0425696 0.3257, Yes (FDR=0,
Protein 3) with adult asthma al. (log2FC= 1.061 log2FC=
(2011) 0.987773) 0.8405)
IL33 (Interleukin 33) Polymorphisms Ferreira 1 NO TEST NA, NA No
implicated in etal.
asthma (2014)
susceptibility
IKZF4 (IKAROS Family | SNP associated Hirota et | 0.979568 1.067, No
Zinc Finger 4) with adult asthma al. 0.9163
(2011)
Cllorf30 Associated with Lietal. 0.997556 1.189, No
increased total (2012a) 1.015
serum IgE in
asthma
HLA-DQB1 (major Polymorphisms Ferreira 1 NO TEST 1.04,1.138 | No
histocompatibility implicated in etal.
complex, class Il, DQ asthma (2014)
beta 1) susceptibility
HLA-DQA1 (major Polymorphisms Gao et 1 NO TEST 1.017, No
histocompatibility implicated in al. 1.138
complex, class Il, DQ asthma (2003)
alpha 1) susceptibility
TSLP (Thymic Stromal | SNP associated Hirota et | 1 NO TEST 1.013, No
Lymphopoietin) with adult asthma al. 0.0975
(2011)
CLEC16A (C-Type Implicated in the Ferreira 0.650082 1099, 1.139 | No
Lectin Domain Family | cause of asthma etal.
16 Member A) (2014)
IL13 (Interleukin 13) Cytokine involved Corren 1 NO TEST NA, NA No
in asthma (2013)
pathogenesis
ZBTB10 (Zinc finger Implicated in the Ferreira 0.997556 1.234,1.08 | No
and BTB domain cause of asthma etal.
containing 10) (2014)
ORMDL3 Polymorphisms Wan et 0.997556 1.175, No
(Orosomucoid like 3) implicated in al. 1.125
asthma (2012)
susceptibility
ILIRL1/IL18R1 Polymorphisms Ferreira 1 NO TEST 0.5096, No
(Interleukin 1 implicated in etal. 0.557
receptor-like 1, asthma (2014)
interleukin-18 susceptibility
receptor 1)
OPN3 (Opsin 3) Unknown function, | Whiteet | 0.753521 1.123, No
involved in asthma | al. 0.9715
pathophysiology (2008)

Table 4.7 (continued on next page) A table of comparison to determine whether
certain asthma-associated genes are differentially expressed with Bmil over-
expression. Statistical results generated by CuffDiff and Rank Prod along with those
produced by Ferretti et al. (2016) using their RNA sequencing dataset. Statistically
significant results highlighted in red (g-value, pfp or FDR<0.05). Rank Prod provides
a pfp value for both up and down-regulation.
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Gene Name Function/ Citation CuffDiff | Rank Prod | Significant
relation to g-value pfp value in Ferretti
asthma (up, etal.

down) (2016)?

PDE4D Identified by Himes et al. 0.35370 | 1.061, No

(Phosphodiesterase GWAS to cause (2009) 6 0.8075

4D) asthma
susceptibility

GSTP1 (Glutathione S- Susceptibility Kamada etal. | 0.99755 | 1.159, No

Transferase Pi 1) gene in childhood | (2007) 6 0.9922
asthma

GSTM1 (Glutathione S- | Increased asthma | Liangetal. 0.54852 | 0.9309, No

transferase Mu 1) risk with (2013) 9 1.132
polymorphisms in
GSTM1

NOS1 (Nitric Oxide Polymorphisms Martinez et 1NO 0.9252, No

Synthase 1) linked to asthma al. (2007) TEST 1.139

STAT®6 ( Signal Elevated in Walford & 0.99755 | 1.12, No

transducer and asthma Doherty 6 1.139

activator of (2013)

transcription 6)

IL12B ( Interleukin 12B) | Linked to severe Randolph et 1NO 0.202, No
asthma al. (2004) TEST 1.036
phenotype

Table 4.7 (continued) A table of comparison to determine whether certain
asthma-associated genes are differentially expressed with Bmil over-expression.
Statistical results generated by CuffDiff and Rank Prod along with those produced
by Ferretti et al. (2016) using their RNA sequencing dataset. Statistically significant
results highlighted in red (g-value, pfp or FDR<0.05). Rank Prod provides a pfp
value for both up and down-regulation.

Table 4.7 shows that none of the genes investigated were significantly
differentially expressed in all three methods. Although, GATA3 was
significantly up-regulated in both CuffDiff and EB Seq analyses (but not Rank
Prod). This may be because it has a relatively small fold change so is
excluded by Rank Prod analysis.
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4.4 Discussion

Prior to generating RNA sequencing data with genetically modified HBECs
over-expressing Bmil, an online dataset was utilised to provide initial
investigation into the effects and magnitude of changes caused by elevating
Bmilin a human cell line. The analysis of existing data from a GEO dataset
provides a basic awareness of how Bmil may be interacting within human
cells and may indicate any caveats in the use of Bmil to extend lifespan in
airway epithelial cells.

As there are multiple options available to compare differential gene
expression, two different methods were utilised and then compared with
the original method used by the authors of the data. The purpose of this
was not to determine which method of analysis is better, but to identify
which genes are consistently highlighted by various analyses as being
significantly differentially expressed in samples of elevated Bmil expression.

In all three methods Bmil was identified as significantly up-regulated, as

expected, which provides confidence in the RNA sequencing data and the
methods of analyses. Rank Prod also provided very similar statistical data
(pfp and FC) as Ferretti et al. (2016) using EB Seq.

As Bmil is increased, it would be expected that p16 (which is inhibited by
Bmil) expression would be decreased. p16 was not identified as significantly
up or down-regulated in any of the three methods. However, it is possible
that the effects of Bmil may be masked by the use of a cancerous cell line. If
expression is already low in the cell line, then any further inhibition may not
be significantly identified. The A375 cell line was originally derived from a
melanoma (Giard et al., 1973), and Bmil has been found to be elevated in
some melanomas and melanoma cell lines (Mihic-Probst et al. 2007); so it is
possible Bmil is already at a high baseline level in the cell line, which may
limit the effects of further Bmil elevation.

Alternatively, a study by Yip et al. (2013) whereby Bmil was over-expressed
in nasopharyngeal epithelial cells for immortalisation did not immediately
detect significant decreases in p16, but only at later (30) passages post-
infection. As it is unknown at which passage post-infection Ferretti et al.
(2016) conducted their RNA sequencing, it could be that changes in p16
expression had not yet had time to occur.

Amongst the up-regulated genes identified in Table 4.4 are genes which are
involved with growth and cell development, and additionally associated with
the extracellular matrix and cell adhesion. This may be due to the apparent
role of Bmil in promoting metastasis (He et al., 2015). By conducting
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pathway analyses, Ferretti et al. (2016) identified genetic pathways
associated with migration, Wnt signalling and tumour progression,
highlighting an invasive function for Bmil in melanoma. Also, amongst these
up-regulated genes are some which are suppressed in cancers, which seems
counter-intuitive in Bmil over-expressing cells, as Bmil is often highly
expressed in tumours (see Chapter 1).

An investigation into genes relevant to asthma and barrier function did not
identify any genes which were significantly up or down-regulated in all three
methods of analysis. This did not highlight any specific reason that Bmil
would not be suitable for extending the cell lifespan of airway epithelial cells
for use in asthma research. However, a lot of the genes which were explored
resulted in a "NO TEST" output from CuffDiff (17 out of the 37 barrier-
related genes and 8 of the 19 asthma-associated genes). This indicates that
there were "not enough alignments for testing" (Trapnell, 2016). Therefore,
there may be differential gene expression relevant to asthma and airway
epithelium which could not be identified using this dataset and also other
genes which were not included in the search.

Furthermore, none of the genes involved in stemness which Yip et al. (2013)
investigated and found to be up-regulated in Bmil transduced cells were
also identified by CuffDiff as being significantly differentially expressed (data
not shown) which could again be due to the cell type used.

4.4.1 Limitations

The Ferretti et al. (2016) paper provides a useful dataset, however as the
cell type used is a cancerous non-airway epithelial line, there may be limited
relevance to this project. Furthermore, the modifications existing in the
cancerous cell line may mask those caused by over-expression of Bmil,
meaning differential expression cannot be observed.

As mentioned in the previous section, genes of interest could not be
included in the statistical analyses due to the lack of alignments, which may
mean that an important gene was missed. Also, although the barrier
function genes investigated were not found to be differentially expressed,
this may only be relevant to this cell line - Bmil over-expression may have a
different effect in airway epithelial cells where barrier function is more of a
priority. Furthermore, as this study uses comparisons of multiple analyses,
there is the chance that if one of these methods is too stringent a gene of
interest may be excluded from the results.

The Ferretti et al. (2016) paper used for RNASeq analysis in this project had
only 3 replicates. Liu et al. (2014) show that increasing the number of
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biological replicates increases the power of such studies significantly.
Therefore, when RNA sequencing is performed on the modified HBECs
produced in this project, a higher number of replicates would be beneficial.
Ferretti et al. (2016) also used single-end RNA-seq which may not be as
reliable as paired-end sequencing that is performed from both ends of the
template strand. Furthermore, CuffDiff is optimised for use with reads of
75bp (CCB, n.d) and may not be optimal for single-end reads (Zhang et al.,
2014) therefore there must be careful consideration of the advantages and
disadvantages of sequencing parameters and analysis software used.

4.4.2 Summary

Overall, a large number of genes are altered by Bmil over-expression.
However, this number is reduced when cross-examining the results of
different methods of analyses, with 144 genes being consistently identified
as up-regulated and 14 genes consistently identified as down-regulated.

This research supports the development of an inducible system where Bmil
over-expression can be reduced to endogenous levels in order to minimise
the effect on global gene expression.

Although there are limitations in using this dataset, it provides an initial
estimation of how Bmil over-expression may affect the cells and thus far
has not identified any consistently significant effect on genes of respiratory
interest, in particular those associated with barrier function.

125



5. General Discussion

This project set out to develop a sustainable primary human airway cell
model for respiratory research, which can be used over an extended period
of time but remains representative of cells recently isolated from the human
lung, without the loss of endogenous features. The airway epithelium is the
first line of defence against insults and often the site of interaction with drug
therapies, therefore airway epithelial cells are incredibly important to study.
As mentioned in Chapter 1, there are a number of disadvantages to existing
cell lines and primary cells used for respiratory research. A key problem in
research is that primary cells in vitro quickly de-differentiate and lose their
characteristics over a restricted number of passages. This limits the number
of cells which can be grown in vitro and rules out large scale studies which
could be used to investigate novel drug therapies for asthma and other
respiratory diseases. Additionally, the isolation of cells from patients is
invasive and causes discomfort to the donor with risk of injury.

5.1 Progress of the project

This project aimed to overcome some of these problem by introducing Bmil
over-expression to primary HBECs using an inducible system to control gene
expression and temporarily extend cell lifespan. Lentiviruses have been used
to deliver the Bmil sequence to primary HBECs in a manner which allows
control over gene expression. The effect of elevated Bmil on the barrier
properties of HBECs has been studied using ECIS and RNA-seq analysis has
been performed on existing data to provide insight into the global effects of
elevated Bmil.

5.1.1 Lentiviral gene delivery in primary HBECs

Lentiviral plasmids were constructed containing the Bmil sequence and
packaged into functional lentiviruses which were used to infect primary
early passage HBECs. Whilst there is significant interest in the use of Bmil
for extending cell lifespan and success in other cell types, there are relatively
few studies over-expressing Bmil in airway epithelial cells. Those that do
incorporate Bmil into airway epithelial cells have shown positive results.

Munye et al. (2017) have used Bmil transduced airway epithelial cells and
found that they retained both normal morphology and karyotype and were
also still capable of differentiating at ALI, which correlates with the data
shown by Torr et al. (2016) achieved previously in our research group. Bmil
has also been shown to significantly extend the lifespan of human bronchial
epithelial cells in vitro (Fulcher et al., 2009), which supports the rationale of
using Bmil in this project to delay senescence of airway epithelial cells.
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Genetic modification of HBECs to extend lifespan will allow expansion of the
cells in culture. However, the cells should be minimally divergent from
endogenous HBECs in order to be a representative alternative. Therefore, a
means to control gene expression and revert back to endogenous
expression levels is advantageous.

The important aspect of this project is the incorporation of the Cumate
Switch System which allows control over Bmil gene expression. Gene
induction, then a return to endogenous levels, has been performed in
dendritic cells using the SV40 T-large antigen and a doxycycline based
induction system (Richter et al., 2013). Their study showed that the
conditionally extended cells could be expanded and were able to revert to a
normal primary cell phenotype following a removal of induction. In this
study, this concept is applied to airway epithelial cells in order to overcome
the limitations of primary cell culture.

Successful delivery of the Bmil lentiviruses to primary HBECs has been
achieved, along with various quality control stages throughout the project,
however elevated Bmil protein still needs to be confirmed in the
transduced HBECs and prolonged cell culture needs to be undertaken to
ensure cell lifespan is extended. The genetic modification of cells from
asthmatic donors would also be included to generate an asthmatic epithelial
cell line.

5.1.1.1 Limitations of alternative genes in airway epithelial
cells

Current methods which have been used to extend the lifespan of cells have
significant deficiencies.

The E6 and E7 genes from the human papillomavirus have been introduced
into primary bronchial epithelial cells to create the cell line, VA10, which
after culture for 2 years retained basal cell markers but showed
chromosome instability at passage 35 (Halldorssen et al., 2007).
Additionally, Ramirez et al. (2004) show that immortalisation of HBECs using
E6 and E7 resulted in more genetic changes compared to those transduced
with a combination of hTERT and Cdk4. Also, human MECs which had been
immortalised either by hTERT or hTERT with Bmil showed normal ploidy, in
contrast to alternative techniques using E6 or E7 viral genes (Haga et al.,
2007), suggesting that the latter may be more detrimental to the cell
development and could lead to genetic instability.

As mentioned above, there has been some success with hTERT. However, in
some cases hTERT over-expression has been linked with the development of
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potentially malignant mutations over numerous passages (Milyavsky et al.,
2003). In addition to this, Campisi (2003) and Farwell et al. (2000) suggest
that expression of hTERT alone in epithelial cells is not sufficient to extend
lifespan, but requires a separate mechanism by which to prevent terminal
differentiation. Lundberg et al. (2002) showed that primary
tracheobronchial epithelial cells underwent senescent even with ectopic
hTERT expression. They also show that telomere length was not correlated
with the initiation of senescence, suggesting that telomeres are not the only
determining factor. Kiyono et al. (1998) have previously suggested that
inactivation of the Rb/p16INK4a pathway is also required to delay
senescence.

It is worth noting that in an alternative methodology, Smith et al. (2016)
have immortalised primary human airway epithelial cells by using retroviral-
delivered hTERT combined with shRNA targeting the CDKN2A locus
(encoding p16/p14ARF) in a single construct. Transduced cells showed lower
pl6 and pl4 protein expression and were able to reach 70 population
doublings, whilst those with only p16 shRNA reached 45 and untransduced
cells did not extend beyond 10 population doublings. Their modified cells
showed chromosome stability and provide a model they intend to use to
study lung cancer development.

In relation to this project, lentivirus delivery is preferable over retrovirus
delivery due to the ability to infect non-dividing cells. However, combination
of hTERT with a method to down-regulate p16 does show promise, and may
be superior to hTERT alone, which was used previously in our research
group without success (Torr et al., 2016). Fulcher et al. (2009) state that
human bronchial epithelial cells transduced with both Bmil and hTERT
retained a diploid karyotype at passage 14 and the ability to form a
pseudostratified monolayer, showing potential for their combination in
airway cells.

5.1.2 Modified HBECs show differences in barrier function
with ECIS

ECIS was investigated as a methodology to study barrier function and to
determine its suitability for comparing genetically modified HBECs to
endogenous controls. In other studies, ECIS has been used to differentiate
between cancerous and non-cancerous epithelial cells and the method was
capable of distinguishing the differences in cell-spreading between the two
cell types (Yang et al., 2011).

In this project, ECIS proves to be a sensitive technique and was able to
detect differences in the cell adhesion and barrier properties between
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endogenous and previously modified HBECs with constitutive over-
expression of Bmil.

Surprisingly, the results indicated that there was a significant decrease in the
confluence and electrode coverage of modified cells; Bmil acts to increase
cell proliferation (Huang et al., 2011), so a proliferative advantage would be
expected in the modified cells. In support of this, Torr et al. (2016) showed
that HBECs with elevated Bmil expression had significantly increased
viability at passage 8-10.

The ECIS results also show a decrease in barrier resistance - perhaps due to
the role of Bmil in metastasis (Guo et al. 2011); an invasive behaviour would
require a reduction in cell-cell interaction (Martin & Jiang, 2009). However,
these deviations may not necessarily be due to Bmil expression, but
because the cells were at much a later passage than the endogenous cells or
because there was a loss of cells. Torr et al. (2016) show that at passage 8,
the previously modified HBECs (constitutive over-expression of Bmil) do
form TEER at ALl but to a lesser extent than endogenous (early passage)
controls; TEER had dropped to 88% (of wild-type control, 100%). The ECIS
results obtained confirm and extend this study, examining the effect of Bmil
on cell homeostasis.

Although a considerable difference was observed between the two cell
types, it would be more informative to look at how the cells behave when
+Bmil over-expression is repressed as this will be the condition under which
investigations will take place and it will be necessary for the modified cells
to be as representative of endogenous HBECs as possible.

Heijink et al. (2010) show a marked increase in barrier function of primary
bronchial epithelial cells when media was changed for hormone/growth
factor-deprived medium. This may indicate that culture conditions can be
optimised to produce a more significant change in ECIS measurements.

A disadvantage to this technique is that, as the cell monolayer is
undifferentiated, measurements are not taken from a mature, differentiated
epithelial layer, so do not resemble the in vivo situation. In submerged
conditions, they will comprise of basal cells rather than a pseudo-stratified
layer including ciliated and goblet cell types. Applied Biophysics (2017) have
since developed a transwell adaptor allowing media conditions to be
controlled on both the apical and basal surfaces and TEER measurements to
be continually taken. This may potentially allow growth of cells at air-liquid
interface whilst non-invasively recording the resistance across the
monolayer and could be looked into for future work.
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Once Bmil is elevated in HBECs, it would be interesting to use ECIS to
compare the +Bmil modified cell lines to existing airway epithelial cell lines
as well as primary cells, to evaluate their strengths and weaknesses in
barrier formation.

5.1.3 Transciptomic analysis did not identify consistent
differential expression of barrier or asthma-associated genes
correlated in samples with elevated Bmil

As RNA-seq could not be completed within the time frame of this project,
previously published RNA-seq data (Ferretti et al., 2016) was used to provide
insight into the potential global effects of Bmil over-expression in a human
cell line.

Methods of RNA-seq analysis vary depending on the parameters of the data
they prioritise, therefore the comparisons of two different methods of
analysis along with analysis by the original authors of the data (Ferretti et
al., 2016) determined genes which were consistently ranked as differentially
expressed, on the assumption that these genes are likely to be true
representations of those affected by Bmil over-expression.

A large number of genes were identified by CuffDiff (1024 genes), and to a
lesser extent by Rank Prod (380 genes), which is unsurprising given that
1536 genes are thought to be affected by Bmil (Meng et al., 2010).
However, this number was decreased by combining the three analyses to
identify genes consistently differentially expressed and resulted in 144
genes significantly up-regulated and 14 significantly down-regulated. Of the
top 20 genes which were up-regulated (ordered by fold change), there were
numerous genes which played a role in cell growth and others which were
associated with migration and the extracellular matrix, which is unsurprising
given the role Bmil is thought to play in promoting cancer metastasis (He et
al., 2015).

For the top 20 up-regulated genes, the log2(fold change) ranged from
3.20128 to 6.39519, whereas the down-regulated genes ranged from
-0.001636 to -3.29462. However, the changes may not be as considerable if
they do not have a lasting effect on the cells once Bmil over-expression is
repressed in the inducible system. As the expression levels of some genes
are greatly affected by elevated Bmil, it is all the more important to
incorporate the inducible switch and revert these changes to endogenous
levels.

Genes involved in barrier integrity were not significantly identified as being
differentially expressed, this would suggest that the decrease in barrier
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function observed using ECIS may be due to other factors, for example
detachment of cells from the electrode, as indicated by the increase in
capacitance on ECIS plots.

As discussed in Chapter 4.4.1, the use of a cancer (melanoma) cell line could
potentially be masking the function of Bmil (as p16 expression was not
significantly down-regulated), which may also have resulted in other genes
of importance being masked. Xu et al. (2013) show that there is an upper-
limit for genetic manipulation, where additional gene over-expression does
not necessarily result in further downstream effects. Alternatively, the
timing of sequencing post modification with Bmil may not have allowed for
relevant changes to occur (Yip et al., 2013). This highlights the issue of
deciding at how many passages post-infection samples should be collected
for sequencing to provide a representative overview for this project.

Overall, Bmil over-expression does affect the expression of a large number
of genes provides support for the need of an inducible switch system and
suggests that the effects of Bmil will have to be taken into consideration
when using this cell model, particularly if they are not reversible once Bmil
over-expression is repressed. The techniques used in analysing the RNA
sequencing data generated a vast amount of information which will prove
useful in comparing endogenous low passage HBECs to +Bmil genetically
modified HBECs and to cells which have Bmil over-expression repressed (via
removal of cumate).

This dataset, although with limitations, provides preliminary information on
the nature and extent of differential expression caused by elevated Bmil in
a human cell line. Thus far the results do not discourage the use of Bmil
over-expression in producing an airway cell model for respiratory research;
a consistent significant effect on representative barrier function and
asthma-associated genes was not identified with Bmil over-expression
which could show utility for this model in asthma-related research.

It is evident though, that further conclusions on Bmil over-expression
cannot be made until samples from this project undergo RNA-sequencing.
Despite a large number of genes being altered by Bmil over-expression, the
success of the project as an airway cell model may hinge on the nature of
differential expression specifically in airway epithelial cells and whether
these changes are able to revert following removal of induction in the
inducible system.
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5.2 Short-term extensions of the project
There are a number of ways in which the current work can be built upon.

5.2.1 Optimisation of cumate dose to induce Bmil over-
expression

The addition of cumate will be used to induce Bmil gene expression and
control the level of this expression. Once the cells have been infected with
both the Bmil-lentivirus and the CymR repressor virus, varying doses of
cumate will have to be tested to obtain optimal gene control and to
determine the tightness of this control. When gene over-expression is
switched off, there will be a delay in the decrease of Bmil protein
depending on the half-life of the protein and mRNA (Schmidt-Supprian &
Rajewsky, 2007). Studies will have to be carried out to determine how long
it will take to return Bmil over-expression levels to the endogenous state
following removal of cumate and whether there is any 'leaky' expression
due to incomplete repression.

The Cumate Switch system shows promise as a method of temporally
controlling Bmil expression and has been used successfully in other studies.

Lu et al. (2014) use the Cumate Switch system to deliver miR-126 to a breast
cancer cell line, MDA-MB-231. They perform RT-PCR to assess the over-
expression of miR-126 when in the presence of varying doses of cumate at
different time points. Their results appear to show that the cumate
induction time has a greater effect than increasing the dosage of cumate,
which led them to settle on a final dose of 300ug/mL cumate for 24 hours to
produce a physiologically relevant increase in miR-126. This suggests that
the Cumate Switch system allows precise control and that an appropriate
dose and time period can be selected depending on the experimental
requirements.

Additionally, Akiyama et al., (2013) use the Cumate Switch system in order
to induce "acute" expression of XBP1s in pancreatic cells and monitor
protein expression levels in response to this at various time points. Addition
of cumate to their cells lifts repression and allows high levels of XBP1s
protein to be detected by Western Blot 24 hours later, although earlier time
points are not shown.

Both of these studies show a rapid change in response to cumate, allowing
controlled expression of their sequence of interest. This will play an
important factor in the future of this project, as Bmil over-expression and
repression will need to be precisely controlled and it highlights the
importance of optimising the cumate dose in HBECs.
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5.2.2 Extensive characterisation of genetically modified HBECs
As with any genetic modification, there is a risk of introducing unwanted
side-effects. Extensive characterisation will be necessary using a range of
techniques including TEER, ECIS, RNA sequencing as mentioned previously,
but also additional characterisation methods such as karyotyping,
immunofluorescent staining and microarray analysis to provide a
comprehensive picture of how the cell lines differ from endogenous human
airway epithelial cells. This will help to evaluate the suitability of the
engineered cells for respiratory research.

The work thus far has been restricted to just one donor. This has removed
the complication of increased variability in these experiments. However, to
extend the project a minimum of 6 donors ideally would be used to
generate modified cell lines in order to overcome donor variation and
differences in growth rates which may skew experimental data.

5.3 Overall limitations to the project
Whilst this project aims to minimise unwanted side-effects, there are certain
limitations which need to be taken into consideration.

Telomerase (encoded by the hTERT gene in humans) plays an important role
in protecting chromosome ends from degrading and determines the
replicative potential of cells (Sahin & DePinho, 2010). Telomere degradation
is thought to induce p53 pathway signalling (Saretzki et al., 1999) and
ultimately cell cycle arrest. Therefore, without additional telomerase
expression, there will be a limit to the number of replications that the
modified HBECs will be able to undergo. Although, some studies indicate
that Bmil can induce telomerase activity (Dimri et al., 2002). Yip et al.
(2013) show that Bmil alone could not immortalise nasopharyngeal
epithelial cells. However the aim of this project has not been to immortalise
the cells but to give them a temporary proliferative advantage. Experiments
will need to be performed to determine at which passage the cells can no
longer be utilised.

Biehs et al. (2013) found that not only did Bmil regulate the Ink4a/Arf locus,
but also suppressed expression of Hox genes in order to maintain an
undifferentiated state in adult stem cells. Therefore, there may be an effect
on the ability of the genetically modified airway cells to mature. It will be
necessary to ensure that the HBECs retain their ability to differentiate
following removal of cumate and a return to endogenous levels of Bmil
expression. However, even with constitutive Bmil over-expression, Torr et
al. (2016) showed that HBECs with elevated Bmil were able to differentiate
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and form a pseudostratified epithelium at passages 10-15 when cultured at
ALI.

The use of lentiviruses, whilst beneficial in providing stable gene transfer by
integrating the gene of interest into the host genome, also comes with the
risk of disruptive insertional mutagenesis. The site of insertion could be
within an endogenous gene, preventing it from being expressed or having
other downstream effects. With lentiviruses it is possible to achieve multiple
integrations per cell genome which increases the risk of normal gene
expression being disrupted (Woods et al., 2003). However, lentiviruses are a
very commonly used method of gene delivery and alternatives such as RNA-
delivery do not offer the long-term modification required for this project.
There has to be a compromise on the gene delivery method depending on
the required outcome of the project.

Additionally, there have been concerns over the cytotoxicity of GFP
expression, as well as the damaging effects of photoactivation required for
imaging (Ansari et al., 2016). Therefore, the fluorescent reporter genes
present in the lentiviruses produced in this project, while useful during the
preliminary stages for ease of detection, may be detrimental to the HBECs
and have negative side-effects. Once proof of concept is achieved, it may be
beneficial to remove the reporter genes from the system. Moreover, the
presence of GFP and RFP in the cell lines may limit the use of fluorescent
reporters in further analyses (for example, immunofluorescence studies).

Although there are limitations of the work completed so far, this project
builds on previous work by Torr et al., (2016) and lays the foundation for
producing a Human Bronchial Epithelial Cell line which can temporarily delay
senescence.

5.4 Potential future research using this epithelial cell model
One interesting avenue of study would be to investigate the long term
exposure of both common and novel asthma drug treatments directly with
the airway epithelium and the impact they have on the cells which are
generally the first point of contact. Furthermore, toxicity screening on a
large scale would assist in determining viable options to be used in therapy.

Current airway cell models used for drug studies have various limitations, as
summarised by Forbes (2000), for example the lack of mucus in the
16HBE140- cell line and reduced intercellular junctions in BEAS2B cells.
Studies using primary HBECs are generally limited in time span (Brockman-
Schneider et al., 2014), so there is a need for a representative model which
allows longer-term study of drug interactions.
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One particular aspect of the asthmatic airway epithelium is the abnormal
wound response (as described in Chapter 1) which could be targeted with
therapeutics. ECIS machines also have the potential to conduct wounding
assays - unfortunately, the type of array used in this project was not
compatible for this purpose (the wounding assay requires a single electrode
per well, rather than ten). This process growing cells in an array consisting of
a single electrode, and when confluent passing a current pulse through the
electrode to damage the cells covering it (Applied Biophysics, 2017b). This
allows real-time monitoring of the resultant migration and wound healing
response, and has advantages over typical scratch wound assays in that the
wound is reproducible and uniform (Applied Biophysics, 2017c). Taliaferro-
Smith et al. (2009) use the wound assay function of ECIS to assess the effect
of adiponectin treatment on the migratory and invasive behaviour of cancer
cells. In this project, ECIS could be used to assess the success of drug
therapies in aiding wound recovery and provide better understanding of
how asthma disrupts the healthy epithelial wound response. ECIS provides a
wide range of applications and shows a lot of potential for studying the
airway epithelium.

Finally, genome deletion methods such as CRISPR-Cas9 could be utilised to
target and delete relevant asthma-related genes to provide insight into their
mechanisms on a much larger scale. Genome editing was intended to be
part of this project and established in Calu3 cells before progressing onto
genetically modified HBECs due to the difficulty in transfecting and
modifying primary cells.

5.5 Conclusion

This project provides novel insight into extending cell lifespan in a controlled
manner which could potentially be applied to other airway cell types. This
research is beneficial as it provides a means to study human airway
epithelial cells over a longer term and will enable researchers to produce
larger numbers of cells to study; the limited availability of human airway
epithelial cells can be a restricting factor to many experiments.

Clearly Bmil has an impact on a wide range of genes and pathways, and
undoubtedly there will be many genes affected by Bmil-overexpression in
the modified HBECs, but the true extent with regards to this project cannot
be investigated until RNA sequencing is performed on the modified cell
lines. This will provide a clearer picture of which genes are differentially
expressed and whether they will have a significant impact on the
functionality of the airway epithelial cells. However, the defining feature of
this project is that Bmil over-expression can be temporally controlled and
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with that the potential to revert the gene expression levels of modified
HBECs to that of endogenous cells.

The work so far suggests that this is a promising method to extend airway
cell lifespan, although extensive characterisation is still required to ensure
the cells remain representative. There are numerous applications for a
representative airway epithelial cell model, particularly in the study of
respiratory disease and identification of novel drug therapies.
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7.Appendix

Gel electrophoresis

A 1% agarose gel was made up for gel electrophoresis by the addition of agarose to
20ml/L TAE buffer (using 50x stock consisting of 242g/I UltraPure Tris and 100ml/L
0.5M EDTA, pH 8). This was heated in the microwave until dissolved. Once the
solution had cooled sufficiently, ethidium bromide 10mg/ml was added
(2.5u1/50ml) and it was poured into the gel cassette to set, using a comb to create
wells. DNA samples were prepared by the addition of 6x Orange G dye (Thermo
Fisher Scientific).

SDS PAGE Gel
Components required for Western Blotting:

TBST (20mM Tris-HCI, pH7.5; 150mM NacCl; 0.1% Tween 20)
Tris-glycine/SDS running buffer (250mM Tris base; 1.92M glycine)
Transfer Buffer (25mM Tris base; 192mM glycine, 20% v/v methanol)

10% APS 0.5g ammonium persulphate in 5ml of water

Component Volume
Distilled water 3.1ml
30% (w/v) acrylamide (Sigma, A3699) 4.2ml
10% SDS (Sigma, L5750) 100ul
1.5M Tris-HCI (pH 8.8) 2.5ml
10% APS 100ul
TEMED 4l

Table S1. Components and volumes required for resolving gel in Western Blotting

Component Volume
Distilled water 3.4ml
30% (w/v) acrylamide 830ul
10% SDS 50ul
1M Tris-HCI (pH 6.8) 630 pl
10% APS 50ul
TEMED 5ul

Table S2. Components and volumes required for stacking gel in Western Blotting

1. Components for the resolving gel were mixed and poured into 0.75mm gel
cassette and left to set. Once set, the stacking gel was mixed and poured
on top of the resolving gel. A comb was inserted and the gel left to set. The
gel was placed in 1x Tris-glycine/SDS running buffer and samples were
added to the wells.

2. Samples were run at 100V through the stacking gel and then 200V through
the resolving gel.
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Bacterial culture
Bacteria was grown on agar plates. 16g/L of LB Agar (Fisher, BPE1425-500) in 400m|
water was autoclaved. Before pouring into plates, the agar was heated and

ampicillin added to a final concentration of 100uM.

Bacteria was grown in LB Broth (Fisher, BPE1426-500). 12.5g of LB Broth powder
was added to 500ml of water and autoclaved. Ampicillin was added to a final

concentration of 100uM.

Genes identified as up-regulated in transcriptomic analyses

ABCC8 CHD5 GABRE LBH NTNG2 RYR1
ACAN CHST15 GAL LGI2 NTRK1 SARDH
ACE COL15A1 GAP43 LINGO1 NTSR1 SCARA3
ADAMTS10 COL22A1 GLIPR2 LINGO3 NXN SCN4B
ADAMTS2 CRABP2 GPRC5C LMX1B PAGE1 SEPT3
AKR1C2 CRLF1 GRID1 MAOB PARM1 SHANK1
ALX4 CRMP1 GRTP1 MAST1 PCK1 SLC14A1
ARHGEF16 CXCL1 HAPLN4 MEGF11 PCSK6 SNCB
ATP2B2 CYP2S1 HES4 MEGF6 PDZD4 SORCS2
BCL2A1 DKK1 HHIP MERTK PIEZO2 SOX8
BMI1 DMKN HMX3 MLC1 PNMT SYT7
BMP7 EBF4 HTRA3 MLXIPL PPAPDC1A TCF15
C2CD4C EEF1A2 IGF2 NECAB2 PPP2R2C TLE2
CA12 EFEMP1 IGFBP7 NETO1 PRRX2 TMEM130
CACNA1C ELFN2 IGFBPL1 NEURL1B PTH1R TMEM150C
CACNA1H EMID1 IL2RB NFASC PTPN7 TNS1
CACNG7 EMILIN3 IL8 NKD2 PTPRU TP53111
CCDC88C EPAS1 ITGA11 NOTUM PXDN TSPAN18
CDH11 FAM19A3 JAG2 NOVA2 RASD2 UNC13A
CDH15 FAM20A KCNH2 NPTX1 RASGRP2 VIT
CDH23 FAMS578B KCNK6 NPTX2 RBP7 WNK2
CDH3 FIBCD1 KCNN1 NRXN2 RCAN2 WNT5B
CDHR1 FN1 KRT6B NTF4 RCN3 WSCD1
CEACAM1 FOXF1 LAMC3 NTN1 RTN4RL1 ZIC5

Table S3. List of 144 genes which were significantly up-regulated in samples from A375 cells

engineered to over-express Bmil, as identified by CuffDiff, Rank Prod and Ferretti et al. (2016).
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