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Abstract

Non-typeable Haemophilus influenzae (NTHi) and rhinovirus 16 (RV16) are
strongly associated with symptomatic disease in healthy individuals and with
disease exacerbations in patients with chronic lung conditions such as chronic
obstructive pulmonary disease (COPD). Co-infection with RV16 and NTHi is
thought to cause more severe exacerbations, although the mechanism behind
this remains unknown. The hypothesis of this project was that RV16 and NTHi
co-infection of the respiratory epithelium results in increased bacterial growth,
greater epithelial damage and inflammation compared to single NTHi infection.
To investigate this, healthy and COPD primary respiratory epithelial cells
cultured at air-liquid interface for 6 days (pre-ciliation) or 28 days (ciliated) were

infected with RV16 and 24 hours later challenged with NTHi.

In healthy and COPD ciliated epithelial cultures, NTHi bound to motile cilia
within minutes, then formed filamentous morphotypes and biofilm-like
aggregates which reduced ciliary beat amplitude by 24 hours post infection.
NTHi epithelial invasion occurred preferentially in non-ciliated epithelial cells
suggesting that ciliation may protect against NTHi invasion. This might be of
importance in COPD cultures, where the number of ciliated cells was reduced,

reflecting what is seen in vivo.

Co-infection of ciliated cultures with RV16 and NTHi resulted in a reduced
ciliary beat frequency, epithelial barrier dysfunction and a more complex
inflammatory response from healthy and COPD ciliated cultures, compared to
NTHi single infection. RV16 co-infection also promoted mucin gene expression

and enhanced NTHi growth by altering epithelial cell apical fluid secretion. In



contrast, pre-ciliation cultures showed markedly reduced responses to single
RV16 or NTHi infection and their co-infection compared to ciliated cultures.
However, pre-ciliation cultures were susceptible to NTHi invasion and
promoted NTHi growth during co-infection with RV16, suggesting they may act

like a niche for bacterial colonisation.

In conclusion, this study has shown that NTHi infection is able to affect ciliary
function, form biofilm and invade the epithelium without epithelial barrier
damage or induction of a complex inflammatory response, suggestive of a
colonizer behaviour. In contrast, co-infection with RV16 and NTHi led to NTHi
growth, a goblet cell-specific transcriptional profile, impaired ciliary function
and epithelial barrier and increased inflammation which could result in

increased bacterial dissemination and COPD exacerbation.



Impact statement

The primary impact of this research will be delivered through publications that
will describe mechanisms which can be targeted therapeutically to limit airway
colonisation by NTHi and NTHi growth during co-infection with RV. This would
be of interest to academic researchers (microbiologists, immunologists,
respiratory scientists, and pharmacologists), clinicians (respiratory medicine,

infectious diseases), pharmaceutical companies such as GSK and patients.

This multi donor study describes the very early interaction of NTHi with the
ciliated respiratory epithelium and has highlighted a number of mechanisms
employed by NTHi to avoid clearance from the airways. For example the
finding that NTHi undergoes conformational changes and forms a biofilm on
the ciliated epithelium could be of interest to microbiologists, immunologists
and respiratory scientists focused on studying mucociliary clearance, antibody
mediate killing and immune cell phagocytosis of NTHi. Further identification of
the factors responsible for enhanced growth of NTHi during co-infection with
RV would allow their potential manipulation for therapeutic purposes and
limitation of bacterial growth during viral co-infection. For example, inhaled
therapies or manipulation of the immune system or of the bacteria to enhance
bacterial clearance from the respiratory tract could reduce bacterial

persistence and airway colonisation.

Pharmaceutical companies such as GSK with a focus on respiratory diseases
will be interested in understanding the mechanisms that NTHi uses for invasion
of the respiratory epithelium and how these could be manipulated for

therapeutic purposes. This PhD project was funded by GSK and we have had



regular meetings to discuss the findings. They are interested in therapies that
prevent epithelial invasion or long-term airway colonisation in patients with

COPD.

Both academic researchers and pharmaceutical companies will benefit from
the methods described here for primary cell culture, which highlight the
markedly different results obtained in infection studies using undifferentiated
versus differentiated epithelial cell cultures. Furthermore, it was shown here
that findings from studies using epithelial cell lines could not be replicated in
primary ciliated airway epithelial cell cultures. Thus, these findings emphasize
the caution in interpretation of studies which use systems that are too far

removed from primary human tissue.

Both healthy individuals and patients with COPD will benefit from the
increasing attention given to research of this chronic lung disease. Publication
of summaries of this research aimed at a non-scientific audience on social
media outlets and web pages could help patients to understand the link of viral-

bacterial co-infection in causing more severe exacerbations of their condition.
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1.1. The structure and function of the human respiratory

epithelium

The epithelial layer lining the human airways is the first line of defence against
inhaled environmental pathogens, particles and pollutants (Crystal et al.,
2008). In addition to being a physical barrier for host protection, the epithelium
also plays a central role in regulating airway immunity to infection as well as
airway structure and function in health and disease (Proud and Leigh, 2011).
The human airway epithelium is pseudostratified and consists of three major
cells types: basal cells, secretory cells (including goblet and club cells) and
ciliated cells (see Figure 1) (Rock and Hogan, 2011). Other rare cell types
recently identified in the respiratory epithelium include brush or tuft cells,
neuroendocrine cells and ionocytes (Montoro et al., 2018; Nevo et al., 2019;

Plasschaert et al., 2018).

1.2. Basal cells

Basal cells are a population of undifferentiated cells with the capacity to self-
renew or give rise to secretory, ciliated or rare cell types, thus often seen as
the stem cells of the respiratory epithelium (Hackett et al., 2008; Rock and
Hogan, 2011; Rock et al., 2009; Ruiz Garcia et al., 2018). Recent single cell
RNA sequencing of the mouse and human respiratory epithelia have revealed
that basal cells can be found in a range of physiological states, depending on
their differentiation state, response to injury and airway location (Plasschaert

et al., 2018; Ruiz Garcia et al., 2018; Vieira Braga et al., 2019)

In the adult mouse, basal cells are more abundant in the main bronchi and the

trachea, where they represent 30% of the total cells in the epithelium, but their
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frequency decreases distally to complete absence in the small airways (Rock
et al., 2009). In human airways, a similar percentage of basal cells was
identified in the epithelium lining large airways, with a 5 fold reduction in
proportion along the smaller airways (below 0.5 mm in diameter) (Boers et al.,
1998). Basal cells of the lung are characterised by high expression of the
transcription factor transformation-related protein 63 (Trp63) as well as
cytokeratins 5 and 14, nerve growth factor receptor (NGFR) and integrin alpha

6 (Rock et al., 2009).
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Figure 1. Structure of the respiratory epithelium and submucosal glands
The human airways are lined by a pseudostratified epithelium consisting of several cell types.
Ciliated cells, through their continuous ciliary beating, move mucus secreted by goblet cells
and submucosal glands along the respiratory tract in the process known as mucociliary
transport. The pericellular fluid layer, formed of membrane tethered mucins and
mucopolysaccharides, occupies the inter-ciliary space and sits underneath the mucus layer.
Optimal hydration of the pericellular fluid is essential for normal ciliary beating and the cystic
fibrosis transmembrane conductance regulator rich ionocytes play an important role in
regulating its hydration (Button et al., 2012). Submucosal glands are lined by mucus producing
goblet cells and serous cells that release electrolytes to regulate mucus hydration (Whitsett,
2018, Okuda et al., 2018). Innervated myoepithelial cells regulate mucus secretion from
submucosal glands in response to neural inputs (Whitsett, 2018). Airway brush cells and
pulmonary neuroendocrine cells (PNEC) are rarer cell types thought to act as oxygen and

pathogen sensors (Nevo et al., 2019, Cutz et al., 2013). Club cells are direct descendants of
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1.3. Club cells

Club cells are non-ciliated, cuboidal cells with an apical uterodome which
contains electron-dense membrane bound granules (Boers et al.,, 1999;
Reynolds and Malkinson, 2010; Rock and Hogan, 2011). These granules are
filled with glycoproteins of the secretogoblin family, particularly SCGB1Al
(otherwise known as club cell secretory protein) which has anti-inflammatory
effects (Reynolds and Malkinson, 2010; Rock and Hogan, 2011). Additionally,
club cells produce a variety of mucins, antimicrobial peptides, proteases,
surfactant apoproteins A, B, D, as well as cytokines and chemokines
(Reynolds and Malkinson, 2010). The frequency of club cells along the airways
can vary from approximately 22% in the terminal bronchioles to complete
absence in the proximal airways (Boers et al., 1999; Okuda et al., 2019). Club
cells are direct descendants of basal cells and act as progenitors which retain
the capacity to self-renew and differentiate towards ciliated and goblet cell
lineages, for example in response to injury (Montoro et al., 2018; Rawlins et

al., 2009; Ruiz Garcia et al., 2018).

14. Goblet cells

Goblet cells of the respiratory epithelium are secretory cells which, together
with submucosal glands, produce mucus (Fahy and Dickey, 2010) — Figure 1.
Goblet cells can produce two types of mucins: membrane bound (MUC1,
MUC3, MUC4, MUC12 and MUC13) and secreted mucins (MUC2, MUC5AC,
MUC5B and MUCG6) (Rose et al.,, 2001). While submucosal glands secrete
predominantly MUC5B, goblet cells lining the airway epithelium produce both

MUC5AC and MUC5B (Birchenough et al., 2015; Hovenberg et al., 1996;
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Jackson, 2001; Okuda et al., 2019). In the healthy respiratory epithelium,
mucins MUC5AC and MUCS5B are secreted predominantly in the large
airways, including the trachea and bronchi but their presence decreases in the
smaller airways to complete absence in terminal bronchioles (Okuda et al.,
2019). These polymeric mucin macromolecules such as MUC5AC and
MUCSB sit on top of the periciliary layer — a liquid layer containing membrane
attached mucins such as MUC1 and MUC4 and mucopolysaccharides and
which fills up the space between the cilia- and, together with the ciliary
movement, ensure mucociliary clearance of inhaled pathogens and particles
(Button et al., 2012; Munkholm and Mortensen, 2014). A ‘gel-on-brush’ model
has been proposed by Button and colleagues, whereby in a healthy individual,
this tight mesh formed by mucins such as MUC4 and MUC1, which are
attached to the cell membrane, cilia and microvilli, prevents particles larger
than approximately 40nm — smaller than, for example, the Influenza A virus- to
access the cell surface (Button et al., 2012). The level of hydration of the
mucus layer is an influential factor in the efficiency of ciliary beating, with
dehydrated mucus causing compression of the periciliary layer and collapse of
cilia (Button et al., 2012). An important role in regulating airway hydration is
played by the chloride channel cystic fibrosis transmembrane conductance
regulator (CFTR) and the epithelial sodium channel (ENaC) which ensure
secretion of CI- anions and absorption of Na*, respectively (Boucher, 2019).
An imbalance in the activities of these two channels leads to changes in airway
surface fluid and affects mucus rheology and mucociliary clearance. This is

the case in cystic fibrosis where mutations in CFTR lead to loss of Cl- secretion
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coupled with increased Na* absorption and subsequent airway dehydration

and mucus stasis (Boucher, 2019; Moore and Tarran, 2018).

During epithelial differentiation and regeneration, goblet cells are successors
of secretory club cells, being discriminated from these by higher production of
mucins MUC5AC and MUC5B and expression of the transcription factor sterile
alpha-motif pointed domain-containing E-twenty-six (SPDEF) (Chen et al.,
2009; Rajavelu et al., 2015; Ruiz Garcia et al., 2018). Traditionally, goblet cells
and ciliated cells have been considered as two very distinct differentiation
lineages. However, with the advantage of single cell RNA sequencing
technologies, two recent studies suggest that there is some plasticity between
the two lineages as a small proportion of cells simultaneously expressing the
goblet cell specific MUC5AC and ciliated cell specific transcription factor
forkhead box J1 (FOXJ1) were detected (Rock and Hogan, 2011; Ruiz Garcia

et al., 2018; Vieira Braga et al., 2019).

1.5. Ciliated cells

Ciliated cells propel mucus and mucociliary clearance plays a major role in
clearing inhaled particles and pathogens (Norton et al., 2011). Ciliated cells
are terminally differentiated cells, arising from secretory cells in absence of
Notch signalling, a signalling pathway which regulates ciliated versus secretory
cell fate choice (Rock and Hogan, 2011). Assembly of ciliary proteins then
occurs under the control of a transcriptional network regulated by FOXJ1
(Whitsett, 2018). Ciliated cells have cilia on the apical side that beat in a
coordinated fashion, at a frequency of approximately 10-16 Hertz, to ensure

transport of the overlying mucus layer and any particles and organisms
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attached to it (Chilvers and O'Callaghan, 2000). Each ciliated cell is estimated
to have approximately 200-300 motile cilia on its surface with each cilia
measuring approximately 6 um in length (Rhodin, 1966; Thomas et al., 2012;
Yaghi et al., 2012). The cilium is structured around a central pair of
microtubules and nine peripheral microtubule doublets elongating from the
basal body and aligned in parallel to form the axoneme, which is covered by
the plasma membrane (Figure 2) (Ishikawa and Marshall, 2011). In order to
move mucus along the respiratory tract, cilia beat in a cycle: the power stroke
where the cilium elongates and moves forward in an almost perpendicular
plane to the cell surface, with the tips of the cilia in close contact to the mucus
layer, and the recovery stroke, where the cilium bends and moves backwards,
in a plane closer to the cell surface and below the mucus layer (Sleigh et al.,
1988; Tilley et al., 2015). For efficient mucus transport, cilia in the same area
beat in a coordinated manner, creating a “metachronal wave” (Braiman and
Priel, 2008). Ciliary beating is regulated by numerous factors, including cellular
signalling pathways and external mechanosensitive factors (Boucher, 2019;
Button et al., 2012; Salathe, 2007). The intracellular signalling pathways
associated with regulating ciliary beating include: calcium signalling, the
second messengers cyclic adenosine monophosphate (cAMP) and cyclic
guanosine monophosphate (cGMP) and nitric oxide (Salathe, 2007). Activation
of G-protein coupled receptors such as the P2 purinergic receptors by ATP or
of muscarinic receptors by acetylcholine leads to activation of phospholipase
C and elevation of the intracellular concentration of Ca?*, which has been
correlated with an increase in ciliary beat frequency (Braiman and Priel, 2008).

It is believed that Ca?* can exert its effects on modulating ciliary beat frequency
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via the second messengers cAMP and cGMP. As such, elevated intracellular
Ca?* activates adenylate cyclase causing an increased production of CAMP
and activation of the cAMP dependent protein kinase A. Protein kinase A
localizes to the cilia and phosphorylates target axonemal proteins, leading to
an increase in ciliary beat frequency (Braiman and Priel, 2008; Salathe, 2007).
Ca?* signalling can also activate the nitric oxide synthase, causing production
of nitric oxide, subsequent activation of the cGMP- protein kinase G pathway
and phosphorylation of target axonemal proteins (Braiman and Priel, 2008; Li
et al., 2000). Extracellular factors that can affect ciliary function include:
temperature, with higher temperature stimulating faster ciliary beating; pH, with
acidic pH found to decrease ciliary beat frequency; changes in the periciliary
layer, such as hydration of the periciliary fluid or its viscosity, determined by its
content of mucin and other non-volatile solids, with dehydrated and viscous
periciliary fluid causing a decrease in ciliary beating and even collapse of cilia
(Boucher, 2019; Button et al., 2012; Clary-Meinesz et al., 1998; Clary-Meinesz
et al., 1992). In addition, genetic mutations that affect proteins of the cilia
structure can lead to abnormal ciliary beating and cause the respiratory
disease primary ciliary dyskinesia (Horani et al.,, 2016). Abnormal ciliary
beating can also affect cilia in brain ventricles and cause hydrocephalus,
because of loss of cerebrospinal fluid flow, can lead to dysfunction of the
reproductive system or to situs inversus, where internal organs are organised
in a mirror image of their normal localisation (Fliegauf et al., 2007; Horani et

al., 2016).
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Figure 2. Structure of the motile cilium

Motile cilia have an evolutionary conserved axonemal structure organised around a pair of
central microtubules surrounded by 9 pairs of peripheral microtubules, a structured known as
9+2. The microtubules are formed of a (A) and B (B) tubulin monomers. Nexin links form
bridges connecting the peripheral microtubule pairs while radial spokes connect the central
pair of microtubules with the peripheral pairs (Knowles et al., 2016; Tilley et al., 2015). The
outer and inner dynein arms provide the energy for movement of the cilium by hydrolysis of

ATP to ADP (Praveen et al., 2015). Picture adapted from (Knowles et al., 2016).

1.6. Other rare cell types

As mentioned earlier, much less abundant cell types have been identified in
the airway epithelium, including neuroendocrine cells, brush cells and the
recently discovered ionocytes (Montoro et al., 2018). Montoro and colleagues
have shown, using single cells RNA sequencing, that these three cell types
differentiate directly from basal cells, without the intermediate secretory cell

stage that gives rise to ciliated and goblet cells (Montoro et al., 2018).

Neuroendocrine cells represent less than 1% of the total lung epithelial cells
and possess characteristics of both hormone secreting endocrine cells and
neurons, being the only innervated epithelial cell type (Branchfield et al., 2016;
Kobayashi and Tata, 2018). Functionally, neuroendocrine cells are excitable
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cells which act as oxygen and olfactory sensors and play a role in sensing
inhaled allergens (Cutz et al., 2013; Gu et al., 2014, Sui et al., 2018). They can
be found in clusters or as isolated cells and produce calcitonin-gene related
peptide and gamma-aminobutyric acid which influences goblet cell
differentiation and interaction with immune cells such as innate lymphoid cells

(Sui et al., 2018).

Airway brush cells (also known as tuft cells) are multi-vesicular cells which
present microvilli on the apical surface and account for approximately 1 to 7%
of the epithelial cells (Reid et al., 2005). Their function in the respiratory
epithelium is still incompletely understood but recent reports suggest they may
have roles in innate immunity by being the main secretors of IL-25 in the
epithelium (Bankova et al., 2018). It has also been suggested that they may
act as chemosensors for bitter tasting bacterial products, producing
acetylcholine as a result to stimulate vagal sensory nerve fibres and regulate

breathing (Bankova et al., 2018; Krasteva et al., 2012; Nevo et al., 2019).

Pulmonary ionocytes are a recently identified epithelial cell type, representing
0.5-1.5% of the epithelial cells (Montoro et al., 2018; Plasschaert et al., 2018).
lonocytes express high levels of the chloride channel CFTR, thus playing
essential roles in maintaining the airway surface fluid viscosity and mucociliary

clearance (Montoro et al., 2018; Plasschaert et al., 2018).

1.7.  Chronic obstructive pulmonary disease (COPD) causes and

clinical characteristics

COPD is one of the leading causes of death and disability in the world.

Epidemiological studies estimated that there were 384 million cases of COPD
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in 2010 and 3 million deaths annually, but also highlighted that the prevalence
of COPD is continuously increasing and expected to reach over 4.5 million
deaths annually by 2030 (Agusti, 2018). The most common risk factor for
developing COPD is cigarette smoking (Burney et al., 2014; Mannino and
Buist, 2007). In non-smokers, it can arise as a result of a1l-antitrypsin
deficiency or exposure to occupational fumes, dust, vapours as well as outdoor
and indoor air pollutants from burning biomass fuels (Burney et al., 2014;
Mannino and Buist, 2007; Salvi and Barnes, 2009; Seemungal and Wedzicha,

2015).

COPD is defined by the Global Initiative for Chronic Obstructive Lung Disease
(GOLD) as “a disease characterised by persistent respiratory symptoms and
airflow limitation that is due to airway and/or alveolar abnormalities usually
caused by significant exposure to noxious particles or gases” (Agusti, 2018).
The disease is characterised by chronic inflammation which leads to
development of emphysema, airway narrowing and remodelling, obstructive
bronchiolitis, as well as chronic bronchitis (Agusti, 2018; Barnes, 2014; Barnes
et al., 2003; Hogg and Timens, 2009). A diagnosis of COPD is made when
there is a history of exposure to risk factors associated with presence of a
chronic cough and dyspnoea and a post bronchodilator ratio of forced
expiratory volume in 1 second (FEV1)/forced vital capacity (FVC) below 0.70
(Vestbo et al., 2013). COPD manifestations can extend beyond the lungs and
induce a systemic inflammation associated with metabolic imbalances such as
diabetes or obesity, bone disease or cardiovascular diseases. Individuals with
COPD are also prone to develop depression, muscle weakness and lung

cancer with squamous cell carcinoma being the most frequent type of cancer
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seen (Auerbach et al., 1961; Barnes, 2010; de Torres et al., 2011; Kiri et al.,

2010; Mouronte-Roibas et al., 2018; Wang et al., 2018a).

1.8. The respiratory epithelium in COPD

A consequence of the frequent exposure to tobacco smoke or pollution is seen
in the increased baseline inflammation and changes in the structure and
function of the respiratory epithelium (Schneider et al., 2010). These include
basal cell hyperplasia, goblet cell hyperplasia and metaplasia, defective ciliary
function, squamous metaplasia, epithelial to mesenchymal transition and loss
of cell-cell junctions resulting in a leaky epithelium (Auerbach et al., 1961;
Chung and Adcock, 2008; Crystal, 2014a; Milara et al., 2013; Shaykhiev et al.,
2013b; Yaghi et al., 2012). The direct link between cigarette smoke exposure
and development of COPD specific lung architecture has been investigated in
studies using animal models of the disease which have shown that exposure
of guinea pigs, mice, rats or ferrets repeatedly to cigarette smoke recapitulates
human COPD phenotypes such as emphysema, mucus hypersecretion, goblet
cell hyperplasia or small airway remodelling and inflammation (Ghorani et al.,
2017; Jones et al., 2017; Raju et al., 2016; Vlahos and Bozinovski, 2014).
Animal models of COPD can be valuable tools for mechanistic studies
involving the whole organism, for drug target validation and safety and efficacy
testing but their use for studying mechanisms of disease progression has
remained somewhat limited. This is due in part to the nature of the disease
which in humans develops over many years, presents much heterogeneity in
phenotype and cannot be completely reproduced in animals which are
routinely used in the laboratory and have a more limited life-span (Ghorani et

al., 2017; Jones et al., 2017; Vlahos and Bozinovski, 2014). Therefore, most
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of the current knowledge regarding the epithelial lesions that occur in the
COPD lung come from ex vivo and in vitro studies using smokers’ or COPD

epithelia.

1.9. Basal cells in the pathogenesis of COPD

Early studies, which classified subjects only by their smoking status and did
not account for a direct diagnosis of COPD, identified that basal cell
hyperplasia was seen frequently in smokers who smoked more than one pack
of cigarettes a day compared to non-smokers (Auerbach et al., 1979;
Auerbach et al., 1961). More recently, exposure to cigarette smoke has been
reported to affect the basal cell transcriptome (676 genes differentially
expressed, compared to healthy non-smokers) as well as primary human
bronchial epithelial cell differentiation at the air-liquid interface resulting in an
increase of goblet and Club cells at the expense of ciliated cells (Cho et al.,
2012; Ryan et al., 2014; Schamberger et al., 2015). Basal cells of COPD
donors have been described as exhausted due to their reduced self-renewal
capacity in clone forming assay and differentiation potential in cultures, where
they resulted in differentiated epithelia with increased basal cells and mucus
cells and over 80% fewer ciliated cells compared to differentiated epithelial
cultures from subjects without COPD (Ghosh et al., 2018). One suggestion is
that this may be a consequence of epigenetic modifications in basal cells of
COPD patients, such as differential DNA methylation (Ghosh et al., 2018;
Staudt et al.,, 2014). Smoking has also been linked to skewing basal cell
differentiation towards an epithelial to mesenchymal transition and with
reprogramming basal cells to a more human embryonic stem cell signature,

which is similar to the early events which occur in the development of
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aggressive forms of lung cancer (Shaykhiev et al., 2013a; Shaykhiev et al.,
2013b). These studies indicate that through years of injury and exposure to
noxious agents, basal cells of the COPD epithelium may be permanently
imprinted towards an altered differentiation and therefore fail to regenerate a
functional epithelium, limiting the protective capacity of the epithelial barrier

and contributing to disease pathology.

1.10. Goblet cells, ciliated cells and mucociliary clearance in the

pathogenesis of COPD

Goblet cell hyperplasia and an increase in goblet cell size, expansion of
submucosal glands and increased mucus production are features of COPD
that contribute to airway obstruction, formation of mucus plugs and
inflammation (Fahy and Dickey, 2010; Innes et al., 2006; Kim et al., 2015; Rose
et al.,, 2001; Saetta et al., 2000). Several mechanisms have been linked to
induction of mucin secretion and goblet cell hyperplasia including inflammatory
cytokines such as IL-13 and IL-17, up-regulation and stimulation of the
epidermal growth factor (EGF) receptor by amphiregulin, cigarette smoke,
bacterial products and neutrophil elastase or through activation of the Notch 3
signalling pathway by rhinovirus, the virus most commonly associated with
COPD exacerbations (Atherton et al., 2003; Burgel and Nadel, 2004; Faris et
al., 2016; Feldman et al., 2019; Jing et al., 2019; Rogers, 2003; Takeyama et

al., 2001; Turner and Jones, 2009; Zuo et al., 2017).

Changes in the properties of mucus such as composition and viscosity,
coupled with ciliary structure abnormalities and regions with loss of ciliated

cells lead to an impaired mucociliary transport and accumulation of mucus
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stores in the airways of smokers, which have been observed in many early
studies (Auerbach et al., 1979; Auerbach et al., 1962; Lungarella et al., 1983;
Stanley et al., 1986; Verra et al., 1995). The increased mucus stores seen in
COPD airways are composed of a complex mixture of trapped immune cells,
pathogens and cell debris that contribute to inflammation and fibrosis, causing
further airway damage and disease progression (Fahy and Dickey, 2010;
Hogg, 2004). Indeed, a more recent study identified that mucus obtained from
bronchoscopic and sputum samples from subjects with chronic bronchitis had
an increased content of mucins and non-volatile solids compared to the mucus
of non-smokers and smokers without lung disease (Anderson et al., 2015). As
expected, this is associated with decreased mucociliary clearance (Anderson
et al., 2015). The predominant types of mucins were also found to change, with
MUCS5AC being the predominant form of mucin in the airways of smokers
without COPD, while MUC5B was more abundant in airways of COPD patients

(Caramori et al., 2004; Kirkham et al., 2008).

Smoking has long been associated with loss of airway ciliation in studies that
investigated ex vivo epithelial strips by microscopy (Auerbach et al., 1961;
1962). More recent studies uncovered that cigarette smoke alters
differentiation of primary human bronchial epithelial cells towards goblet and
club cells at the expense of ciliated cells and leads to loss of ciliated cells in
the airways of mice after 6-12 months of smoke exposure (Schamberger et al.,
2015; Simet et al., 2010). Furthermore, airway repair and regeneration of
ciliated cells was reduced when primary airway epithelial cells from COPD
patients were grown in culture (Ghosh et al., 2018). In the study by Ghosh and

colleagues, basal cells from COPD donors gave rise to 88% less ciliated cells
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than basal cells from donors without COPD, highlighting an imprinted

abnormal differentiation (Ghosh et al., 2018).

Several studies have analysed the effect of cigarette smoke on ciliary beat
frequency and cilia length but results appear contradictory. All of the studies
were carried out in nasal samples. One study reported no difference in the
mean ciliary beat frequency of smokers versus non-smokers (Stanley et al.,
1986) whilst Yaghi et al. (2012) described a significantly reduced ciliary beat
frequency in moderate and severe COPD compared to control subjects.
Contrary to this, a study by Zhou et al. (2009) reported an increase in the
frequency of ciliary beating in smokers compared to non-smokers.
Contradictory results have also been published with regards to a reduction in
cilia length in COPD. Some studies described shorter cilia in bronchial samples
from smokers and COPD patients compared to non-smokers (Brekman et al.,
2014; Hessel et al., 2014; Leopold et al., 2009) while a study by Yaghi et al.
(2012) reported no difference in the length of cilia between controls and COPD

nasal samples.

In conclusion, further studies are required to understand the changes in
ciliated cells and ciliary function caused by smoking, progression to COPD as
well as by infectious agents. Future studies should also investigate other
aspects of ciliary function, including ciliary beat pattern and ciliary beat
amplitude, as ciliary beat frequency may be maintained despite an increase in
ciliary dyskinesia, leading to overall ciliary function reduction (Smith et al.,

2014).
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1.11. The nasal versus bronchial epithelium in health and in

COPD

Airway epithelial cells often used in respiratory research can be obtained from
the nose through nasal brushing or from the lower respiratory tract by bronchial
brushing, bronchial biopsy or isolated from resected lung tissue. The method
of collection becomes particularly important when carrying out research on
chronic respiratory diseases, as the ease of sample collection bears a big
impact on study design and experimental reproducibility, particularly when
comparisons between samples collected from healthy volunteers and patients
with chronic respiratory diseases have to be made. Collection of nasal
epithelial cells by nasal brushing is easier and more acceptable to both healthy
and diseased donors, therefore increasing the likelihood of recruiting

volunteers.

In samples collected from healthy volunteers, comparisons of nasal and
bronchial epithelia suggest similarities in ciliary beat frequency (10.8 +0.7 Hz
in nasal cells and 11.8 +2.3 Hz in bronchial cells), cell morphology, growth in
culture and expression of receptors such as CD44, intercellular adhesion
molecule-1 (ICAM-1), integrins avB3 and av35 (Devalia et al., 1990; McDougall
et al., 2008). Single cell RNA sequencing of nasal and bronchial brushings
revealed the main cell types, including basal, ciliated and goblet cells are
present in brushings from both locations but their proportions differ (Vieira
Braga et al., 2019). As such, there were more goblet cells, less ciliated and a
very small proportion of basal cells found in nasal brushings compared to
bronchial brushings, where ciliated cells were the predominant type. In

addition, nasal brushings lacked presence of club cells (Vieira Braga et al.,
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2019). Cytokine release was found to be constitutively higher in nasal epithelial
cells compared to bronchial (McDougall et al., 2008). However, in response to
stimulation with interleukin-13 (IL-18) and tumour necrosis factor-a (TNF-a),
receptor expression changes were similar and the increase in cytokine release
was correlated between nasal and bronchial samples (McDougall et al., 2008).
Furthermore, differentiated primary bronchial epithelial cultures had lower
baseline trans-epithelial electrical resistance and increased susceptibility to
rhinovirus infection, including higher viral replication and inflammatory
mediator production compared to differentiated nasal epithelial cultures
(Lopez-Souza et al., 2009). However, effects seen after rhinovirus infection in
nasal and bronchial epithelial cultures followed similar trends, suggesting a
correlation between the two and the fact that healthy nasal epithelial cells could
be used as surrogate for bronchial cells in infection studies (Lopez-Souza et

al., 2009).

Several studies have addressed the comparison of upper and lower airway
epithelia from smokers and patients with COPD. Firstly, upper airway
involvement in COPD is supported by studies showing increased nasal
inflammation and bacterial colonisation which was correlated with the degree
of lower airway inflammation and bacterial load and by the presence of nasal
symptoms which reflect pulmonary airflow impairment (Hurst et al., 2006a;
Hurst et al., 2006b; Hurst et al., 2005). In addition, neutrophil and CD8+ T
lymphocytes infiltrates were similar in nasal and bronchial mucosal samples,
suggestive of similar inflammatory cell infiltrate between the two locations
(Vachier et al., 2004). Two independent studies found similar gene expression

profiles in nasal and bronchial epithelial samples collected from non-smokers
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and similar smoking induced changes in the two locations, with one study
reporting that only 27 genes were differentially induced in bronchial compared
to nasal epithelia (Sridhar et al., 2008; Zhang et al., 2010). Furthermore,
Boudewijn et al. (2017) performed genome wide gene expression analysis on
nasal and bronchial epithelial brushings from two cohorts of COPD patients
and found that the gene expression profile of COPD nasal epithelia overlaps
the COPD bronchial gene expression profile. Separately, in a study by Talikka
et al. (2017), nasal epithelial samples from current smokers and COPD
patients were compared and their transcriptomics findings indicate that
epithelial immune activation, oxidative stress and senescence responses were
perturbed across three different anatomical locations: nasal, large airways and
small airways. However, other responses such as signalling pathways
activation, cell cycle or apoptosis responses varied depending on anatomical
location. Furthermore, there were many similarities in the direction of network
perturbations between nasal and large airway samples when comparisons
between current smokers and patients with COPD were made. However,
responses such as reactive oxygen species production under oxidative stress
and senescence were found to change in opposite directions in nasal and large
airway samples compared to lower airway samples when comparing current
smokers with patients with COPD (Talikka et al., 2017). In subjects with COPD,
analysis of bronchial and nasal biopsies revealed thicker epithelium and less
squamous cell metaplasia in nasal samples compared to bronchial samples
(Vachier et al., 2004). The basement membrane was similar in nasal and
bronchial samples and overall thicker in COPD and smokers’ samples

compared to those of healthy volunteers (Vachier et al., 2004). In a study by
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Comer et al. (2012) nasal and bronchial epithelial cells from COPD patients
were cultured submerged, treated with cigarette smoke extract and then
stimulated with Pseudomonas aeruginosa (P. aeruginosa) lipopolysaccharide.
Following this treatment, toll like receptor 4 expression and IL-8 release were
measured and found to be similar and in the case of IL-8, correlated, between
nasal and bronchial cultures (Comer et al., 2012). In contrast, under the same
conditions, IL-6 secretion was significantly higher in nasal epithelia compared
to bronchial epithelium and IL-8 secretion in response to cigarette smoke
extract was different in nasal versus bronchial epithelial cultures (Comer et al.,
2012). Therefore, these studies indicate that there are many similarities
between nasal and bronchial epithelia from healthy volunteers or COPD
patients, including the involvement of the upper airway in disease symptoms
and pathology. This supports the use of nasal epithelium in research studies
due to its accessibility. However, as differences between nasal and bronchial
epithelia have been flagged up, further studies are required to compare other
aspects such as cellular composition of the epithelium, barrier function,
response to infection and inflammation to validate their use as disease models.
Ultimately, a better understanding of the differences between nasal and
bronchial epithelium would clarify what compromises have to be made
between disease relevance and ease of sample access when using nasal

samples as a surrogate for the harder to access lower respiratory tract.

1.12. Inflammation and acute exacerbations of COPD

One of the clinical features of COPD is the chronic inflammation in the lungs,
which is caused by both adaptive and innate immune mechanisms (Barnes,

2014; Hogg, 2004). B and T lymphocyte numbers are increased in the airways
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of COPD patients, with T cells being predominantly CD8+ T cells, CD4+ T
helper 1 (Th1) and CD4+ Th17 cell types (Barnes, 2016; Chung and Adcock,
2008; Hogg, 2004; Wang et al., 2018b). In terms of innate immune responses,
epithelial cells, as well as neutrophils, macrophages and dendritic cells are the
main cell types involved (Barnes, 2008b; Demedts et al., 2007). Activation of
epithelial cells by smoke, inhaled pathogens and irritants stimulates production
of several pro-inflammatory cytokines such as: TNF-a, IL-13, IL-6 and
chemotactic factors such as: growth related oncogene-a (Gro-a), monocyte
chemotactic peptide-1 (MCP-1), IL-8, interferon inducible protein-10 (IP-10),
eotaxin-1 or regulated on activation, normal T cell expressed and secreted
(RANTES) (Barnes, 2016; Gao et al., 2015; Yi et al., 2018). IL-8, a neutrophil
chemoattractant, is produced at higher levels by epithelial cells from COPD
patients compared to healthy smokers and non-smokers, thus contributing to
the mainly neutrophilic inflammation seen in COPD airways (Mio et al., 1997;
Schulz et al., 2003). Neutrophils release oxidants and proteases such as
neutrophils elastase, matrix metalloproteinase, myeloperoxidase or cathepsin
G which can induce tissue damage and mucus secretion, thus promoting
further airway damage (Barnes, 2014; Wang et al., 2018b). Similarly,
monocytes migrate to the lung upon induction of MCP-1 production while
dendritic cells respond to IP-10 (Barnes, 2008a; Gao et al., 2015). These
chemokines can be secreted by macrophages and lymphocytes as well,
therefore creating a continuously amplifying loop of immune cell migration to
the lung and chemokine production resulting in chronic inflammation (Barnes,

2008a; Gadgil and Duncan, 2008).
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Periods of increased inflammation and worse respiratory symptoms are called
acute exacerbations of COPD (Vestbo et al., 2013). Symptoms of
exacerbations include increased dyspnoea, cough and wheeze, sputum
volume and purulence and arise as a consequence of the airway inflammation,
increased mucus production and gas trapping (Agusti, 2018). COPD
exacerbations, which tend to become more frequent as the disease becomes
more severe, are associated with an accelerated decline in lung function,
progression of the disease, a decline in the quality of life, higher mortality and
account for most of the cost of COPD on healthcare systems (Agusti, 2018;
Celli and Barnes, 2007; Mackay and Hurst, 2012). Over 70% of COPD
exacerbations are triggered by bacterial and viral infections, although certain
environmental factors can also contribute (Celli and Barnes, 2007; Mackay and
Hurst, 2012; Papi et al.,, 2006). Viruses frequently associated with COPD
exacerbations include rhinovirus (RV), respiratory syncytial virus, influenza
virus and adenovirus while bacterial species include non-typeable
Haemophilus influenza (NTHi), Streptococcus pneumoniae (S.pneumoniae),
Moraxella catarrhalis (M.catarrhalis) or P. aeruginosa. However, most COPD
exacerbations are associated with RV and NTHi infections and bacterial and
viral co-infection (Groenewegen and Wouters, 2003; Hutchinson et al., 2007;
Papi et al., 2006; Patel et al., 2002; Seemungal et al., 2001; Wilkinson et al.,

2017).

1.13. Rhinovirus: classification and characteristics

Rhinoviruses are the most common cause of upper respiratory tract infection,
accounting for more than half of the cases of common cold annually (Blaas

and Fuchs, 2016; Jacobs et al., 2013). RV belongs to the family of
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Picornaviridae and it is a non-enveloped positive sense, single-stranded, RNA
virus (Jacobs et al., 2013). An icosahedral capsid of approximately 30nm
encases the 7200 base genome, which encodes for 4 structural viral proteins
and 7 non-structural proteins with function in viral genome replication and
assembly (Basnet et al., 2019; Fuchs and Blaas, 2010; Jacobs et al., 2013).
More than 160 serotypes of RV have been discovered to date and have been
classified as three species- A, B and C (Basnet et al., 2019; Palmenberg et al.,
2009). RVs can also be classified based on the receptor they bind: the majority
of both A and B types bind to the intercellular adhesion molecule-1 (ICAM-1)
and are termed major group RVs whilst 12 serotypes of HRV-A bind to the low
density lipoprotein receptor (LDLR) and are termed minor group. The receptor
for RV-C has only recently been identified to be the cadherin-related family
member-3 (CDHR3), which localizes preferentially to the basal bodies of
ciliated cells (Blaas and Fuchs, 2016; Bochkov et al., 2015; Everman et al.,

2019; Greve et al., 1989; Hofer et al., 1994).

Once bound to its receptor, the virus is internalised and enclosed into
endosomes where it uncoats, the capsid is degraded inside lysosomes
whereas viral RNA is released into the cytosol where it is replicated by the viral
polymerase (Blaas and Fuchs, 2016). Single stranded viral RNA can be
recognised by the endosomal toll like receptor (TLR)7 and TLR8 whereas
replicated, double stranded RNA is recognised by TLR-3 (Jacobs et al., 2013).
In the cytosol, pattern recognition receptors such as retinoic acid inducible
gene | (RIG-1), melanoma differentiation-associated gene 5 (MDAS5) or the
cytosolic GAMP synthase (cGAS) molecule recognise presence of viral nucleic

acids and trigger downstream production of cytokines and chemokines
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(Goubau et al., 2013; McNab et al., 2015; Vareille et al., 2011). Upon infection
by RV, respiratory epithelial cells respond by up-regulation of a wide range of
mediators aimed at initiating and helping the host immune response through
direct antiviral effects or recruitment of specialised leukocytes (Barnes,
2008a). These mediators include cytokines such as type | (IFN-a/B) and type
[l (IFN-A1/2/3) interferons, interleukins 1, 6, 12, 15 and 18, growth factors such
as vascular endothelial growth factor (VEGF), granulocyte-colony stimulating
factor (G-CSF), granulocyte-macrophage colony stimulating factor (GM-CSF),
chemokines such as IL-8, IP-10, RANTES, or defensins such as 3-defensin 2
(Kennedy et al., 2012; Leigh et al., 2008; Papadopoulos et al., 2000; Piper et
al., 2013; Proud et al., 2004; Rajan et al., 2013; Schroth et al., 1999; Spurrell
et al., 2005; Wark et al., 2009). In particular, interferon secretion can have
autocrine effects on epithelial cells, inducing production of the antiviral
interferon stimulated genes proteins, which can directly affect viral replication
by preventing viral entry into the cell, targeting virus proteins for degradation
or degrade viral RNA (Haller and Kochs, 2011; Schneider et al., 2014;

Silverman, 2007; Sun et al., 2012)

1.14. Rhinovirus infection of respiratory epithelial cells

It has been shown by several groups that epithelial cells are the main site of
entry and replication for RVs (Arruda et al., 1995; Fuchs and Blaas, 2010; Gern
et al., 1997; Lopez-Souza et al., 2004; Mosser et al., 2002; Papadopoulos et
al., 2000; Wark et al., 2009). Recent studies have shown that RV16 and RV-C
both preferentially infect ciliated cells of the airway epithelium, but not mucus
producing goblet cells or basal cells, and cause ciliated cell shedding from the

epithelial surface (Griggs et al., 2017; Jakiela et al., 2014; Tan et al., 2018).
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In contrast, a previous study by Jakiela et al., suggested that basal cells of the
differentiated airway epithelium could be more susceptible to infection by RV
than suprabasal, differentiated epithelial cells (Jakiela et al., 2008). However
the dual trypsin treatment used in this study to separate supra-basal and basal
cells was not very cell-type specific and is unlikely to have isolated a pure basal
cell population. The virus was also shown to be able to infect distally, in the
lower airways as opposed to just the nasal mucosa (Gern et al., 1997; Lopez-
Souza et al., 2009; Mosser et al., 2002; Papadopoulos et al., 2000). In addition,
a study by Lopez-Sousa and colleagues indicates that in vitro, differentiated
nasal epithelial cultures are more resistant to RV16 infection compared to
differentiated bronchial cultures obtained from the same donor, in terms of both
viral replication and inflammatory response (Lopez-Souza et al., 2009). While
generally RV is not associated with significant cytotoxicity, it has been reported
to affect the epithelial integrity and barrier function through downregulation of
tight junction protein expression, allowing increased transmigration of bacterial

pathogens such as NTHi (Looi et al., 2016; Sajjan et al., 2008).

1.15. Non-typeable Haemophilus influenzae

Haemophilus influenzae is a species of Gram negative coccobacilli that can be
divided into typeable strains, which have a polysaccharide capsule, and non-
typeable strains, which lack this capsule (King and Sharma, 2015). Whilst
typeable strains can be further sub-divided into six subtypes named a to f, the
NTHi is highly diverse, owing to variability in outer membrane proteins (St
Geme et al., 1994). All types of Haemophilus influenzae have an obligatory

requirement for hemin and nicotinamide adenine dinucleotide (NAD) for
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growth, a characteristic which is also used clinically for identification from other

bacterial species (Ahearn et al., 2017).

NTHi strains are the most common cause of Haemophilus respiratory
infections, as these are commonly found in the nasopharynx of children and
adults (Howard et al., 1988; King, 2012). In the upper airways of healthy
individuals, NTHi is considered a commensal bacteria, with most children
being transiently colonised in the first 2 years of life (Ahearn et al., 2017; King,
2012). However, when the bacteria spreads to the lower respiratory tract or
when the respiratory tract is affected by disease or other infections, NTHi can
become an opportunistic pathogen and cause symptomatic disease, including
exacerbations of COPD or cystic fibrosis as well as pneumonia, otitis media or

sinusitis (Clementi and Murphy, 2011).

1.16. NTHi interaction with the respiratory epithelium: adherence,

biofilm formation and invasion

The first barrier encountered by the bacterium when it infects is the epithelial
layer and NTHi possesses several mechanisms for adhering to it, as shown in
Figure 3 (Clementi and Murphy, 2011). These include pili, autotransporter
proteins, outer membrane proteins as well as lipopolysaccharides (St Geme,
2002). Pili are polymeric helical structures expressed on the surface of the
bacteria which promote binding to epithelial cells and mucus (Kubiet et al.,
2000; Loeb et al., 1988). Strains of NTHi that do not possess pili, use
autotransporter proteins such as high molecular weight 1 (HMW1) and HMW?2,
Haemophilus influenzae adhesin (Hia) or the adhesion and penetration protein

(Hap) to attach to the epithelial layer (Barenkamp and StGeme, 1996; Geluk
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et al., 1998; Hendrixson and St Geme, 1998; St Geme, 2002). Outer
membrane proteins such as P5 can promote binding to nasopharyngeal
mucins as well as to the carcinoembryonic antigen-related cell adhesion
molecule 1 (CEACAM1) and ICAM-1 (Avadhanula et al., 2006b; Euba et al.,
2015; Hill et al., 2001; Reddy et al., 1996). Other outer membrane proteins
such as Protein E (PE), P4 or PF can interact with the epithelium indirectly by
binding to serum factors such as vitronectin, thus preventing complement
mediated killing and allowing interaction with the epithelial vitronectin receptor,
or by binding to extracelluar matrix proteins, including collagen 1V, fibronectin,
laminin or proteoglycan (Ahearn et al., 2017; Duell et al., 2016). In addition to
proteins, attachment of NTHi to epithelial cells can also be mediated by
lipooligosaccharides on the surface of the bacteria, with a particular
phosphorylcholine (ChoP) moiety within lipooligosaccharides mediating
adhesion to the platelet activating factor receptor (PAFR) on the host cell
(Swords et al., 2000). Furthermore, despite early studies suggesting it does
not bind to ciliated cells (Ketterer et al., 1999), a recent study contradicts this
finding, showing early NTHi-cilia interaction during the course of infection of
primary human air-liquid interface (ALI) cultured bronchial epithelial cells

(Baddal et al., 2015).
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Figure 3. Mechanisms of NTHi adherence to the respiratory epithelium

NTHi possesses several mechanisms for adhesion to the epithelial layer and underlying
extracellular matrix. These include pili, adhesins such as: high molecular weight (HMW 1/2),
the autotransporter proteins Haemophilus influenzae adhesion (Hia) and Haemophilus
adhesion protein (Hap), as well as outer membrane proteins such as Protein 2 (P2), P4, P5,
PE, PF. Attachment to the epithelium and underlying extracellular matrix allows subsequent

intracellular invasion and biofilm formation. Figure adapted from (Duell et al., 2016).
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In addition to attachment to the epithelial layer of the respiratory tract, NTHi
can avoid clearance from the airways by immune cells such as tissue resident
macrophages and recruited neutrophils and antibiotic killing through biofilm
formation and intracellular invasion (Ahearn et al., 2017; Langereis and
Hermans, 2013; Slinger et al., 2006; Swords, 2012; van Schilfgaarde et al.,
1999). Biofilm formation by NTHi has been documented in middle ear mucosal
biopsies from children with otitis media, indicating the ability of NTHi to form
biofilms during human disease (Hall-Stoodley et al., 2006). However, there is
less evidence proving biofilm formation by NTHi in respiratory diseases such
as cystic fibrosis or COPD. Only one study has so far provided evidence of
NTHi biofilm formation in human lungs by imaging NTHi biofilms in broncho-
alveolar lavage fluid from a patient with cystic fibrosis (Starner et al., 2006). In
vitro, NTHi strains isolated from cystic fibrosis patients formed biofilm-like
structures on air-liquid interface cultured Calu-3 cell line over 4 days of co-
culture, resulting in large, matrix supported structures with a depth of over 20
pm (Starner et al., 2006). These structures also presented with an increased
resistance to gentamicin killing, which was not due to bacterial loss of antibiotic
susceptibility (Starner et al., 2006). Evidence of biofilm formation in COPD
airways is limited to an in vivo mouse model of COPD, where mice were
treated with a pulmonary bolus of elastase to replicate the emphysematous
COPD airway, followed by NTHi infection 21 days later (Pang et al., 2008). In
this study, elastase treated mice showed delayed bacterial clearance and
displayed large aggregates of NTHi within the damaged tissue, in contrast to
the individual bacteria distribution seen in control mice, which lacked

symptoms of pathology following infection (Pang et al., 2008). However, further
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studies are required to completely ascertain the role of biofilms in NTHi
infection and persistence in the respiratory tract, including the role they play in
resisting immune cell clearance, the mechanisms behind biofilm growth and

enhanced antibiotic resistance (Swords, 2012).

Once attached to the surface of the epithelial cells, NTHi can enter human
epithelial cells by various mechanisms, including macropinocytosis- mediated
by cytoskeletal rearrangements involving lamellipodia formation and microvilli
elongation- and receptor mediated endocytosis, involving the PAFR and the B-
glucan receptor (Clementi and Murphy, 2011; Holmes and Bakaletz, 1997;
Ketterer et al.,, 1999; Stgeme and Falkow, 1990; Swords et al., 2000).
Following internalisation, the bacterium is trafficked through endolysosomes
and normally would be killed in lysosomes (Clementi et al., 2014). However,
NTHi uses the IgA protease to escape lysosome microbicidal activity by
cleaving the lysosome-associated membrane protein 1 and disrupting
lysosomal acidification, and survives intracellularly in a metabolically active but
non-proliferative state (Clementi et al., 2014; Morey et al., 2011). Intracellular
invasion of the epithelium provides a safe niche for NTHi persistence in the
respiratory tract, due to its slow turnover which occurs approximately every
180 days, and as a shield against antibiotic killing (Clementi and Murphy, 2011,

van Schilfgaarde et al., 1999).

1.17. Host signalling pathways involved in NTHi invasion of the

respiratory epithelium

The interaction of NTHi with epithelial cells and subsequent bacterial

internalisation is also dependent on host cell signalling pathways (Swords et
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al., 2001). Binding of NTHi to the PAF receptor on the 16HBE14 bronchial
epithelial cell line activates a pertussis toxin-sensitive G-protein complex,
resulting in induction of phospholipase activity, in an increase in intracellular
Ca?* and activation of the phosphatidylinositol-3-kinase (PI3K) pathway, the
latter two being required for NTHi internalisation (Swords et al., 2001). As the
PI3K pathway plays important roles in regulating cytoskeletal re-arrangements
in epithelial cells, a mechanism essential for bacterial internalisation, its role in
NTHi invasion has been investigated more extensively. A study by Morey et
al., confirmed that internalisation of NTHi by the A549 epithelial cell line results
in phosphorylation of Akt, a measurement of PI3K pathway activation (as
explained in more detail in 3.2.1.1), and that inhibition of this pathway by pan-
PI3K inhibitors abrogated Akt phosphorylation and NTHi internalisation (Morey
et al.,, 2011). Subsequently, the same group went on to investigate which
pathways downstream of PI3K are important for NTHi internalisation into A549
epithelial cells (Lopez-Gomez et al., 2012). In their study, they re-confirmed
that inhibition of Akt resulted in reduced bacterial invasion, whereas inhibition
of phospholipase C- y1 led to higher bacterial invasion (Lopez-Gomez et al.,
2012). They identified that integrins B1 and a5 are important for bacterial
invasion, as was their downstream signalling pathway involving protein
tyrosine kinases and the Ras homologous (Rho) guanosine triphosphatase
(GTPase) Rac-1, which regulates microtubule polymerisation and NTHi
internalisation as a result (Lopez-Gomez et al., 2012). Additionally, the RhoA-
Rho-associated, coiled-coil containing protein kinase (ROCK) pathway was
shown to regulate NTHi internalisation by controlling microtubule stability and

actin cytoskeleton, as loss of signalling through this pathway resulted in
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increased bacterial invasion (Lopez-Gomez et al.,, 2012). Furthermore, the
Forkhead box transcription factor family O (FOXO), a major downstream target
of PI3K signalling, was also reported to be involved in regulating NTHi invasion
(Brunet et al., 1999; Seiler et al., 2013). In a study using the Calu-3 cell line,
silencing of FOXO 1/3 by siRNA resulted in increased bacterial internalisation
(Seiler et al., 2013). As activation of the PI3K signalling pathway leads to
phosphorylation of FOXO by Akt and its subsequent translocation from the
nucleus to the cytosol where it is degraded by the proteasome, inhibition of the
PI3K pathway would allow activation of FOXO which could then prevent

bacterial invasion (Seiler et al., 2013).

In conclusion, these studies highlight the important role of the PI3K signalling
pathway in regulating NTHi invasion. However, all of these studies have been
carried out in different types of immortalised cell lines and their direct
translation to differentiated primary respiratory epithelium has not been
confirmed yet. Furthermore, none of these studies went on to identify which of
the class | PI3K isoforms is essential for NTHi internalisation. This information
would allow for a more targeted approach to inhibiting bacterial invasion
therapeutically, which would be beneficial for diseases such as otitis media
and respiratory conditions where NTHi is associated with disease

exacerbations.

1.18. Rhinovirus and NTHi in exacerbations of COPD

The roles of rhinovirus and NTHi in exacerbations of COPD have been
recognized both in epidemiological studies and in experimental infections of

COPD patients with RV16, which were followed in a majority of patients by a
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secondary bacterial infection (Bandi et al., 2003; George et al., 2014;
Groenewegen and Wouters, 2003; Hurst et al., 2005; Hutchinson et al., 2007;
Mallia et al., 2012; Mallia et al., 2011; McManus et al., 2008; Molyneaux et al.,
2013; Patel et al., 2002; Rohde et al., 2003a; Rosell et al., 2005; Sethi et al.,
2006; Wilkinson et al., 2017). Indeed, NTHi has been repeatedly reported to
be the pathogen most frequently detected in the airways of COPD patients,
both at stable state and during disease exacerbations, having been isolated in
approximately 20-50% of samples, depending on whether PCR or culture
detection methods were used (Bandi et al., 2001; Finney et al., 2014; Wilkinson
et al., 2017). Similarly, RV accounts for the majority of virus induced
exacerbations, being isolated in approximately 25-44% of COPD
exacerbations (Bandi et al., 2001; Britto et al., 2017; Wilkinson et al., 2017).
Furthermore, rhinovirus-NTHi co-infections have been associated with
increased odds ratio of exacerbations, particularly when rhinovirus infection

occurred in the presence of colonising NTHi (Wilkinson et al., 2017).

1.19. The role of rhinovirus in exacerbations of COPD

Rhinovirus induced exacerbations are often linked with a decrease in FEV1
and FVC, more severe symptoms and longer recovery times compared to non-
infectious exacerbations (Patel et al., 2000; Seemungal et al., 2001). In an
experimental human RV16 infection, Mallia et al. (2011) described higher
blood and sputum neutrophilia, higher neutrophil elastase and greater viral
loads in COPD patients compared to controls, which were also correlated with
severity of respiratory symptoms. Furthermore, respiratory epithelial cells of
COPD patients infected with RV39 had higher viral load and higher levels of

IL-6, IL-8, IP-10 and type lll interferon response compared to control donors,
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thus confirming the repeatedly observed associations of higher inflammatory
markers, particularly IL-6 and IP-10, with rhinovirus induced exacerbations
(Mallia et al., 2011; Patel et al., 2000; Quint et al., 2010; Schneider et al., 2010;
Seemungal et al., 2001). In addition to increasing epithelial secretion of pro-
inflammatory mediators, RV infection also stimulates mucus production and
goblet cell proliferation, thus contributing to the goblet cell hyperplasia and
mucus obstruction seen in COPD airways (Jing et al., 2019; Tan et al., 2018).
In a study by Faris et al., (2016), using a model of injured/regenerating primary
tracheal epithelium, RV39 affected epithelial barrier function and altered
differentiation with a skew towards more goblet cells and reduced ciliation
(Faris etal., 2016). While this study did not compare between rhinovirus effects
seen in healthy and COPD epithelia, it is an important indication as to the role
of rhinovirus infection in disease progression, given how the COPD epithelium

IS continuously injured and regenerating.

1.20. The role of NTHi in exacerbations of COPD

NTHi is not normally identified in the lower airways of healthy individuals but it
often colonises the lower airways of COPD patients, leading to more frequent
exacerbations, more cough, increased severity of symptoms and sputum
purulence at exacerbations, compared to non-colonised patients (Bandi et al.,
2001; Hurst et al., 2005; Patel et al., 2002; Rosell et al., 2005; Sethi et al.,
2006). The mechanisms by which NTHi induces acute exacerbations of COPD
are not fully understood, but it has been reported that acquisition of a new
strain, other than the one colonising the airway of a COPD patient, could be a
trigger of exacerbation (Sethi et al., 2002). In addition, strains isolated from a

COPD exacerbation induced more airway inflammation and neutrophil
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recruitments in an in vivo mouse model than colonising strains (Chin et al.,
2005). In an in vitro infection of primary airway epithelial cells, NTHi strains
isolated at exacerbation had increased adherence to epithelial cells and
induced higher expression of ICAM-1 and IL-8 by epithelial cells compared to
colonizers (Chin et al., 2005). It has also been suggested that NTHi could use
intracellular invasion of epithelial cells as a method of persistence and re-
emergence in the airways (Hotomi et al., 2010; Murphy et al., 2004; van
Schilfgaarde et al., 1999). Indeed, NTHi was detected inside epithelial cells in
the lower respiratory tract of 33% of stable state patients and 87% of patients
with exacerbations of chronic bronchitis, but not in healthy individuals (Bandi
et al., 2001). In support of this hypothesis, a study by Murphy et al. (2004)
indicated that the same strain of NTHi can persist in the airway of COPD
patients for as long as 6 months, undetected by the usual sputum culture
techniques, before re-emerging, emphasizing the persistent airway
colonisation in COPD. Therefore, despite the fact that a causal relationship
between NTHi infection and COPD exacerbations has been suggested in the
studies mentioned, the cellular mechanisms by which NTHi interaction with the
ciliated respiratory epithelium induces exacerbations of disease in certain

conditions whilst being a silent coloniser in others have not been elucidated.

1.21. Rhinovirus and NTHi co-infection in exacerbations of COPD

While patients with COPD are in a stable state, both viral and bacterial
pathogens are detected in only approximately 9%, increasing during
exacerbations to 25-30%, depending on the method of detection employed
(Wilkinson et al., 2017). This suggests that viral-bacterial co-infection is

associated with exacerbation. In exacerbations where both viruses and
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bacteria are detected, the severity of the exacerbation, bacterial loads and
serum IL-6 levels are increased (Wilkinson et al., 2006). One hypothesis is that
rhinovirus infection leads to secondary bacterial infections. Indeed, following
experimental RV16 infection of patients with COPD, a secondary bacterial
infection was detected in 60% of the patients compared to only 10% in
individuals without COPD (Mallia et al., 2012). Of interest, in COPD patients,
but not healthy controls, NTHi outgrowth from a pre-existing airway colonising
community was reported approximately 15 days post rhinovirus infection
(Molyneaux et al., 2013). Several mechanisms by which rhinovirus could
promote secondary bacterial infections have been proposed, including
alterations in antimicrobial peptides levels, delay of bacterial clearance through
a reduction in IL-8 levels and subsequent neutrophil recruitment or by
increasing bacterial (including NTHi) adherence to respiratory epithelial cells
by up-regulating expression of receptors such as PAFR, ICAM-1, CEACAM or
fibronectin (Avadhanula et al., 2006a; Bellinghausen et al., 2016; Hament et
al., 2004; Ishizuka et al., 2003; Mallia et al., 2012; Unger et al., 2012; Wang et
al., 2009). Another mechanism by which viral infections could pre-dispose to
secondary bacterial infection or to growth of colonising bacteria could be
alterations in nutritional immunity that virus infection can cause. Nutritional
immunity refers to the sequestration of essential nutrients such as trace
minerals or amino-acids by the host in order to limit pathogenicity during
infection (Melvin and Bomberger, 2016). In support of this hypothesis, RSV or
RV infection of cystic fibrosis bronchial epithelial cells induced increased P.
aeruginosa biofilm formation during co-infection studies (Hendricks et al.,

2016). This was a result of dysregulated iron homeostasis through up-
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regulated apical release of the iron binding protein transferrin, thus allowing
iron to be utilised as a nutrient source by the bacteria (Hendricks et al., 2016).
Furthermore, RSV infection of cystic fibrosis epithelial cultures also stimulated
Staphylococcus aureus (S. aureus) biofilm formation, but this was independent
of iron availability and instead was promoted by increased availability of
nutrients from the host and metabolic adaptations of the bacterium to promote
growth and amino acid metabolism (Kiedrowski et al., 2018). As nutritional
immunity has been described to affect NTHi biofilm architecture and invasive
behaviour, it would be important to assess whether similar mechanisms are at
play during rhinovirus-NTHi co-infection (Szelestey et al., 2013). Conversely,
an interplay where an NTHi pre-infection alters the course of a subsequent
viral infection has also been described. Proposed mechanisms include up-
regulation of receptors such as ICAM-1 for RV, and changing the immune
response of airway epithelial cells to RV, through alterations in cytokine and
chemokine production and toll like receptor expression (Gulraiz et al., 2015;
Sajjan et al., 2006). However, detailed knowledge of how NTHi interacts with
the ciliated airway epithelium of the respiratory tract and the effect it has on it,
as well as of the interplay between NTHi and respiratory viruses such as RV
is limited. A better understanding of the mechanisms involved may contribute
to the effort of improving the management and treatment of COPD
exacerbations, particularly as the combination of these two pathogens

accounts for induction a large proportion of disease exacerbations.
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1.22. Hypothesis and aims of this project.

In this research project we were keen to investigate the effects of rhinovirus
and NTHi infection of the ciliated respiratory epithelium given that infections
with both pathogens can cause clinical symptoms in previously healthy
individuals. However, as rhinovirus and NTHi infections and their co-infection
are known to exacerbate disease in chronic lung conditions, we chose to
investigate COPD to determine if the underlying cellular response was different
in such a condition. We focused on primary nasal epithelial cells to allow

comparison with results from cells derived from healthy individuals.

As most studies looking at viral and bacterial infection of respiratory cells have
focused on cultures of cell lines or undifferentiated basal cells, we were
interested to understand if differentiation to a ciliated phenotype, mimicking the
host more closely, affected response to infection. To investigate this cells from
individual donors were studied prior to ciliation and when the epithelium had

differentiated into a ciliated phenotype.

Project hypothesis
Rhinovirus and NTHi co-infection of primary epithelial cultures from healthy

and COPD donors results in increased bacterial growth and greater epithelial

damage and inflammation compared to single NTHi infection
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Project aims:

e To characterise primary epithelial cultures from healthy and COPD

donors.

e To investigate the early interaction of NTHi with the ciliated respiratory

epithelium.

e To investigate the effect of RV and NTHi co-infection on epithelial

barrier function and inflammatory responses.

e To investigate the effect of RV co-infection on NTHi growth and

interaction with the respiratory epithelium.

e To understand if epithelial differentiation affects the course of rhinovirus

and NTHi infection and co-infection.
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2.1. Ethical statement

All of the primary human epithelial cell samples used in this study were
collected with patient consent through the UCL Living Airway Biobank, which
was approved by the NRES Committee North West-Liverpool East (project
licence: 14/NW/0128) on the 7™ of April 2014. This research project was
approved following local ethical review by the UCL Research Ethics

Committee.
2.2. Preparation of nasal or bronchial brushing for culture

Nasal brush biopsies were obtained by brushing the inferior nasal turbinate
with a 2 mm cytology brush (Keymed, Southend-on-Sea, UK). Bronchial brush
biopsies were obtained by brushing the trachea or a main bronchus using a
2mm cytology brush (Olympus, Tokyo, Japan). To release the cells, the brush
was agitated into 2 ml of 20 mM HEPES buffered medium 199 containing 100
IU/ml penicillin, 100 pg/ml streptomycin, 20ug/ml gentamicin (all Gibco,
Carlsbad, California, US) and 2.5 pg/ml fungizone (Invitrogen, Carlsbad,
California, US). Cells were pelleted by spinning at 300 g for 5 minutes and re-

suspended in 1 ml of culture medium (F-medium described in Section 2.4).
2.3. 3T3J2F Mouse embryonic fibroblasts culture

3T3 J2F mouse embryonic fibroblasts, a gift from Prof. Samuel Janes
(University College London), were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (Gibco, Carlsbad, California, US) supplemented with 8%
heat inactivated bovine serum (Invitrogen, Carlsbad, California, US), 100 IU/ml
penicillin and 100 pg/ml streptomycin. Media was changed every 2-3 days until
cells were 70-80% confluent, but were not allowed to reach 100% confluency.
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When desired confluency was achieved, if the cells were to be passaged, the
media was aspirated and cells rinsed once in PBS, followed by addition of
0.05% trypsin/EDTA (Sigma Aldrich, St. Louis, Missouri, US) and incubation
for 3-5 minutes at 37° C or until all cells detached, as confirmed by light
microscopy. The trypsin was inactivated by addition of culture medium and the
cell suspension collected. Cells were pelleted by centrifugation at 300 g for 5
minutes, the supernatant aspirated, the pellet re-suspended in culture medium
and the suspension was split into 3-5 T75 or T175 flasks (Fisher Scientific,
Loughborough, UK), depending on the growth rate desired. Fibroblasts were

not passaged past passage 12.

When 70-80% confluent, fibroblasts used for preparing feeder layers were
mitotically inactivated to prevent further proliferation by replacing the culture
medium with fresh culture medium containing 4 pg/ml mitomycin (Sigma
Aldrich, St. Louis, Missouri, US). The flask was returned to an incubator set at
37° C, 5% CO2 for 2-3 hours, after which cells were detached using
trypsin/EDTA, harvested as above and seeded into the desired type of flask at
the following densities: T25 flask = 0.45 x 108, T75 = 1.5-1.7 x 10°. Fibroblasts

were left to attach overnight and used within the next two days.

2.4. Primary human respiratory basal cell culture using

conditional reprogramming

Basal cells were expanded by conditional reprogramming using the Rho-
associated, coiled-coil containing protein kinase (ROCK) inhibitor. This
involved co-culturing the human basal epithelial cells with a feeder layer of

mitotically inactivated 3T3-J2F mouse embryonic fibroblasts, using a method
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previously described by Butler et al. (2016). The culture medium -from here in
called F-medium- used for co-cultures was prepared by mixing Ham’s F-12
Nutrient Mix (Gibco, Carlsbad, California, US) in a ratio of 1:3 with DMEM
containing 10% foetal bovine serum (Invitrogen, Carlsbad, California, US),
100 IU/ml penicillin and 100 pg/ml streptomycin. This mixture was
subsequently supplemented with 25 ng/ml hydrocortisone, 5 pg/ml insulin, 0.1
nM cholera toxin (all Sigma Aldrich, St. Louis, Missouri, US), 0.125 ng/ml
epidermal growth factor (Invitrogen, Carlsbad, California, US), 10 pg/mi
gentamycin (Gibco, Carlsbad, California, US), 250 ng/ml amphotericin B
(Fischer Scientific, Loughborough, UK) and 5 pM Y-2763 (Rock inhibitor)
(Axxora, Farmingdale, New York, US). The cell suspension obtained from one
brushing as described in section 2.2 was added to one flask or split into two
T75 flasks (depending on the amount of tissue obtained from the brushing)
containing mitotically inactive fibroblast feeder layer and 10 ml of F-medium.
The F-medium bathing the cells was replaced every 2-3 days until 80-90%
confluent (up to 7 days). Once basal cells reached 80-90% confluency, the F-
medium was aspirated and the cells washed in 10 ml PBS. Then, fibroblasts
were removed by adding 2-3 ml of 0.05% Trypsin/EDTA and incubating briefly
while monitoring under light microscopy. Once all fibroblasts were detached,
but not basal cell colonies, the trypsin containing fibroblasts feeder cells was
removed and the cells washed again in 10 ml of PBS. To detach basal
epithelial cells, 2-3 ml of TrypLE Select reagent (Life Technologies, Carlsbad,
California, US) was added to the flask and incubated for 10-15 minutes at 37°C
or until all cells detached, as confirmed by light microscopy. In order to

inactivate the TrypLE reagent, 10ml of F-medium was added to the flask and
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the cells were pelleted by centrifugation at 300 g for 5 minutes. The
supernatant was removed and the pellet re-suspended in F-medium. Cells
were counted by trypan blue exclusion and seeded into new flasks containing
mitotically inactive fibroblast feeder layer, at the following densities: T25 flask

=1.25x 10°% T75 =5 x 10°in 5 or 10 ml of F-medium, respectively.
2.5. Collagen coating of plastic dishes

A 1% solution (v/v) of PureCol Collagen (CellSystems, Kirkland, Washington,
US) was prepared by dilution of the stock solution (3mg/ml) into sterile
phosphate buffered saline. The resulting collagen solution was added in
sufficient volume to completely cover the surface of the dish. Following a
minimum 1 hour incubation at room temperature the collagen solution was
removed and the surface washed once with sterile tissue grade water. The
dish was allowed to air dry in a sterile tissue culture hood and then stored in a

sealed plastic bag at room temperature.

2.6. Air-liquid interface (ALI) culture of respiratory epithelial

cells

Basal cells re-suspended in F-medium were seeded onto collagen-coated
polyester membrane transwells (0.4 um pore size, 6.5 mm diameter, Corning,
New York, US) (see section 2.4) at 0.4-0.5 x 10° cells in 125 pl of culture
medium per well. Then, 500 pl F-medium were added to the basolateral
chamber. Cells were left to attach to the membrane for 24-48 hours after which
the apical fluid was removed, leaving the cells exposed to air, while the
basolateral medium was replaced with 500 pl of ALI medium. ALI medium was

prepared by mixing basal epithelial growth medium (BEGM) - prepared from
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bronchial epithelium basal medium (BEBM) supplemented with the BEGM
SingleQuot Kit (Lonza, Slough, UK), except gentamicin - and Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco, Carlsbad, California, US) in a 50:50
proportion. Due to issues with BEGM availability from Lonza, some cultures
were grown with the equivalent PromoCell Airway Epithelial Cell Growth
Medium (PromoCell, Heidelberg, Germany), using the same recipe. The ALI
medium mixture was subsequently supplemented with 100 nm retinoic acid
(Sigma Aldrich, St. Louis, Missouri, US) and 100 1U/ml penicillin, 100 pg/ml
streptomycin, 2.5 pg/ml fungizone and filtered through a 0.2 pm filter
(Sartorius, Gottingen, Germany). The basolateral ALI medium was replaced
every 2-3 days and cells were considered fully differentiated after 28 days of
ALI culture. Differentiation was determined by regularly checking cultures
using high-speed video microscopy, as described in section 2.8 and confirmed
by immunofluorescence staining and confocal microscopy, as described in

section 2.10.
2.7. Trans-epithelial electrical resistance measurement

Trans-epithelial electrical resistance (TEER) of cells cultured at ALI was used
to assess the epithelial barrier integrity in a non-invasive manner (Srinivasan
et al., 2015). TEER was measured with an EVOM? Epithelial Voltohmmeter
voltmeter (World Precision Instruments, Sarasota, Florida, US) using two
unequal length electrodes. Electrodes were sterilised by dipping into pure
ethanol, left to air-dry and then dipped into sterile culture medium until
calibrated. Final TEER values were calculated by multiplying the ohmic
resistance value given by the voltmeter by the surface area of the membrane

—0.33cm?.
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2.8. High speed video microscopy for ciliation scoring

Epithelial cultures were washed with 200 ul BEBM/ well and the holding plate
was subsequently placed on an inverted Nikon Eclipse TiE microscope stage
(Nikon, Kingston-upon-Thames, UK) with the temperature set to 37° C and
CO2 to 5%. Each well was inspected using a x20 objective (numerical
aperture=0.45) with collar adjusted for a long working distance and the
Hamamatsu ORCA camera (Hamamatsu, Hamamatsu City, Japan) attached
to the Nikon Eclipse TiE microscope. The level of epithelial culture ciliation was
noted according to the scoring system shown in Table 6. For a video of a
ciliated epithelial culture see Appendix 4 and Video 1 on the USB stick

attached.

29. Flow cytometry

Epithelial cultures were washed once, apically and basolaterally in 200 ul and
700 pl of PBS respectively, followed by incubation with 200 pl StemPro
Accutase Cell dissociation reagent (Life Technologies, Carlsbad, California,
US) added apically and 500 pl of the reagent added basolaterally for 15
minutes at 37° C. Cells were dissociated by gentle pipetting, collected in
DMEM medium supplemented with 10% heat inactivated bovine serum spun
at 300g for 5 min to collect the pellet. Epithelial cell counting and viability
assessment was performed using trypan blue exclusion. Approximately 0.2-
0.5x10° cells/stain were then incubated with the Fc receptor blocking agent
Human TruStain FcX (BioLegend, London, UK) at 1:50 dilution in buffer (PBS
supplemented with 0.5% bovine serum albumin and 2.5mM EDTA (both Sigma

Aldrich, St. Louis, Missouri, US) for 10 minutes at 4° C. Cells were
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subsequently washed by adding 200 ul of buffer and spinning at 300g for 5
minutes. The pellet was then incubated with antibodies in a 50 pl staining
cocktail (Table 1) in buffer for 20 minutes at 4° C in the dark. Cells were washed
once in buffer and stained with 7AAD (eBioscience, San Diego, California, US)
or Zombie UV Fixable viability kit (Biolegend, London, UK) for live/dead
discrimination. Fluorescence minus one control stains were performed to
confirm gating strategy. All data was recorded using a BD LSRII flow cytometer
using the BD FACS Diva Software V8.0.1 (Becton Dickinson, Franklin Lakes,
New Jersey, US) and analysed using FlowJo version 10 (Treestar Inc,

Ashland, Oregon, US).
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Table 1. Antibody cocktail for flow cytometry staining

711

Jose, California, US

Antibody Clone Fluorophore Manufacturer Volume/stain
(1)
CD271 C40-1457 Brilliant Violet | BD Biosciences, San | 2.5
421 Jose, California, US
CD49f GoH3 PE BD Biosciences, San | 5
Jose, California, US
CD133 AC133 APC Miltenyi Biotec, | 10
Gladbach, Germany
CD66 a/cle ASL-32 FITC BioLegend, London, | 2
UK
CD66 a/cle/ ASL-32 Pe/Cy7 BioLegend, London, | 5
UK
CD54 HA58 Brilliant Violet | BD Biosciences, San | 5
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2.10. Fixing and staining epithelial cells for confocal microscopy

Epithelial cultures were fixed by adding 200 pl of 4% paraformaldehyde (Sigma
Aldrich, St. Louis, Missouri, US) to the apical chamber and at least 300 pl to
the basolateral chamber for 1h at room temperature or overnight at 4°C. Then,
the cultures were washed with 200 pl of PBS apically and 500 pl of PBS
basolaterally. To permeabilise epithelial cells and block non-specific binding of
antibodies, cultures were incubated with 200 pl of a solution of 0.1% Triton-X
and 3% bovine serum albumin in PBS (Sigma Aldrich, St. Louis, Missouri, US)
added apically and 400 ul basolaterally at room temperature for 30-45 minutes.
Then, a cocktail of primary antibodies (Table 2) diluted in a solution of 0.1%
Triton-X and 1% bovine serum albumin was prepared and 50 pl of the mixture
added apically to each well for 3 hours at room temperature. Each well was
then washed 3 times in 200 pl of PBS added apically. The cocktail of secondary
antibodies was diluted in a solution of 0.1% Triton-X and 1% bovine serum
albumin and cultures were incubated with 100 pl of the mixture added apically
for 1-2 hours at room temperature. Cultures were then washed twice in 200 pl
of PBS. If cultures were stained with phalloidin-iFluor 555 (Abcam, Cambridge,
UK), it was prepared by being diluted 1:1000 in a solution of 0.1% Triton-X and
1% bovine serum albumin and cultures were incubated with it for 1h at room
temperature. Then, the phalloidin was removed and Hoescht nuclear stain
(Sigma Aldrich, St. Louis, Missouri, US) was added apically and incubated at
room temperature for 30 min. Cultures were then washed 3 times in 200 pl of
PBS, membranes cut out from the transwell using a surgical blade and
mounted onto glass slides (Fisher Scientific, Hampton, New Hampshire, US)

with the ciliated side facing up. A single drop of n-propyl gallate (Sigma Aldrich,
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St. Louis, Missouri, US) was added on top of the membrane which was then

covered with a glass coverslip (Scientific Laboratory Supplies, Nottingham,

UK) and sealed off using nail varnish.

Table 2. Antibodies used for immunostaining

Antibody Host Fluorophore Dilution Manufacturer

B-tubulin rabbit N/A 1:100 Abcam, Cambridge, UK

MUCS5AC mouse | N/A 1:100 Invitrogen,  Carlsbad,
California, United States

Rabbit IgG  (H+L) | Donkey | Alexa Fluor 594 | 1:250 Invitrogen,  Carlsbad,

Highly Cross-Adsorbed California, United States

Secondary Antibody

Anti-Mouse IgG Goat FITC 1:64 Sigma Aldrich, St. Louis,

Missouri, US

2.11. Quantitative real-time reverse transcription PCR (qRT-PCR)

Epithelial cultures were lysed by adding 180 pl of Roche MagNA Pure LC RNA

Isolation buffer (Roche, Basel, Switzerland) to each well and incubating at

room temperature for 10 minutes to ensure complete lysis. Two wells per

condition tested were pooled for each culture. Cell lysates were collected and

stored at -80°C until they were used. RNA was purified using the Roche
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MagNA Pure 96 Cellular RNA Large Volume Kit (Roche, Basel, Switzerland)
on a MagNA Pure 96 Instrument (Roche, Basel, Switzerland), according to
manufacturer’s instructions. Following RNA purification, the amount of RNA in
each sample was quantified on a NanoDrop 8000 Spectrophotometer (Thermo
Fisher Scientific, Waltham, Massachusetts, US) using 2 pl of sample.
Complementary DNA (cDNA) was synthesised using the SuperScript IV VILO
Master Mix (Invitrogen, Carlsbad, California, US) and mixing 20 ul of purified
RNA with 20 pl cDNA reaction components, according to manufacturer’s
instruction. The Q Cycler 96 thermal cycler (Hain Lifescience, Nehren,
Germany), was set to: 10 minutes at 25°C, 30 minutes at 50°C, 5 minutes at
85°C and then on hold at 4°C. For each sample, the cDNA thus obtained was
mixed with the reaction mix prepared as follows: 412.5 pl of the LightCycler
480 Probes Master mix (Roche, Basel, Switzerland), which included the
FastStart Taqg DNA Polymerase, deoxynucleotide triphosphates and buffer,
146.5 pl of RNase/DNase free water and 41 pl of primer/probe, for commercial
gene assays (Thermo Fisher Scientific, Waltham, Massachusetts, US) —see
Table 3, or 154.5 pl of RNase/DNase free water and 33 pl of primer/probe for
GSK in house assays (RV16 and gapd)- see Table 3. This reaction mix was
enough for one 384 well plate. The mosquito HV robot (TTP Labtech,
Melbourn, UK) was used to add 1.5 pl of cDNA to 4 pl of reaction mix in a white
LightCycler 480 Multiwell Plate 384 plate (Roche, Basel, Switzerland), giving
a final primer/probe concentration of 900 nM for commercial assays and
400nM for GSK in house assays. The real-time PCR amplification and
detection was performed on a LightCycler 480 Instrument Il running a

LightCycler software v1.5.1.62 (both Roche, Basel, Switzerland). Data
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obtained were analysed in Microsoft Excel (Microsoft, Redmont, Washington,

us).

Table 3. gRT-PCR primer/probes reference

Gene Primer/probe reference Manufacturer
mucbac Hs00873651_mH Thermo Fisher
Scientific,
muc5b Hs00861588 m1
Waltham,
muc4 Hs00366414 ml Massachusetts,
us
spdef Hs00171942_m1l
claudin 8 Hs00273282_s1
zo-1 Hs01551861_m1
gapdh GAPD Forward CAAGGTCATCCATGACAACTTTG

GSK in | GAPD Reverse GGCCATCCACAGTCTTCTGG

house GAPD Probe ACCACAGTCCATGCCATCACTGCCA

RV16 RV16 Forward GTTGTTCCCACCCAGATCAC

GSK in | RV16 Reverse CTCAGTTGTTTTTGCCCTTGTGG

house RV16 Probe TCAAGCACTTCTGTTTCCCCGGTCA
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2.12. High speed video microscopy for analysis of ciliary function

In order to assess ciliary beat frequency, ALI cultured ciliated epithelial cells
were placed in a 37° C and 5% CO2 humidified incubation chamber on an
inverted Nikon Eclipse TiE microscope stage (Nikon, Kingston-upon-Thames,
UK) and were allowed to adjust to the new environment for 30 minutes. All
observations and videos were recorded using a Hamamatsu ORCA camera
(Hamamatsu, Hamamatsu City, Japan) attached to the Nikon Eclipse TiE
microscope, by focusing on the cilia using a x20 lens objective (numerical
aperture= 0.45) with the collar set to a long viewing distance (See Appendix 4/
Video 1 on USB stick attached, as an example of a healthy ciliated culture
imaged as described here). Prior to the start of the experiment, the x-y-z
coordinates of 10 areas on the cell surface with at least 6 ciliated cells each
were saved for each well using the NIS Elements AR software (Nikon,
Kingston-upon-Thames, UK) and activating the Perfect Focusing System
option (PFS). Videos were subsequently recorded at set time points for the
duration of the experiment by returning to the same points in each well and
using the settings described in Figure 4. The active shutter was set to close
when measurements were not taken to prevent extensive light exposure of the

samples.

2.13. Ciliary beat frequency analysis

Videos recorded using the Nikon Eclipse TiE microscope were subsequently
converted to an .avi format using the NIS Elements AR software or a custom
made FIJI (Schindelin et al.,, 2012) macro written by Dr. Dale Moulding

(Confocal microscopy facility manager, UCL Great Ormond Street Institute of
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Child Health). Then, the .avi video files were run through the CiliaFA software
(Smith et al., 2012) installed as a plugin to ImageJ (National Institute of Health,
USA) using the settings shown in Figure 4. The software uses a Fast Fourier

transformation to determine ciliary beat frequency from recorded videos.

¢ Image)
File Edit Image Process Analyze Plugins Window Help
B ool <l&ik[N|Ala|o|[]| olsw| 4|8 ]|~ »

¢ ciliaFA - Whole Field Analwisi =5
LR . .

Enter Frame Rate of Recording |394
Enter Number of Frames |512

(Freq Resolution = Frame Rate / Number of Frames)

Enter factor required to crop to 256 frames |Half -

Divide Image into ROI

Preset Division by Image Size |m -

For 'Other set ROI size
Number of ROIs To Divide Horizontal |40

Number of ROIs To Divide Vertical |40
Clinical Range Expected m

™ Print Results Report

OK Cancel

Figure 4. Settings used for high speed video microscopy recordings
reflected in the ciliaFA software settings

Videos were recorded at set time points using a x20 objective (Numerical aperture =0.45) with
the correction collar set to long viewing distance. In NIS Elements, the image size (region of
interest) was set to 512x512 pixels. Under these settings, the pixel size measured 0.33 pum.
High speed video imaging was performed by acquiring 512 frames at 394 frames per second
with a 1 frame exposure. These acquisition settings were then input into the ciliaFA plug-in for

Image J, for ciliary beat frequency analysis.

2.14. Ciliary amplitude measurements

As there is previously published evidence that ciliary beat pattern may be
dyskinetic without a reduction in ciliary beat frequency, ciliary beat amplitude

was also determine during NTHi infection of the ciliated epithelium. ALI
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cultured ciliated epithelial cultures were infected with NTHi as described in
2.19 and incubated for 24 hours in an incubator set at 37° C and 5% COz2. Prior
to imaging, transwells were placed in glass dishes (WillCo Wells, Amsterdam,
The Netherlands) with a custom made collar to adjust for the height of the
transwell and keep it fixed in place. The dishes were then placed in a 37° C
and 5% CO2 humidified incubation chamber on an inverted Nikon Eclipse TiE
microscope stage (Nikon, Kingston-upon-Thames, UK) and were allowed to
adjust to the new environment for 30 minutes. All observations and videos
were recorded using a Hamamatsu ORCA camera (Hamamatsu, Hamamatsu
City, Japan) attached to the Nikon Eclipse TiE microscope by focusing on the
cilia using a x60 lens objective (numerical aperture= 0.70) with the collar set
to a long viewing distance. At least 10 videos per well were recorded. The cilia
beat amplitude was measured using the NIS Elements AR software (Nikon,
Kingston-upon-Thames, UK), using the distance measurement function. The
start and end points of one cilium swipe were set and the software then

calculated the distance between the two points.

2.15. Quantification of cytokines and chemokines in epithelial

cell culture supernatants

Basolateral supernatants from epithelial cultures were collected and stored at
-20°C or -80°C until they were analysed. Cytokines and chemokines were
subsequently measured using MSD kits (MesoScaleDiscovery, Rockuville,
Maryland, US) and a Luminex kit (ThermoFischer Scientific, Vienna, Austria)
platforms, as presented in Table 4, following manufacturer’s instructions. MSD
assays were read on an MSD SI6000 Sector Imager using Workbench

software v4.0 (MesoScaleDiscovery, Rockville, Maryland, US). Luminex
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assays were read on a Luminex Flexmap 3D, using the Luminex XPONENT

v4.2 software (both Luminex Corporation, Austin, Texas, US) and analysed

using the Bio-Rad Bioplex Manager v6.1 (Bio-Rad Laboratories, Hercules,

California, US).

Table 4. Cytokine/ chemokine analysis kits

a, IL-1B, IL-15, IL-6, IL-8,
IP-10, MCP-1, MIP-3q,

RANTES, TNF-a

Analytes Platform Kit

IL-18, IL-6, IL-8, TNF-a | MSD V-Plex Human Proinflammatory
Panel Il (4plex)

TARC MSD V-Plex Human Tarc Kit (single
plex)

IL-17C MSD V-Plex Human IL-17C Kit (single
plex)

Interferon a2a, 3, yand A | MSD U-Plex Biomarker Group 1 (10
plex)

ENA-78, G-CSF, GRO- | Luminex Human Custom ProcartaPlex 12

plex
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2.16. NTHi stock preparation

NTHi strain 49247 (ATCC, Manassas, Virginia, US) was originally isolated
from the expectorated sputum of a 76-year old male who suffered from
pneumonia. The strain was collected in January 1984 in Worcester,
Massachusetts. NTHi was grown overnight on chocolate agar plates.
Chocolate agar was prepared using sterile autoclaved Columbia agar base
supplemented with 5% heat lysed de-fibrinated horse blood (both Oxoid,
Basingstoke, UK). Bacterial colonies from chocolate agar plates were
inoculated initially in 10 ml of brain-heart infusion (BHI) broth (Oxoid,
Basingstoke, UK) supplemented with 10 pg/ml B-Nicotinamide adenine
dinucleotide and Hemin (both Sigma Aldrich, St. Louis, Missouri, US), in a 50
ml tube with vented cap (Corning, Corning, New York, US). The tube was
placed on a shaker set at 220-260 rpm in a humidified 5% CO2 incubator set
at 37°C. After 16-18 hours, the optical density of the culture at 600 nm (ODeoo)
was measured using a BioPhotometer Plus spectrophotometer (Eppendorf,
Hamburg, Germany) using supplemented BHI as blank. If an ODsoo greater
than 1 was observed (indicating stationary phase) the overnight culture was
diluted 1:20 in fresh supplemented BHI and returned to the 37°C with 5% CO2
incubator and grown in the same manner as for the overnight culture until
exponential. A growth curved was carried out with readings taken at 1 hour
intervals to ensure collection of stock at mid-exponential phase. The culture
intended for use as a stock was collected when an ODeoo of approximately 0.7
was achieved. The bacterial suspension was mixed with 10% (v/v) glycerol
(Sigma Aldrich, St. Louis, Missouri, US) (v/v), aliquoted in 500 ul aliquots and

stored at -80° C. To check the purity of the stock a sample of liquid was
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streaked on a plate of chocolate agar. The plate was incubated overnight at
37°C with 5% CO2. The following day, the plate was visually inspected and if

a single type of colonies were observed, the culture was considered pure.
2.17. Viable count of bacteria by the Miles Misra method

A vial of NTHi stock was retrieved from the -80° C, thawed, washed 4 times in
1 ml BEBM medium by spinning at 6000 g for 4 minutes, then serially diluted
in PBS and plated on chocolate agar in triplicate 10 pl spots per dilution. The
following day, colonies were counted from the dilution where individual
colonies could be clearly distinguished. The viable count was determined using
the formula: colony forming units (CFU)/ml = average number of colonies x

dilution factor x 100.
2.18. NTHi preparation for infection of epithelial cell cultures

On the day of the infection, a vial of NTHi was retrieved from the -80° C freezer,
thawed and washed 4 times in 1 ml BEBM by spinning at 6000 g for 4 minutes.
The bacteria were re-suspended in BEBM, diluted to 2.5 x 10" CFU /ml and
added to the epithelial culture in 200 pl/well. If NTHi was to be fluorescently
labelled, the vial of NTHi was washed once in BEBM by spinning at 6000 g for
4 minutes, re-suspended in 1ml of BEBM and incubated with 3 pul of CFSE dye
stain (Thermo Fisher Scientific, Waltham, Massachusetts, US) for 45 minutes
at 37° C, in the dark. The bacteria were then washed 3 times in BEBM and
diluted at the required concentration in BEBM. In order to heat inactivate NTHIi,
the final concentration of bacteria required was incubated at 65° C for 30
minutes and then streaked on a plate of chocolate agar to confirm inactivation,

seen as a lack of bacterial growth.
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2.19. NTHi infection of ALI cultured respiratory epithelial cells

The day before an NTHi infection, the basolateral medium of ALI epithelial
cultures was replaced with 500 pl ALI media without antibiotics. To check the
quality of the epithelial culture, 200 pl of ALI medium was added to the apical
surface and trans-epithelial electrical resistance was measured as described
in section 2.7, followed by ciliation level scoring as described in section 2.8.
On the day of infection, the apical surface of the cells was washed again with
200 ul BEBM and the basolateral medium was replaced with fresh antibiotic
free ALI medium. A vial of NTHi was retrieved and prepared as described in
section 2.18. The final concentration of NTHi was added apically to each well
in 200 pl of BEBM and the uninfected controls had 200 pl BEBM added apically
as a mock. The plate was subsequently returned to 37° C and 5% COg, in a
humidified environment. A viable count of the bacteria was performed to check

the concentration of the inoculum.

2.20. Live confocal microscopy imaging

Epithelial cells were prepared for infection as previously described in section
2.19. On the day of the infection experiment, a fresh vial of NTHi was collected
from -80° C and stained with green CFSE dye as described in section 2.18.
During the staining time of NTHi, the ciliated epithelial cultures were washed
once in BEBM and stained with 200 pl of 1.5X CellMask Deep Red Plasma
membrane stain (Thermo Fisher Scientific, Waltham, Massachusetts, US)
diluted in BEBM from the 1000X stock solution, and added apically, for 45
minutes, at 37° C, 5% CO:a. Epithelial cells were then washed apically 3 times

in 200 ul of BEBM before addition of the bacteria. The transwells were placed

82



in glass dishes (WillCo Wells, Amsterdam, The Netherlands) with a custom
made collar to adjust for the height of the transwell and in order to keep it fixed
in place. Antibiotic free ALI medium was added to the bottom glass dish and
the dish was sealed around with clear adhesive tape. The dishes were placed
in a 37° C incubation chamber on an inverted Zeiss LSM 710 confocal
microscope stage and images were acquired using the Zen software (both
Zeiss, Oberkochen, Germany). Live videos and Z-stacks were acquired using
a x25 objective with a numerical aperture of 0.8 and water immersion.
Excitation with 488 and 633nm lasers and detection of transmitted light
(brightfield), green and far red fluorescence was performed as a single track
experiment. Videos were recorded for either 100 or 1000 frames, and were
subsequently converted to an .avi extension using the Imaris software, version

7.2 (Bitplane, Belfast, UK).

2.21. Scanning electron microscopy (SEM)

Following infection of ciliated cultures grown at the ALI with NTHi, the bacterial
inoculum was removed and samples fixed in 2% (v/v) paraformaldehyde, 1.5%
(v/v) glutaraldehyde (both Sigma Aldrich, St. Louis, Missouri, US) in PBS for
24 hours at 4° C. Subsequently, the fixing agent was removed and samples
transferred into PBS until further processing. Samples were then kindly
processed by Mark Turmaine at the School of Pharmacy, UCL. Briefly, the
samples were post fixed in 1% OsO04/1.5% KaFe(CN)s in 0.1 M phosphate
buffer, at 3°C for 45 minutes, washed in 0.1 M phosphate buffer followed by
distilled water washing, and dehydrated in a graded ethanol-water series up to
100% ethanol. Dehydrated samples were then critical point dried using CO2

and, using adhesive carbon tapes, mounted onto aluminium stubs where they
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were coated with an approximately 7nm thick layer of Au using an Emitech
coater (Emitech, Ashford, UK). Images were acquired using a FEI Quanta

200F FE SEM (FEI, Hillsboro, Oregon, US).
2.22. Image Cytometry

An aliquot of NTHi strain 1479 obtained from Dr. Simon Hall (GlaxoSmithKline,
Stevenage) or of the in house NTHi strain 49247 was labelled with CFSE as
described in section 2.18, then diluted to 2.5x10” CFU/ml and added in 200l
of BEBM to the apical surface of in house nasal ciliated ALl cultures or
bronchial epithelial cultures (Epithelix, Epithelix Sarl, Genéve, Switzerland)
cultured at GlaxoSmithKline. At 24 hours post infection, the apical fluid and
unattached bacteria were removed and the epithelial culture washed 3 times
in BEBM. The epithelial cells were subsequently detached using StemPro
Accutase Cell dissociation reagent and stained as described in section 2.9.
The acquisition was performed using the ImageStream Mark Il Imaging Flow
Cytometer using the Inspire software and analysed using Ideas software (all
Merck KGaA, Darmstadt, Germany). Dead cells were excluded based on size
and complexity and by visually checking cells near the gate, rather than by

using a dye.
2.23. Epithelial culture washing after NTHi infection

At the end of an NTHi infection of ALI cultured respiratory epithelial cell
experiment, the apical fluid was removed by placing a pipette tip at the bottom
of the transwell wall and collected for future analyses. Afterwards, the epithelial
layer was gently washed 3 times with 200 pl of BEBM each by placing the tip

of the pipette on the wall, at the top of the transwell, and pressing down the
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pipette for 2-3 seconds. The fluid was immediately collected by moving the tip
of the pipette on the opposite side of the transwell and placing it at the base of
the wall, without tilting the transwell, and sucking out the liquid in approximately

2-3 seconds.

2.24. Intracellular invasion and adherence assay

The NTHi intracellular invasion and adherence assay was performed
according to a method described previously (Clementi et al., 2014). Briefly, at
the end of the experiment, the apical fluid was collected and the cells were
washed as described before (section 2.23). The basolateral fluid was collected
for future analysis and replaced with 500 ul BEBM or BEBM containing 50
pg/ml gentamicin (Gibco, Carlsbad, California, US). Then, 200 pl of BEBM or
BEBM containing 50 pg/ml gentamicin were added to the apical surface and
incubated for 2 hours at 37° C and 5% COg, in a humidified environment. The
apical and basolateral fluids were then removed, cells washed 3 times with
200 pl of BEBM as before followed by addition of 180 ul of trypsin/EDTA to the
apical chamber and 500 pul to the basolateral chamber. After a 10 minute
incubation, the epithelial cells detached by trypsin/EDTA were collected and
the enzyme was inactivated by mixing with of 10% (v/v) heat inactivated foetal
calf serum (Sigma Aldrich, St. Louis, Missouri, US). Epithelial cells were
pelleted by spinning at 6000 g for 3 minutes, the supernatant was removed
and the pellet re-suspended in 200 ul of 0.8% (w/v) saponin (Sigma Aldrich,
St. Louis, Missouri, US) diluted in PBS. The epithelial cells were incubated with
saponin for 30 minutes at 37° C to break open the epithelial cell wall. Viable
counts of bacteria in the stored apical fluid and the cell suspension were

performed.
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2.25. Inhibition of the PI3K signalling pathway

For studies investigating the role of the PI3 kinase pathway in epithelial
invasion by NTHi, the basolateral medium of epithelial cultures was changed
to 500 pl of antibiotic free medium 48 hours and again 24 hours prior to
infection with NTHi. The commercial pan PI3K inhibitor LY-294002
hydrochloride (Sigma Aldrich, St. Louis, Missouri, US) was dissolved in DMSO
to a stock concentration of 100mM, diluted 1:1000 in BEBM and 50 pl of this
dilution was added to the basolateral medium, to a final concentration of 10
MM. The GSK987740A (GlaxoSmithKline, Stevenage, UK) Pan PI3K inhibitor
was dissolved in DMSO to a stock concentration of 10mM, diluted 1:1000 in
BEBM and 50 pl of this dilution was added to the basolateral medium, to a final
concentration of 1 uM. Two control conditions were examined, an untreated
control where 50 pl of fresh BEBM were added basolaterally and a vehicle
control condition where 50 pl of a 1:1000 DMSO (compound solvent) in BEBM
dilution was added basolaterally. One hour after the addition of inhibitors,
cultures were challenged apically with 10 pl of BEBM or BEBM containing
5x10% CFU /well of NTHi. The infection protocol was changed for Pi3K studies,
as flooding of the epithelial cultures with 200 pl of BEBM resulted in strong
activation of the PI3K pathway, as measured by the level of Akt
phosphorylation (section 2.26) — See appendix 2. After 24 hours incubation,
intracellular bacteria were quantified using the gentamicin killing assay, as

described in section 2.24.
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2.26. Quantification of Akt phosphorylation following NTHi

infection of ciliated epithelial cultures

To quantify NTHi induced Akt phosphorylation (as a read-out of PI3K pathway
activation, (Lopez-Gomez et al., 2012; Morey et al., 2011; Seiler et al., 2013)
and confirm the inhibitory effect of the PI3K inhibitors, epithelial cultures were
treated with LY294002 hydrochloride and GSK987740A as described in
section 2.25 and 10 pl of BEBM or BEBM containing 5x10% CFU / well of NTHi
was added apically. To quantify phosphorylation of Akt at Serine 473 and
Threonine 308, the Phospho (Ser473)/ Total Akt Whole Cell Lysate and
Phospho-Akt (Thr308) Whole Cell Lysate kits (Meso Scale Discovery,
Rockville, Maryland, US) were used. Briefly, at 2 hours or 24 hours post
infection, the basolateral medium was removed and cultures were washed
once apically with ice cold PBS. Fifty microliters of ice cold complete lysis
buffer containing protease inhibitor and phosphatase inhibitors | and Il were
added apically to each well. The plates containing the epithelial cultures were
then placed on ice for 45 minutes to ensure lysis had occurred. Cell lysates
from 2 transwells per condition were pooled together and cellular debris were
pelleted by spinning at 8000 g for 3 minutes. The supernatants were collected
and frozen immediately on dry ice, followed by storage at -80 °C. The Akt assay
was subsequently performed according to manufacturer’s instructions, using
35ul of cell lysate/well and splitting the same cell lysate equally between the

Serine 473 and Threonine 308 assays.
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2.27. Rhinovirus culture and stock preparation

Rhinovirus serotype 16 (RV16) was a gift from Dr. Gary McLean (London
Metropolitan University). RV16 is part of the RV A species, which is the
predominant species associated with human disease, in both healthy
individuals and patients with COPD (Choi et al., 2015; van der Linden et al.,
2016). Furthermore, the genome of RV16 was sequenced and the serotype
was identified as being more representative of human rhinoviruses than other
experimentally used serotypes, such as RV2, RV39 or RV14 (Lee et al., 1995).
While the epidemiology of RV in COPD is not well understood, human
experimental infections using RV16 replicated the phenotype of virus induced
disease exacerbations and promoted secondary bacterial infections,
suggesting that it is an appropriate strain to use for studies in the mechanisms

of COPD exacerbations (Mallia et al., 2012; Mallia et al., 2011).

RV16 was cultured and titrated for viral titre levels by Miss Simona Velkova.
Briefly, Hela H1 cells, also gifted by Dr. Gary McLean, were grown to
confluence in T175 flasks, in DMEM supplemented with 10% foetal calf serum
(Sigma Aldrich, St. Louis, Missouri, US), 100 IU/ml penicillin and 100 pg/ml
streptomycin. The Hela H1 cultures were washed twice in PBS and 5 ml of
RV16 at a concentration of 1.35 x 107 tissue culture infectivity dose (TCIDso)/ml
was added to the flask. The culture was supplemented with 7.5 ml of infection
medium, prepared by mixing DMEM with 2% foetal calf serum, 100 [U/ml
penicillin, 100 pg/ml streptomycin, 15mM HEPES and 15mM sodium
bicarbonate (both Sigma Aldrich, St. Louis, Missouri, US). The flask was then
incubated for 1h at room temperature with gentle shaking. Then, 12.5 ml of

infection medium was added and the flask of cells was transferred to a
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humidified 37°C, 5% CO: incubator for up to 24 hours or until all cells had
detached. The contents of the flask were subsequently frozen and thawed 3
times to ensure Hela cell lysis, after which the contents were spun down for 15
minutes at 3000 g and the supernatant filtered through a 0.2 pm filter
(Sartorius, Gottingen, Germany). The resulting filtrate was concentrated using
100,000 MWCO Amicon Ultra-15 Centrifugal filter units (Merck Millipore,
Burlington, Massachusetts, US) and followed by centrifugation at 4000 g for
30-60 minutes. The concentrated virus was precipitated by addition of 7%
polyethylene glycol and 0.5M NaCl (both Sigma Aldrich, St. Louis, Missouri,
US) and incubation on ice for 1 hour. The precipitated virus was pelleted by
centrifugation at 4000 g for 1 hour at 4°C, re-suspended in 15 ml of PBS,
centrifuged again at 4000 g for 15 minutes and the supernatant filtered through
a 0.2 um filter. This filtrate was concentrated further using a 100,000 MWCO
Amicon Ultra-15 Centrifugal filter unit to 0.5 ml of virus to which 2 ml of PBS
were added to obtain 2.5 ml of purified RV16 stock, which was subsequently

aliquoted and frozen at -80°C.
2.28. Rhinovirus titration assay

Hela H1 cells were seeded into a flat bottom 96 well plate (Corning, New York,
US) at 1.5 x 10* cells/well in 150 pl of infection medium. A 10 step 10-fold serial
dilution of the RV16 stock was prepared in infection medium. Then, 50 pl of
each dilution was added to 6 replicate wells of Hela H1 cells in the plate.
Uninfected Hela H1 cells and medium alone were used as controls. The plate
was incubated for 4 days at in a humidified incubator set 37°C and 5% CO2

after which wells presenting cytopathic effect at each dilution were scored. The
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Spearman-Karber equation was used to calculate the virus titre (Puntener et

al., 2011; Roulin et al., 2014).
2.29. Rhinovirus infection of primary epithelial cultures

Prior to infection with RV16, epithelial cultures were washed apically with 200
ul of BEBM and the basolateral ALI medium was exchanged with 500 pl of
fresh ALI medium. Then, RV16 was added to the apical chamber at 1.5x10°
TCIDso/well in 100 pl of BEBM. An equivalent volume of BEBM only was used
as mock. The culture was placed in a humidified incubator set at 37°C with 5%
CO:a2. After 1 hour incubation the virus inoculum was removed and the cultures

returned to the incubator.

2.30. Rhinovirus and NTHi co-infection of primary epithelial

cultures

If the rhinovirus infection was followed by NTHi co-infection, then epithelial
cultures were first fed basolaterally with antibiotic free ALI medium prior to
RV16 infection. At 24h post RV16 infection, the apical surface was washed in
50 ul of BEBM. The basolateral medium was collected and replaced with 500
pl of fresh antibiotic free ALI medium. Subsequently, 200 pl of plain BEBM or
BEBM containing 5x10% CFU /well of NTHi was added apically and incubated

for another 24 hours.

2.31. Incubation of NTHi with apical fluid from rhinovirus infected

primary epithelial cultures

Following 48 hours of rhinovirus infection, 200 ul of apical fluid was collected
from rhinovirus infected and control uninfected epithelial cultures. One

hundred and fifty microliters of this apical fluid was then added to 50 pl of
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BEBM containing 5x10% CFU of NTHi, in a flat bottom 96 well plate (Corning,
New York, US) and gently mixed by pipetting. Two control conditions were
included: NTHi which was incubated with 150 ul of fresh BEBM only, or with
BEBM containing 2.5x10° TCID50/ml of RV16. The 96 well plate was placed
in a humidified incubator set at 37°C with 5% CO2. After a 24 hour incubation
and following vigorous resuspension, a viable count of NTHi was performed,

as described in section 2.17.

2.32. Incubation of NTHi with iron and B-nicotinamide adenine

dinucleotide in absence of epithelial cells

One hundred and eighty microliters of BEBM containing 5x10% CFU / well of
NTHi was added to wells of a flat bottom 96 well plate (Corning, New York,
US). These were supplemented with 20 pl of BEBM, BEBM containing
Fe(NO3)39H20 (Sigma Aldrich, St. Louis, Missouri, US) to a final concentration
of 25 uM, BEBM containing B-NAD or hemin (both (Sigma Aldrich, St. Louis,
Missouri, US) to a final concentration of 10 pg/ml, or BEBM containing
Fe(NO3)39H20 and B-NAD or hemin and B-NAD. Bacteria were incubated with
each of these supplements in a humidified incubator set at 37°C with 5% CO..
After a 24 hour incubation and following vigorous resuspension, a viable count
of NTHi was performed, as described in section 2.17. This experiment was

performed by the Masters student | supervised, Miss Anca Debora Balint.

2.33. Quantification of total iron in apical fluid from rhinovirus

infected primary epithelial cultures

Following 48 hours of rhinovirus infection, 200 ul of apical fluid was collected

from rhinovirus infected and control uninfected epithelial cultures and stored
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frozen at -80°C for subsequent analysis. To measure total iron release from
epithelial cultures following rhinovirus infection, the QuantiChrom Iron Assay
Kit (BioAssay Systems, Hayward, California, US) was used. The apical fluid
was first centrifuged for 3 minutes at 2000 g to remove cellular debris. Fifty
microliters of apical fluid were incubated with the working reagent and the
assay performed following manufacturer’s instructions. The colorimetric
change was detected by measuring absorbance at 590nm using a Fluostar
Optima plate reader (BMG LabTech, Ortenberg, Germany). When absorbance
readings were analysed and converted to concentration values, the readings
obtained from control BEBM/Promo Cell basal medium were used as blank, to

account for the pink colour of the medium.

2.34. Quantification of nicotinamide adenine dinucleotide in
apical fluid from rhinovirus infected primary epithelial

cultures

Following 48 hours of rhinovirus infection, 200 ul of apical fluid was collected
from rhinovirus infected and control uninfected epithelial cultures directly on
dry ice and stored frozen at -80°C for subsequent analysis. To measure the
level of nicotinamide adenine dinucleotide (NAD) in this apical fluid, the
NAD/NADH-Glo Assay (Promega, Madison, Wisconsin, US) was used. An
NAD standard curve was generated as per manufacturer’s instructions, using
B-nicotinamide adenine dinucleotide (Sigma Aldrich, St. Louis, Missouri, US).
Fifty microliters of apical fluid were used per assay and the assay performed
according to manufacturer’s instructions. The chemo-luminescence was
detected using a Fluostar Optima plate reader (BMG LabTech, Ortenberg,

Germany).
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2.35. Statistical analysis

Statistical analysis support was provided by statisticians Dr. Mark Lennon and
Dr. Tanja Hoegg (GSK) and an overall report of the statistical methods used
for analysis of data presented in this thesis is included below. Detailed analysis

of data presented in each figure is included in Appendix 1.

For experiments with more than two experimental conditions (e.g treatment
levels, infection conditions, disease groups or time points), data were pooled
across conditions and analysed jointly using linear modelling techniques.
Separate analyses were run for different end-points or analytes. A modelling
approach is preferable to a series of individual analyses (e.g. using t-tests) as
it provides a more precise estimate of the variability in measurements, thereby

increasing statistical power.

In most experiments, epithelial cells from each donor were exposed to all
experimental conditions. Linear mixed effects models were applied in these
contexts to account for dependence between measurements taken from cells
of the same donor. For these models, experiment specific fixed effects were
included for the different experimental conditions such as: disease groups
(healthy/COPD), day (day 7/day 28), infection condition (Control, RV, NTHi,
RV& NTHI), treatment (untreated/ PI3K inhibitors). In addition to fixed effects
for the experimental conditions, these models included random effects for each
donor to allow for donor-specific deviations from the means of the experimental
conditions. In contrast to fixed effects, random effects were not estimated as
part of the model fitting. Instead, it was assumed that random effects are

generated from a mean-zero normal distribution. The standard deviation of this
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distribution is a measure of between-donor variability and was estimated in
place of the donor-specific deviations from the mean. Similarly, dependence
between measurements may also be introduced by technical replication,
therefore, for experiments where multiple wells were sampled for the same
condition, an additional random effect for each well was included in the model.
This approach is an alternative to averaging over technical replicates and can
be appropriate when the number of technical replicates vary across samples.
For most endpoints, measurements required a logl0 transformation prior to
model fitting to stabilize the variance and to ensure that the variability of
measurements was of comparable size amongst all experimental conditions.
Where this log10 transformation was performed, it is indicated in the figure

legend.

The statistical significance of changes in the endpoints was assessed by
hypothesis testing. For all tests, the null hypothesis is that there is no change
in the endpoint; the alternative hypothesis is that there is a change. In
experiments involving a large number of comparisons, p-values were adjusted
for to account for multiple comparisons using the Benjamini-Hochberg (BH)
method to reduce the chance of obtaining false positive findings (Benjamini
and Hochberg, 1995). The method controls the false discovery rate per
experiment, meaning that if p-values below 5% are considered statistically

significant, 5% of findings are expected to be false.

All analyses were conducted using the statistical programming language R,

Version 3.5.1.
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Chapter 3: Results
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3.1. Characterising ALI cultured primary epithelial cells from

healthy and COPD donors

3.1.1. Introduction

Air-liquid interface (ALI) cultures of the human airway epithelium are arguably
the gold standard in respiratory research, as they allow for investigation of
most of the essential functions of the respiratory epithelium, including its
cellular composition and morphology, barrier function, ion and fluid transport,
innate immunity, infection and inflammation, cell signalling, ciliary function,
regeneration and repair, in health or respiratory diseases (Butler et al., 2016;
Comstock et al., 2011; Ghosh et al., 2018; Hirst et al., 2014; Jong et al., 1994;
Pezzulo et al., 2011; Tan et al., 2018). ALI cultured primary human airway
epithelial cells differentiate over 4 weeks to form a pseudostratified, polarised
layer which recapitulates the structure of the human airway epithelium (Butler
et al., 2016; Gray et al., 1996; Jong et al., 1994). This layer consists of basal,
ciliated and secretory cells with apical presentation of microvilli (Butler et al.,
2016; Gray et al., 1996; Jong et al., 1994).Transcriptional profiling of whole
epithelium and a recent single cell RNA sequencing study which compared ALI
cultured epithelia to ex vivo donor epithelia have further validated the
resemblance of ALI cultured epithelium to the human respiratory epithelium in
terms of cellular composition and signalling pathways (Pezzulo et al., 2011;
Ruiz Garcia et al., 2018). Similar to the human airway epithelium, secretory
cells found in ALI cultured epithelia produce mucins such as MUC5AC and
MUC5B (Butler et al., 2016; Ross et al., 2007). Cultured ciliated cells present
with motile cilia beating at an average of 10-16 Hz, which, together with the

mucus and periciliary fluid, reproduce the process of mucociliary clearance
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(Butler et al., 2016). The cystic fibrosis transmembrane conductance regulator
(CFTR) and the epithelial sodium channel (ENaC) are both expressed and
functional in ALI cultured airway epithelial cells, therefore allowing for
regulation of airway surface fluid hydration and for studies investigating their
function in health and disease (Brewington et al., 2018; Tipirneni et al., 2017).
Furthermore, polarised airway epithelial cultures form an epithelial barrier with
expression of junction proteins and are capable to respond to insult or infection
by production of inflammatory cytokines and chemokines and expression of
antimicrobial peptides (Baddal et al., 2015; Comstock et al., 2011; Jong et al.,

1994; Ong et al., 2016; Tan et al., 2018).

ALI cultured airway epithelial cells have also been extensively used for the
study of respiratory diseases, including COPD (Hirst et al., 2014; Jing et al.,
2019; Staudt et al., 2014). They have contributed to our understanding of
COPD mechanisms and changes that occur in the epithelium as a result of the
prolonged exposure to cigarette smoke and other noxious particles which
ultimately lead to airway pathology (Barnes et al., 2003). The changes that
occur in the COPD epithelium have been described in Sections 1.8 to 1.10. Of
interest here is that differentiation of epithelial cells from patients with COPD
at the ALI has led to the generation of cultures with increased numbers of basal
cells and goblet cells and over 80% fewer ciliated cells compared to
differentiated epithelial cultures from healthy donors (Ghosh et al., 2018).
These findings match observations from ex vivo studies analysing the
epithelium of smokers which identified basal cell hyperplasia, accumulation of
mucus and regions with loss of ciliation in samples from smokers (Auerbach

et al., 1979; Auerbach et al., 1961; 1962; Kim et al., 2015; Lungarella et al.,
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1983). In addition, COPD epithelia immuno-stained for two junctional proteins,
namely occludin and tight junction protein 1, displayed abnormal organisation
of cell-cell junctions when compared to samples from healthy volunteers
(Heijink et al., 2014). This was identified in lung sections from COPD patients
and in same donor epithelial cultures differentiated at ALI, thus suggesting a
reduced epithelial barrier function in COPD (Heijink et al., 2014). More
importantly, these findings suggest that basal cells obtained from COPD

donors retain their disease phenotype when differentiated in vitro at the ALI.

Mucociliary clearance is believed to be impaired in the airways of COPD
donors as a consequence of the increased mucus production and the reduced
airway ciliation, as described previously in section 1.10. However, whether
ciliary function is actually impaired in COPD airways is still unclear, with 3
studies that used nasal epithelial cells providing contradictory results,
including no difference in the mean ciliary beat frequency of smokers versus
non-smokers reported by Stanley et al. (1986). Yaghi et al. (2012) reported
there was a significantly reduced ciliary beat frequency in moderate and
severe COPD compared to control subjects, in contrast to a study by Zhou et
al. (2009) who reported an increase in ciliary beat frequency in smokers
compared to non-smokers. Previously, it has been shown that while ciliary beat
frequency can be maintained, ciliary function can be affected by ciliary
dyskinesia as a result of infection or epithelial disruption (Chilvers et al., 2001,
Smith et al.,, 2014; Thomas et al., 2009). However, no study to date has
investigated whether progression to COPD affects ciliary beat amplitude,

which is another measure of ciliary function.
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Another important feature of COPD is the presence of airway inflammation
(Barnes, 2016). This pro-inflammatory environment is created by exposure to
cigarette smoke, by increased presence of immune cells, particularly
neutrophils and CD8+ T cells, as well as bacterial colonisation which
collectively lead to a vicious circle of epithelial damage and continuously
amplifying inflammation, as described in section 1.12. Previously, it has been
reported that primary bronchial epithelial cells from COPD patients
constitutively release more pro-inflammatory cytokines and chemokines such
as IL-6, IL-8, GRo-a or MCP-1 compared to epithelial cultures from healthy
volunteers, including when cultured at the ALI (de Boer et al., 2000; Ganesan
et al., 2013; Schneider et al., 2010). Therefore, the airway epithelium in COPD
is thought to be repeatedly damaged and continuously regenerating to repair
the injuries inflicted by the numerous insults (Crystal, 2014b). However, there
is very little understanding of how a regenerating epithelium responds to insults
such as viral or bacterial infections which are often causes of disease

exacerbations in COPD patients (Wilkinson et al., 2017).
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Hypothesis:

Differentiation and baseline characteristics of COPD epithelial cultures grown

at ALI are different from those of healthy cultures.

Aims:

e To establish a quality control protocol for epithelial cultures before use

for experiments.

e To compare the differentiation of healthy and COPD epithelial cultures

at the air liquid interface.

e To identify when ciliation begins in healthy and COPD cultures.

e To compare baseline ciliary function and inflammation in healthy and

COPD epithelial cultures.
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3.1.2. Clinical details of COPD patients and healthy volunteers

who donated airway epithelial cells used in this project

Nasal epithelial cells were collected from 17 adult healthy donors and 12
patients with COPD by nasal brushing (section 2.2), following informed
consent (section 2). The clinical characteristics of subjects are shown in Table
5. In a limited number of experiments, bronchial epithelial cells were used.
These were collected from the same donors as nasal epithelial cells and
therefore their characteristics are included in Table 5. Quantitative
measurements reported in figures are exclusively from experiments using
nasal epithelial cells whereas results obtained from studies using bronchial

epithelial cells are only reported in text and not included in graphs.
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Table 5. Clinical details of subjects who donated airway epithelial cells

used for studies presented in this thesis

Number of donors
Male/Female

Age

FEV1

FEV1 % predicted
FvC

FVC % predicted
FEV1/FVC
Current smokers

Number of donors with >2 exacerbations in
previous year

Number of donors with other conditions
(asthma/ hay fever/ allergies)

Healthy

17
5/12

54.5 (+10.7)

0/2/1

COPD

12

7/5

71.6 (£7)

1.47 (£0.7)

45.8 (+15.7)

2.73 (1)

78 (+20.5)

0.53 (£0.12)

11

2/0/0

Abbreviations: FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity; values

presented as mean (+ standard deviation).

3.1.3.

Quality control assessment of nasal ciliated cultures from

healthy and COPD subjects: ciliation level scoring and epithelial

integrity measurement

Collection of primary epithelial cells by nasal or bronchial brushing from

healthy volunteers and patients with COPD vyielded a limited number of

epithelial cells, approximately in the range of 1000- 50.0000 cells/ brushing.

Therefore, epithelial cells thus obtained were cultured with mitotically
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inactivated mouse embryonic fibroblasts to expand their numbers, following
the method published by (Butler et al., 2016) and as described in section 2.4.
This co-culture method produced an increased output of basal cells enabling
use of cells from one donor for multiple experiments. Basal cells were
subsequently cultured at an air—liquid interface to a ciliated phenotype
(section 2.6). Due to observed inter- and intra-donor variability between
differentiated epithelial cultures and to ensure that both healthy and COPD
cultures were well differentiated prior to use for experiments, a quality control
stage was implemented. This stage involved ciliation level scoring (section 2.8)
and measurement of trans-epithelial electrical resistance (TEER) (section 2.7).
Using high speed video microscopy for visual inspection, a ciliation score was
developed to grade cultures from absence of any cilia to cilia covering the
entire epithelial surface, as shown in Table 6. This improved the phenotyping
of cultures during differentiation and prior to experiments. On the day before
an experiment, the level of ciliation was documented and TEER measurement
was performed and recorded. For certain experiments, the same culture
batches were used for experiments at day 7 of epithelial differentiation and
when cultures were fully differentiated at day 28. If at day 28 of differentiation
the same culture batch did not differentiate properly and the quality control
assessment revealed improper ciliation or reduced TEER, data obtained at day
7 for that donor was not used and the experiment at day 28 was not carried

out.
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Table 6. Scoring system for grading ciliation level and determining
epithelial integrity in air-liquid interface epithelial cultures

Score Description

0 No moving cilia observed.

1 A few individual ciliated cells scattered around the transwell (1-20
ciliated cells/well).

2 Several ciliated cells in small groups but not forming extensive
patches.

3 Extensive patches of cilia (usually around edges). Cilia are
usually absent in the centre of the transwell.

4 A lawn of cilia all around the edges of the transwell. Cilia usually
sparse in the middle of the transwell.

5 Fully ciliated on edges and in the middle. A continuous lawn of
cilia covering the entire surface of the transwell.

Well number || I i {1v v VI [Vl |[VIII|IX [X

Ciliation Score

TEER reading

Cultures with a ciliation level below 1 were not used for experiments, due to

their suboptimal differentiation. The average score for healthy ciliated cultures

was 3.3 (min 1.8-max 5) whereas for COPD cultures it was 2.9 (min 1- max

4.5) — Figure 5A. There was no statistically significant difference between the

two groups in terms of ciliation (p=0.399), however a trend was observed of

lower ciliation levels in COPD cultures, with an average scoring for COPD

cultures being 0.4 units lower than that of healthy cultures. On average, the
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intra-donor well to well variability in scoring, expressed as standard deviation
of scores within donors, was estimated to be 0.232, confirming that wells used
for experiments were similar in their ciliation level. Furthermore, an assessor
bias test was carried out twice, blinded, with 2 other assessors and it confirmed
agreement between scores awarded to different cultures. In the first instance,
9 wells from one donor were scored by myself and another assessor, with
average scores awarded being 3.25(x0.41) for my own scoring and 3.685
(x0.47) for the other assessor. Upon comparing scores awarded, Cohen’s
Kappa for assessor agreement was 0.184, indicative of an agreement that
while only slight, is better than by chance alone (ie. greater than 0). In the
second test, 1 well each from 8 different donors was scored by myself and
awarded an average score of 3.375 (£0.39) and a different assessor who
awarded an average score of 3.625 (x0.31). In this case Cohen’s Kappa was
0.304, suggestive of a fair agreement between assessors and again better
than would have been expected from chance alone, thus suggesting no

significant bias in individual scoring.

To confirm the integrity of the epithelial layer prior to use in experiments, the
TEER of differentiated cultures was measured. Healthy epithelial cultures had
an average TEER of 596 Qxcm? (+284.2 Qxcm?), which was not significantly
different (p=0.607) from that of COPD cultures - 654 Qxcm? (+250.3 Qxcm?). -
Figure 5B. The intra-donor well to well variability, across all donors measured,
expressed as the standard deviation of TEER values within donors, was
estimated as 152 Qxcm?, indicating that TEER was consistent between

cultures of the same donor and the same culture batch. Cultures with a TEER
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below 200 Qxcm? were not used for experiments, as they were considered too

low to reflect good barrier formation (Butler et al., 2016).
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Figure 5. Ciliation scoring and TEER measurements of
differentiated epithelial cultures

A. Differentiated nasal epithelial cultures were scored for their level of ciliation using
high speed video microscopy prior to use for experiments (section 2.8). B. Epithelial
integrity was assessed by measuring trans-epithelial electrical resistance (TEER)
(section 2.7). Ciliation scoring and TEER measurements were carried out on 16
healthy cultures from 10 donors and 12 COPD cultures from 10 donors, by
averaging measurements from a minimum of 4 wells/ donor. Where donor cells were
cultured more than once, they were identified by the same symbol. Filled black
symbol identifies a unique donor. Linear mixed effects models with a fixed effect for
disease group (healthy/ COPD) and an experiment-specific random effect for each
donor were used to compare ciliation levels and TEER values between healthy and

COPD. Data are presented as mean + standard error of the mean.
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3.1.4. Characterisation of epithelial cultures from healthy donors

and COPD patients during differentiation at ALI

To understand if COPD nasal epithelia differentiate in the same manner as
healthy epithelia when grown in an ALI culture and to determine when ciliation
begins, nasal epithelial cultures were analysed at 4 time points during the 28
days of differentiation. A flow cytometry characterisation method (section 2.9)
was used to quantify the proportion of basal and ciliated cells in ALI epithelial
cultures. In this analysis method, shown in Figure 6, live and then single cells
were isolated and from these, basal cells were identified based on expression
of CD271 (nerve growth factor receptor) and CD49f (integrin a6), (based on
the method previously described by Rock et al., 2011, who identified CD271
and CD49f as cell surface markers of human basal cells). From the remaining,
non-basal cells (CD271- CD49f- cells), ciliated cells were identified based on
high expression of CD133 (or prominin 1) (GSK unpublished results) and lack
of expression of CD66a/c/e. Two other distinct populations could be identified,
namely CD133+CD66+ cells and CD133-CD66+ cells, which are likely to
represent secretory progenitor cells and goblet cells, respectively (Ruiz Garcia
et al., 2018). However, as the functional identity of each of these two
populations remains unclear, as well as whether they represent homogenous
populations containing a single cell type, they were excluded from further

quantification and analysis.

107



250K 250K 250K 4
200K - / 425 200K 200K -
<l( 150K <l150x- ;|ISUV."
O O @)
0 (] N
) 100K (/) 100K LonuV-
50K 50K 50K
0 T T T T T o . T Al 0 T T T T T
0 50K 100K 150K 200K 250K a0 o 10° 10t 10° 0 50K 100K 150K 200K 250K
FSC-A 4 Live/dead 5 FSC-A
5 54 ags
1077 Basal cells 1 Ciliated cells
4
- o 3 CD133+ CD66+
(o)) o bt
a Q '
o O
10°
. 102-_'__'_,_‘ bbb+

10° 0 10° w10

CD66al/c/e/

Figure 6. Representative gating strategy for characterisation of
primary epithelial cultures by flow cytometry

Nasal epithelial cells cultured at ALl were analysed by multicolour flow cytometry
(section 2.9) 1. Cells were separated from debris. 2. Live cells were separated from
dead cells based on their lack of incorporation of the live/dead staining reagent. 3.
Single cells were separated from cell aggregates and clumps. 4. Basal cells were
separated from non-basal cells based on expression of CD271 and CD49f. 5. From the
CD271-CDA49f- cells, ciliated cells were identified as CD133+CD66-. Two other distinct

populations can be identified, namely CD133+CD66+ and CD133-CD66+.
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Using this flow cytometry method, 6 healthy and 6 COPD cultures were
analysed at day O (day when epithelial cultures are exposed to air apically), 7,
14 and 28 of differentiation. Epithelial cells were detached from 2 transwells
per donor per time-point and the number of cells in suspension counted. The
number and proportion of basal and ciliated cells were quantified at each stage
out of the total number of live, single cells analysed, as shown in Figure 7A.
The total number of cells counted per well was then used to extrapolate the

number of each cell type per well from the number of events analysed.

This analysis revealed no significant change in the absolute number of basal
cells during the differentiation period of healthy or COPD cultures (Figure 7B).
However, in healthy epithelia there was strong evidence suggesting a
decrease in the proportion of basal cells in culture at day 14 compared to day
0 (p=0.058) (Figure 7D). This decrease was significant at day 28 when
compared to the percentage of basal cells at day 0 (p=0.001) and day 7
(p=0.005). This trend was not seen in COPD cultures, suggesting an altered
differentiation pattern compared to healthy cultures. However, there was no
significant difference in the number or proportion of basal cells between

healthy and COPD epithelia at any time point.

The number and proportion of ciliated cells in healthy cultures (Figure 7 C &
E) gradually increased as cells differentiated, with a small but significant
increase in ciliation detected as early as day 7 compared to day 0 ( comparison

of numbers, p=0.0002, comparison of percentages p=0.01).

As expected, the number of ciliated cells was significantly higher at days 14

and 28 compared to the early stages of differentiation at day 0 and day 7
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(p<0.0001 for all comparisons). The proportion of ciliated cells followed a
similar pattern as the number of ciliated cells, with the percentage increasing
with differentiation. As such, the proportion of ciliated cells was significantly
higher at days 14 and 28 compared to day O and day 7 (p<0.0001 for all
comparisons). Interestingly, neither the number nor the proportion of ciliated

cells increased significantly from day 14 to day 28 (p>0.05).

In COPD cultures, the number of ciliated cells was also significantly increased
at days 14 and 28 compared to day 0 (p<0.0001) and day 7 (p<0.001 for all
comparisons). Similarly, the proportion of ciliated cells was significantly
increased at days 14 and 28 compared to day O and day 7 (p<0.001 for all
comparisons). In contrast to healthy cultures, there was no significant increase
in the number or proportion of ciliated cells in the early stages of differentiation-
days 0 to 7. However, there was a significant increase in ciliated cell numbers
from day 14 to day 28 (p=0.012), and strong evidence for an increase in ciliated
cell proportion at the same time (p=0.058). Furthermore, there was strong
evidence indicating a lower number of ciliated cells in COPD cultures
compared to healthy cultures at day 14 of differentiation (p=0.056). At day 28,
the average number of ciliated cells/ well was 2.3 times greater in healthy

cultures than in COPD, but statistically this was not significantly different.
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Figure 7. Quantification of basal and ciliated cells in epithelial cultures
during differentiation at air-liquid interface

A. Representative plots of flow cytometric analysis of epithelial cultures at days 0, 7, 14 and
28 of differentiation of a healthy culture. Note the appearance of a ciliated cell population
only after day 7. B&C Absolute number of basal and ciliated cells, respectively, calculated
out of live single cells using flow cytometry analysis. D&E. Proportion of basal and ciliated
cells, respectively, out of live, single cells. N= 6 healthy and 6 COPD donors. For statistical
analysis, cell numbers and percentages were log10 transformed and analysed separately
using linear mixed effects models with Benjamini-Hochberg adjustment for multiple
comparisons. Data are presented as mean + standard error of the mean. *=p<0.05,

**=p<0.01, **=p<0.001, ****=p<0.0001

In addition to flow cytometry, cultures were inspected by high-speed video
microscopy and immuno-fluorescence staining to confirm appearance of cilia
and mucus. To further investigate whether mucus and fully formed cilia are
present at day 7 of epithelial differentiation and confirm differentiation at day
28, epithelial cultures were immuno-stained for mucin MUC5AC and B-tubulin
for cilia and imaged by confocal microscopy (section 2.10). Indeed, as shown
in Figure 8, fully extended cilia were not observed in cultures stained at day 7
although mucus secreting cells, identified by presence of the mucin MUC5AC
were observed at this stage (Figure 8A). In one healthy donor, B-tubulin
clusters could be observed, possibly indicating microtubule organisation prior
to ciliogenesis. This aligned with observations made on the high speed video
microscope, where mucus secretion started to be observed around day 7, but
motile cilia could not be observed. As expected, at day 28 ciliated and mucus
secreting cells were present in both healthy and COPD cultures, reflecting a

differentiated epithelial layer (Figure 8B).
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Goblet cell hyperplasia and mucus secretion are features of the COPD
epithelium that have been reported in previous studies (Fahy and Dickey,
2010; Innes et al., 2006; Kim et al., 2015). In the absence of cell surface goblet
cells markers that can selectively identify and quantify this population of cells
from the other cell types in the epithelium, gRT-PCR was used to compare
gene expression of the goblet cell specific mucins MUC5AC and MUC5B as
well as expression of the transcription factor that regulates goblet cell
differentiation, SPDEF, in healthy and COPD differentiated epithelial cultures
(Park et al., 2007), as described in 2.11. As it can be seen in Figure 9., there
was no significant difference in the expression levels of these 3 genes between
healthy and COPD (p>0.05), suggesting there was no differential gene
expression pattern of goblet cell associated genes in differentiated COPD

nasal epithelia compared to healthy epithelia.

In conclusion the data described so far point towards an altered epithelial
differentiation process in COPD cultures compared to healthy, with a sustained
proportion of basal cell in the COPD epithelium which is not reduced like in
healthy cultures and a delayed and reduced level of ciliation in COPD cultures
compared to healthy. These results also identify day 7 of epithelial
differentiation as a stage where mucus secreting cells are already present but
which precedes the appearance of motile cilia. This could be considered
representative for a regenerating epithelium and future studies in this project
looked to compare responses to infection challenges of day 7 epithelial
cultures to those of fully differentiated, day 28 ciliated cultures from healthy

and COPD donors.
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Figure 8. Immuno-fluorescence staining of mucus and ciliain respiratory
epithelial cultures at day 7 and day 28 of differentiation

Confocal microscopy images of a healthy culture stained at day 7 (A) and day 28 (B) of
differentiation. Cultures were stained for cilia B-tubulin (red), mucin MUC5AC (green), and f-
actin using phalloidin (orange) and nuclei were stained with DAPI (blue). Images

representative for 2 healthy donors and 2 COPD donors. Scale bar represents 50um.
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Figure 9. Expression of goblet cell specific genes by differentiated
epithelial cultures

Expression of the genes encoding for the goblet cell specific mucins (A) MUC5AC and (B)
MUC5B and of the transcription factor (C) SPDEF was quantified by qRT-PCR in fully
differentiated (day 28) ALI cultured epithelial cells from healthy and COPD donors at baseline,
as described in section 2.11. Two wells per donors were pooled together. N= 5 healthy, 4
COPD donors. Dots represent individual donors. For each analyte, separate linear mixed
effects models were fitted, with a fixed effect for disease group (healthy/COPD). Data are

shown as mean + standard error or the mean.
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3.1.5. Ciliary function assessment of healthy and COPD epithelial

cultures

To assess ciliary function, including ciliary beat frequency and ciliary
amplitude, healthy and COPD epithelial cultures were imaged using high-
speed video microscopy (sections 2.13 and 2.14,). Ciliary beat frequency was
determined from cultures kept at the ALI. Figure 10 shows that there was no
significant difference in the average frequency of ciliary beating between
healthy and COPD cultures (p=0.33). Ciliary amplitude was determined from
control wells of infection experiments, where cultures had been submerged in
BEBM for 24 hours. Again, ciliary amplitude of COPD cultures was similar to
that of healthy cultures (p=0.54). These results suggest that these parameters
of ciliary function are similar in the ALI cultured nasal ciliated cells of healthy

volunteers and COPD patients.

116



>
vy)

Ciliary beat frequency Ciliary amplitude
14+ 8-
— 12 0
i 10 @)‘9@,‘)1;29 g- 6 __.p __.lE
3 s —=E=— Hg00s =
o e2°e g %
S 6 (9000 ° &
14 @
o 44 = 2
o
wo,
0 T 1 0 T T
Healthy COPD Healthy COPD

Figure 10. Ciliary function assessment in healthy and COPD epithelial
cultures

Ciliary function measurements — ciliary beat frequency and amplitude- were determined from
high speed video microscopy recordings of differentiated epithelial cultures. A. Cilia beat
frequency was determined from 4 wells per donor prior to use for experiments. Wells from
the same donor were labelled with the same symbol. N= 5 healthy donors and 6 COPD
donors. B. Cilia amplitude was determined from at least ten amplitude measurements per
donor, from control wells of infection experiments. Cultures were flooded with basal medium
for 24 hours prior to video recordings. N=3 healthy and 3 COPD donors. For statistical
analysis, ciliary beat frequency and amplitude values were log10 transformed and analysed
separately using linear mixed effects models, with a fixed effect for disease group
(healthy/COPD) and a random effect for each donor. Data are presented as mean + standard

error of the mean.

3.1.6. Inflammatory mediator production by primary epithelial

cells from healthy donors and COPD patients at baseline

To further characterise nasal epithelial cultures from healthy donors and
COPD patients, baseline levels of pro-inflammatory mediators were quantified
as described in section 2.15. The selection of pro-inflammatory mediators

analysed was based on a data set of gene expression changes from screening
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infection experiments carried out at GSK. As shown in section 3.1.4, ciliation
only appeared after day 7 of epithelial differentiation and cultures at this stage
were considered representative for a regenerating epithelium, so level of
cytokines and chemokines were measured in culture supernatants from
cultures differentiated at the ALI for 7 days and for 28 days, when they were
completely differentiated (Table 7). In healthy donors, culture supernatants
showed no significant differences in levels of the cytokines and chemokines
measured between day 7 and day 28. Similarly, in COPD cultures, the levels
of cytokines and chemokines were not different between day 7 and day 28,
with the exception of IL-8. There was significantly more IL-8 produced by
COPD ciliated cultures (3.9 1.5 ng/ml) compared to day 7, pre-ciliation
cultures (2.5 £ 1.8 ng/ml, p=0.025), an increase not seen in supernatants from
healthy cultures. However, there was no statistically significant difference
between levels of cytokines or chemokines secreted by healthy and COPD

cultures at either day 7 or day 28.
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Table 7. Baseline cytokine and chemokine production by healthy and COPD epithelial cultures at a pre-ciliation (day 7) and
fully differentiated (day 28) stage

Basolateral supernatants incubated with epithelial cultures for 24 hours were collected and cytokines and chemokines were quantified at day 7 and day 28, of
epithelial differentiation. N= 7 healthy and 8 COPD donors. Cytokines and chemokines values were log10 transformed and analysed individually using linear

mixed effects models with a fixed effect for disease group (healthy/COPD) and day (7/28) and a random effect for each donor. SD, standard deviation

Day 7 Day 28 Day 7 vs Day 28
Analyte Healthy COPD p value Healthy COPD p value Healthy COPD
Mean Mean Mean Mean

(pg/ml) SD (pg/ml) SD (pg/ml) SD (pg/ml) SD p value p value

IL-1B 14.2 13.2 7.4 4.0 0.458 7.9 3.8 10.9 4.0 0.188 0.296 0.060
IL-6 442 104.6 16.8 20.9 0.843 30.3 42.2 27.3 325 0.892 0.188 0.206
TNF-a 11.6 9.4 7.5 4.5 0.333 8.1 3.4 4.4 2.2 0.095 0.548 0.106
IL-17 93.0 185.0 29.8 40.5 0.904 88.4 95.5 96.5 85.4 0.971 0.223 0.125
IFN-A 0.4 0.6 1.7 1.2 0.974 11 0.9 14 0.3 0.895 0.974 0.997
IP-10 17.6 9.8 13.9 9.9 0.701 15.3 54 54 3.7 0.853 0.888 0.844
RANTES 6.4 3.0 6.0 2.2 0.983 5.9 1.3 7.0 2.5 0.865 0.983 0.828
TARC 1.9 0.9 1.7 0.4 0.970 2.0 1.6 25 1.6 0.921 0.965 0.876
IL-8 5197.7 4937.7 | 2454.8 17555 | 0.442 2870.6 1191.5 3852.7 1531.5 | 0.355 0.664 0.025
MCP-1 62.1 79.7 45.0 26.5 0.991 120.0 97.6 151.4 68.3 0.991 0.086 0.086
ENA-78 455 69.0 28.8 47.5 0.758 43.9 28.7 415 24.1 0.994 0.543 0.269

119




MIP-3a
G-CSF

Gro-a

193.9
111.8
1331.4

1145
54.3
616.7

146.5
99.5
1066.3

83.3
48.1
823.7

0.936
0.855
0.968

175.7
111.7
1212.4

42.4
38.6
439.8

157.5
106.6
1153.9

51.0
44.1
494.1

0.936
0.923
0.989

0.936
0.998
0.989

0.958
0.893
0.989
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3.1.7. Discussion

To study the effect of NTHi and RV on the airway epithelium, primary airway
epithelial cells collected from healthy donors and COPD patients by nasal
brushings were expanded by co-culture with mitotically inactivated mouse
embryonic fibroblasts, as previously described by Butler et al. (2016). This
method was preferred to the conventional BEGM culture as it has been shown
to provide a higher output of basal cells and allow for extended passaging
without loss of differentiation potential (Butler et al., 2016). In contrast, basal
cells cultured by the conventional BEGM method lose their differentiation
potential after passage 2, therefore limiting the number of experiments that can
be carried out on cells from one donor (Butler et al., 2016; Gray et al., 1996).
These characteristics have been validated by previous work in our laboratory,
including in studies using primary ciliary dyskinesia epithelial cells, where
expansion by the co-culture method followed by differentiation at ALI
preserved the disease phenotype —in this case determined by the ciliary

dysfunction- similarly to BEGM culture (results not shown).

Over a 28 day period, primary human basal cells differentiated into a multi-
layered polarised epithelium containing ciliated, goblet, basal and progenitors
cells which preserve the characteristics of the original donor, as has been
reported by several studies using this method (Butler et al., 2016; de Borja
Callejas et al., 2014; Gray et al., 1996; Hirst et al., 2010; Pezzulo et al., 2011).
However, primary ciliated epithelial cell cultures can present with inter- and
intra-donor variability. For this purpose, a quality control assessment sheet
was developed for a rapid, non-invasive check of the quality of each well before

the start of an experiment. The two main focuses of this assessment were the
121



level of ciliation of the culture - which can be visually determined by high speed
video microscopy observations of the surface of each well and graded on a
scale from 0 to 5 (Table 6) and the integrity of the epithelial layer as determined
by the value of the TEER reading. This method allowed selection of cell
cultures with similar characteristics for the same experiment, thus limiting intra-
donor, well to well variability. It also ensured that cultures that failed at any
point in the culture process were not used for experiments. As this scoring
method can be subject to assessor bias, two separate validation tests were
carried out, with two assessors who were blinded to the cultures they were
scoring. In both cases, the agreement in scores was determined to be higher
than by chance alone, indicating similarity in scores awarded. This scoring
method indicated that intra-donor variability was low, with a standard deviation
of 0.232. There were no statistically significant differences in ciliation levels
observed in COPD cultures compared to healthy cultures (Figure 5). However,
scores awarded to COPD cultures were on average 0.4 units lower than those
awarded to healthy cultures, suggesting that maybe they did not ciliate as well
as cultures from healthy epithelial cells and this was masked by high inter-
donor variability. Epithelial barrier and integrity was also similar between
healthy and COPD cultures, with no significant difference in TEER between
the two groups (Figure 5). This is in agreement with previous reports which
indicated no difference in TEER of healthy and COPD bronchial epithelial
cultures and also recorded average TEER values of approximately 400 to 1000
Qxcm? (Amatngalim et al., 2017; Schneider et al., 2010). In contrast, findings
from two other studies reported a decreased TEER in COPD bronchial

epithelial cells cultured at ALI compared to healthy (Heijink et al., 2014; Staudt
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et al., 2014). However, in both cases this was measured in early stages of
epithelial differentiation (at day 10 or day 15), as opposed to when cultures

were fully differentiated.

In light of previous studies suggesting that in COPD the airway epithelium is
not regenerated in the same way as in healthy individuals, it was important to
characterise the differentiation pattern of primary nasal epithelial cells from
healthy and COPD donors, when cultured at ALI (Ghosh et al., 2018; Staudt
et al., 2014). For this purpose, healthy and COPD cultures were analysed at 4

time points during the 28 days of differentiation, namely day 0, 7, 14 and 28.

Previous studies which investigated the cellular composition of the respiratory
epithelium have often done so by means of microscopy imaging and manual
or automated counting of the different cell types in the epithelial layer, either
viewed from above or in cross section (Amatngalim et al., 2018; Butler et al.,
2016; Ghosh et al., 2018; Schneider et al., 2010). To date there are no
methods available that allow isolation and total quantification of the different
cell types in the epithelial layer, primarily due to a lack of cell surface markers
that can selectively identify ciliated, goblet and progenitor cells from basal
cells. Basal cells of the respiratory epithelium can be identified based on
expression of CD49f/ Integrin-a6 and CD271/NGFR, as identified by Rock et
al. (2009). In order to quantify the number and percentage of basal and ciliated
cells in epithelial cultures during differentiation, a novel, flow cytometry based
analysis method was used (Figure 6). This relies on separation of basal cells
based on expression of CD271 and CDA49f, followed by isolation of ciliated
cells based on expression of the cell surface marker CD133/Prominin 1 and

lack of expression of CD66/CEACAM-1 (GSK intellectual property). CD133
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was first identified as a potential ciliated cell marker based on its high up-
regulation in a transcriptional profiling of gene expression changes during
epithelial differentiation (Ross et al., 2007). It has subsequently been validated
at GSK and the results reported in a manuscript currently under preparation.
In addition to the CD133+CD66- ciliated cells, using this flow cytometry
method, two other populations could be separated, CD133+CD66+ and
CD133-CD66+. Based on their pattern of emergence, as shown in Figure 7, it
is likely that the CD133+CD66+ and CD133-CD66+ populations represent
secretory and intermediate progenitor populations, respectively, in accordance
with recent single cell RNA sequencing data analysing the respiratory
epithelium during differentiation at the ALI (Ruiz Garcia et al., 2018). In this
study by Ruiz Garcia et al. (2018), cultures of upper airway epithelial cells at
day 7 of epithelial differentiation were found to contain predominantly basal
and secretory cells, in agreement with the presence of CD271+CD49f+ cells
and CD133-CD66+ cells, respectively, in the flow cytometry analysis.
Subsequently, in later stages of differentiation, suprabasal cells, with
characteristics of intermediate progenitors for ciliated and goblet cells, were
shown to emerge (Ruiz Garcia et al., 2018). It could be extrapolated that
suprabasal cells are similar to the CD133+CD66+ cells. However, it remains
to be determined whether these CD133-CD66+ and CD133+CD66+ cells

represent homogenous populations as well as what their functional identity is.

While there was no difference in the number of basal cells in either healthy or
COPD epithelia in the current study, their proportion decreased significantly as
healthy cultures differentiated - Figure 7 B&D. This decrease in proportion of

basal cells was not seen in COPD cultures, suggesting a different behaviour
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of COPD basal cells compared to healthy during ALI differentiation.
Furthermore, the proportion of basal cells present represents the relevant
measurement of epithelial composition as it takes into account the possible
differences in total cell number as well as the proportion of other cell types. As
such, the significant decrease in proportion of basal cells in healthy cultures
which was not seen in COPD cultures could indicate an altered homeostasis
mechanism in COPD, with an increased proportion of basal cells at the
expense of terminally differentiated cells such as ciliated cells. This agrees
with previous reports indicating basal cell hyperplasia in COPD epithelia

(Auerbach et al., 1979; Auerbach et al., 1961; Ghosh et al., 2018).

In quantifying and comparing the level of ciliation between healthy and COPD
ALI cultured epithelial cells, it was the total number of ciliated cells that
provided the essential information, given the cellular localisation of ciliated
cells exclusively on the apical side of the epithelium. This is because the total
number of ciliated cells becomes normalised to the same surface area (that of
the transwell membrane). Interestingly, there was strong evidence to suggest
a delayed increase in ciliated cell number in COPD epithelial cultures when
compared to healthy epithelia at day 14 of differentiation (Figure 7C).
Furthermore, in healthy epithelial cultures the number of ciliated cells was
established by day 14 and did not increase significantly to day 28, butin COPD
cultures, a significant increase was seen from day 14 to day 28. These
observations appear to indicate a delay in establishing the population of
ciliated cells in COPD cultures. Even at day 28, when cultures are considered
completely differentiated, there were 2.3 times less ciliated cells in COPD

cultures compared to healthy cultures, but this difference did not achieve
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statistical significance, most likely due to high inter-donor variability. This is in
agreement with visual scoring of COPD ciliated cultures which also reported a
trend for lower average ciliation scores by 0.4 units compared to healthy
culture scores. Ultimately, these data indicate an altered differentiation
process of COPD epithelia compared to healthy epithelia where basal cells
either proliferate more or do not differentiate towards ciliated cells. This finding
Is in agreement with results obtained by Ghosh et al. (2018) who reported that
COPD bronchial epithelial cells differentiated at ALI showed increased
numbers of basal cells and goblet cells and over 80% less ciliated cells
compared to cultures from healthy donors. In their study, cell type
quantification was performed by immunofluorescence staining of ALI cultures
and imaging by confocal microscopy (Ghosh et al., 2018). It is therefore
possible that the difference in the magnitude of the changes comes as a result

of the different analysis methodologies used.

Currently, there is no cell surface marker available to allow isolation and
quantification of secretory progenitors and goblet cells in the respiratory
epithelium. In addition, staining cultures with an antibody against MUC5AC in
order to visualise goblet cells led in many cases to identification of the secreted
mucin on cilia and ciliated cells, making it inaccurate to attempt to quantify
goblet cells by this method. Therefore, gqRT-PCR was used to quantify the
levels of gene expression of the transcription factor SPDEF and of the
secretory cell specific mucins MUC5AC and MUCS5B in healthy and COPD
epithelial cultures. SPDEF is known to regulate goblet cell differentiation and
its increased expression has been associated with goblet cell hyperplasia

(Okuda et al., 2019; Park et al., 2007). Previous reports indicated higher
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SPDEF expression in COPD ALI cultured epithelial cells compared to healthy
cultures (Song et al., 2017). However, no statistically significant difference in
the levels of SPDEF or mucins MUC5AC or MUC5B gene expression was
detected in this study in differentiated COPD nasal epithelial cultures when
compared to healthy (Figure 9), in agreement with results obtained by
Amatngalim et al. (2017) who also found no significant difference in expression
of MUC5AC in COPD differentiated bronchial epithelial cultures compared to
healthy cultures. It would be of interest to understand if these findings correlate
with levels of protein expression and goblet cells counts, if these were

quantified in primary nasal epithelia.

The flow cytometry analysis of epithelial cultures during differentiation also
pointed towards day 7 of epithelial differentiation as an interesting time point
to study for further experiments, as it precedes ciliation and could provide
useful information regarding a regenerating epithelium. Given the small
number of ciliated cells detected by flow cytometry in healthy epithelia at day
7, it was necessary to confirm if they represented ciliated cells with fully formed
cilia, particularly as CD133, the marker used for selection of ciliated cells by
flow cytometry, is a marker of epithelial protrusions rather than cilia and has a
cell surface localisation (Corbeil et al., 2000). Immunostaining of epithelial
cultures for B-tubulin and MUC5AC at day 7 and day 28 confirmed a lack of
extended cilia at day 7, although occasional flat tubulin networks could be
observed, possibly indicating microtubule reorganisation preparing for
ciliogenesis, as also observed by (Schamberger et al., 2015). These
observations replicate previously published results showing ciliogenesis

occurring after 7 days of epithelial differentiation, both by confocal microscopy
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and by single cell RNA sequencing (Ruiz Garcia et al., 2018; Schamberger et
al., 2015). In accordance with studies describing secretory cells as early
differentiation progenitors and pre-cursors of goblet and ciliated cells,
MUCS5AC positive cells were identified at day 7 (Montoro et al., 2018; Ruiz
Garcia et al., 2018). Therefore, day 7 of epithelial differentiation was identified
as an important early differentiation stage which presents mucus secretory
cells and precedes establishment of ciliation. Epithelial cultures differentiated
for 7 days at ALI were previously used as a model of regenerating epithelium
in a study investigating the effect of RV infection on primary epithelial
differentiation at ALI (Faris et al., 2016). Therefore, epithelial cultures
differentiated for 7 days were subsequently used for infection studies
presented in chapters 3.2, 3.3 and 3.4 and results compared to those of
cultures differentiated for 28 days, to understand how a regenerating

epithelium responds to viral and bacterial infection and co-infection.

In terms of ciliary function, this study found there was no difference in the ciliary
beat frequency between healthy and COPD epithelial cultures, in agreement
with the work by Stanley et al. (1986), who reported no difference in the beat
frequency of cilia from nasal samples of smokers versus non-smokers. In
contrast, a later study reported a significantly reduced ciliary beat frequency in
nasal samples collected from patients with moderate or severe COPD
compared to those from control subjects (Yaghi et al., 2012). The difference in
results of this study may be due to the use of freshly collected tissue for ciliary
function measurement versus measurement in ALI cultured epithelial cells.
Ciliary beat amplitude was also not different in cultures from COPD patients

compared to healthy (Figure 10), but it is worth investigating in the future if this
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finding holds true when measurements are carried out directly on patient

samples.

As chronic inflammation is a hallmark of COPD, it was of interest to determine
if inflammatory mediator secretion by ALI cultured nasal epithelial cells from
COPD patients is different from that of healthy cells (Barnes, 2016). The
concentration of cytokines IL-1b, IL-6, TNF-a, IL-17, G-CSF and IFN-I and of
chemokines TARC, RANTES, MCP-1, ENA-78, GRO-a and MIP-3a did not
differ in the supernatants from COPD cultures compared to those from healthy
cultures (Table 7). Furthermore, there was also no significant difference in their
baseline levels in day 7 cultures compared to day 28 cultures in either healthy
or COPD. Interestingly, however, was that levels of the chemokine IL-8, a
known neutrophil chemoattractant, were significantly higher in ciliated COPD
cultures compared to day 7 cultures (Table 7) (Hammond et al., 1995). This
increase in IL-8 concentration with epithelial differentiation was not detected in
healthy cultures, suggesting that COPD epithelial cultures may be imprinted to
produce more IL-8, leading to the predominantly neutrophilic inflammation
seen in the COPD airways (Hoenderdos and Condliffe, 2013). In agreement
with this, previous studies have also described higher baseline levels of I1L-8
in supernatants from ALI cultured COPD bronchial epithelial cells than in
cultures from healthy donors (Ganesan et al., 2013; Schneider et al., 2010;

Schulz et al., 2003).

In conclusion, data presented in this chapter indicate that nasal epithelial cells
from COPD patients, differentiated at the ALI to a ciliated phenotype, present
with delayed and reduce ciliation compared to healthy cultures. Furthermore,

unlike in healthy cultures where the proportion of basal cells decreases with
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differentiation, in COPD cultures this is sustained, likely indicating an
increased proportion of basal cells at the expense of ciliated cells. COPD
epithelial cells also secreted more IL-8 when differentiated than at a pre-
ciliation stage (day 7), indicating a different inflammatory behaviour than in
healthy cultures. There was no difference in the expression levels of goblet
cells specific genes, epithelial resistance, ciliary function or secretion of other
cytokines and chemokines between healthy and COPD nasal epithelial
cultures. Finally, day 7 of epithelial differentiation, which precedes appearance
of cilia but presents with mucin producing secretory cells, was chosen as an
epithelial differentiation stage representative for a regenerating epithelium and

was investigated further during infection studies.
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3.2. Investigating the early interaction of NTHi with the ciliated

respiratory epithelium

3.2.1. Introduction

NTHi is a nasopharynx colonising commensal pathogen in the airways of
healthy individuals (King, 2012). However, when the respiratory tract is
affected by other infections or chronic diseases such as cystic fibrosis, primary
ciliary dyskinesia or COPD, NTHi can become an opportunistic pathogen and
cause respiratory disease exacerbations (Ahearn et al., 2017). In children,
NTHi can also ascend to the middle ear and cause otitis media (Ahearn et al.,
2017). In order to establish an infection within its human host, NTHi has to first
interact with the respiratory epithelium. Several mechanisms by which NTHi
can attach to the epithelium have been described in section 1.16. These
include use of pili, autotransporter proteins, outer-membrane proteins and
lipopolysaccharides which can interact with numerous epithelial receptors
such as ICAM-1, CEACAM, PAFR, B-glucan receptor or extracellular matrix
proteins such as laminin or collagen (Ahearn et al., 2017). However, there is
little understanding of the very early interaction of NTHi with the ciliated
respiratory epithelium as most of the previous studies have used cell lines or
undifferentiated basal cells. It has been reported that NTHi can readily interact
with mucus and that, through its pili and outer membrane proteins P2 and P5,
it can bind to human nasal mucins (Kubiet et al., 2000; Read et al., 1991;
Reddy et al., 1996). Contradictory results have been published regarding the
interaction of NTHi with the motile cilia of the respiratory epithelium. Ketterer
et al. (1999) have described in their study that NTHi attached specifically to

non-ciliated cells and did not appear to adhere to cilia or ciliated cells of ALI
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cultured epithelia. In contrast, Baddal et al. (2015) have presented confocal
microscopy images showing NTHi attached to cilia within 1 hour of their
addition to an ALI cultured epithelium but no measures of the effect on ciliary
function were made. It is also unclear whether NTHi infection affects ciliary
function in human ciliated epithelium. Clumps of ciliated epithelial cells
collected from bovine bronchi were cultured for up to a week and then treated
with bacteria free supernatants from NTHi cultures (Bailey et al., 2012). In this
experiment, ciliary beat frequency was reduced by the NTHi culture
supernatants but not by NTHi culture medium suggesting an effect of NTHi
secreted factors on ciliary function (Bailey et al., 2012). Similarly,
nasopharyngeal tissue specimens obtained from children and cultured
embedded in agar were infected with NTHi and ciliary beat frequency was
measured every 12 hours for 48 hours (Janson et al., 1999). In this study too,
ciliary beat frequency was reduced by a protein D producing strain of NTHIi,
but not by a mutant lacking expression of this protein (Janson et al., 1999).
However, both of these studies used tissue samples explanted from bovine or
human airways and cultured for extended period of times, which could
potentially make them more susceptible to the effects of bacterial infection than
differentiated epithelial culture (Bailey et al., 2012; Janson et al., 1999). As
such, the effect of NTHi infection on ciliary function in ALI cultured epithelia
from healthy or from COPD donors remains unclear. Furthermore, in addition
to ciliary beat frequency, ciliary beat amplitude is another aspect of ciliary
function that can be affected during infection but remains unexplored. Indeed,
respiratory syncytial virus and coronavirus have both been reported to cause

ciliary dyskinesia without affecting ciliary beat frequency (Chilvers et al., 2001;
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Smith et al., 2014). Therefore, further investigation is necessary to understand
whether NTHi does in fact attach to cilia or ciliated cells early on in the infection
process and whether it impacts ciliary function in healthy or COPD ciliated

epithelia.

In the airways of patients with COPD, NTHi is the pathogen most frequently
detected, both at stable state and during disease exacerbations (Wilkinson et
al., 2017). In addition, in patients with COPD NTHi has been detected in the
lower respiratory tract, where it is not normally encountered in healthy
individuals (Bandi et al., 2001). As NTHi has been shown to invade epithelial
cells and colonise the respiratory tract of patients with COPD, one hypothesis
is that it uses intracellular invasion as a shield from immune cells, antibody
mediated killing and antibiotics and as a means of persistence and re-
emergence (Murphy et al., 2004; van Schilfgaarde et al., 1999). In support of
this hypothesis, Pettigrew et al. (2018) reported that strains of NTHi were found
to persist in airways of COPD patients for up to 1442 days. Similarly, Murphy
et al. (2004) have reported that the same strain of NTHi was found to colonise
the airways of COPD patients despite antibiotic therapy and over 6 months of
negative sputum culture. These findings collectively imply an ability of NTHi to

persist undetected in the airways and re-emerge at later times.

The process by which NTHi invades epithelial cells has been described in
section 1.16 and involves cytoskeletal rearrangements by the epithelial cells
to allow macropinocytosis or receptor mediated endocytosis (Clementi and
Murphy, 2011; Holmes and Bakaletz, 1997; Ketterer et al., 1999; Stgeme and
Falkow, 1990; Swords et al., 2000). The bacteria are then able to survive

intracellularly by evading lysosome killing (Clementi et al., 2014).
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One of the signalling pathways that has repeatedly been linked with regulation
of NTHi internalisation into epithelial cells is the class | PI3K signalling pathway
(Lopez-Gomez et al., 2012; Morey et al.,, 2011; Seiler et al., 2013). In
mammals, eight isoforms of PI3K have been described and divided into 3
classes, based on structural characteristics and lipid substrate preference:
class | PI3K contains the PI3K a, 3, & and y isoform, class Il PI3K contains
three isoforms — PI3BKC2a, PIBKC2B and PISKCZ2y, whereas there is only one
class Ill PI3K isoform, also known as vacuolar sorting protein 34 (Vps34)
(Okkenhaug, 2013). However, class | P13 kinases have been studied the most
in relation to bacterial invasion of the epithelium and for therapeutic purposes

in COPD and will be the focus of this study.

3.21.1. Class|PI3K

The class | PI3Ks are heterodimeric proteins consisting of a catalytic subunit
and an adapter subunit. Class IA PI3Ks use adapter proteins p50a, p55aq,
p85a, p85P3, p55y to bind to the catalytic subunits p110a, p110B, p110d which
ultimately denote the name of the PI3K isoform (Okkenhaug, 2013). The class
IB PI3K y isoform uses the p110 y catalytic subunit and the p101 or p84
adaptor subunits (Okkenhaug, 2013). PI3Ks are recruited to the plasma
membrane by activation of receptors which, either directly or indirectly, signal
through protein tyrosine kinases, such as G-protein coupled receptors
(GPCRs), B and T cell antigen receptors, integrins, Fc receptors, cytokine
receptors, Toll-like receptors or receptor tyrosine kinases (Hawkins and
Stephens, 2015). Activated protein tyrosine kinases in the intracellular domain
of these receptors then bind to the adaptor subunits of PI3K via a Src homology

2 (SH2) domain to recruit the PI3Ks to the cell membrane and remove the
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inhibitory effect of the regulatory subunit on the catalytic subunit

(Vanhaesebroeck et al., 2010).

All activated class | PI3Ks use the substrate phosphatidylinositol 4,5-
bisphosphate (P1(4,5)P2) and catalyse a reaction whereby the y-phosphate
group of ATP is transferred to PI(4,5)P2 to form phosphatidylinositol 3,4,5-
trisphosphate (PI1(3,4,5)P3), commonly known as PIP3 (Hawkins and
Stephens, 2015). PIP3 then binds and recruits effector proteins with plekstrin-
homology (PH) domains such as: the serine-threonine kinase protein Akt, the
phosphoinositide-dependent kinase 1 (PDK1), regulators of small GTPases as
well as signalling adaptors such as the growth factor receptor bound protein 2-
associated protein 1 (GAB1/2) or the dual adaptor of phosphotyrosine and 3-
phosphoinositides 1 (Hawkins and Stephens, 2015). The Akt Serine/Threonine
kinase is predominantly activated downstream of PI3K and is often used as a
surrogate readout for class | Pi3K activation (Fruman et al., 2017). For Akt to
become activated following recruitment to the membrane, it requires
phosphorylation by PDK1 or mechanistic target of rapamycin (mMTOR) at
Threonine 308 or Serine 473, respectively (Manning and Toker, 2017).
Maximal Akt activation requires phosphorylation at both residues. Activated
Akt then phosphorylates downstream substrate proteins such as the Forkhead
box transcription factor family O (FOXO) or glycogen synthase kinase 3,
among others (Manning and Toker, 2017). In order to terminate PI3K
signalling, PIP3 is degraded by two different types of phosphatases —the SH2
containing phosphatases (SHIP) 1 and 2 which convert PIP3 into PI(3,4,)P2
and the phosphatase and tensin homologue (PTEN) which converts PIP3 back

into P1(4,5)P2 (Hawkins and Stephens, 2015; Okkenhaug, 2013).
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Cellular effects mediated by activation of class | PI3Ks and their downstream
signalling pathways include regulation of transcription, translation, cell polarity,
differentiation, metabolism, growth and survival, adhesion, movement and
cytokine production (Hawkins and Stephens, 2015; Manning and Toker, 2017).
These can be cell type dependent, with PI3Ka and B being ubiquitously
expressed, whereas PI3Kd expression is predominant on immune cells of the
myeloid and lymphoid lineages (Fruman et al., 2017; Hawkins and Stephens,
2015). PI3Ky expression is also cell and tissue type dependent, with highest
expression levels detected in cells of myeloid lineage, although expression has
been reported in endothelial cells, cardiac myocytes and T cells (Hawkins and

Stephens, 2015).

3.2.1.2. PI3K signalling as a therapeutic target in COPD

In particular, in COPD, class | PI3Kd and y isoforms have been studied in detail,
owing to their limited expression pattern, predominantly on immune cells, which made
them an attractive strategy for controlling airway inflammation (Marwick et al., 2010;
Sriskantharajah et al., 2013). In both asthma and COPD, dual inhibition of PI3Ky
and 0 or either alone has been shown to reduce the inflammatory response by
acting on macrophages, neutrophils, mast cells, T cells, eosinophils or B cells
and regulating their function (Marwick et al., 2010). Recently, an inhaled
selective PI3Kd inhibitor GSK2269557 has shown a reduction in sputum IL-6
and IL-8 levels and an acceptable safety profile within a small COPD cohort,
highlighting the predicted anti-inflammatory effect (Cahn et al., 2017). There is
very limited information of the expression pattern and role of PI3Kd expression
in airway epithelial cells or its role during infection and disease (Jeong et al.,

2018; Zhu et al., 2019). Therefore, further studies should investigate the
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expression of isoform specific PI3K proteins in the primary airway epithelium

and their specific roles during bacterial infection and epithelial invasion.

3.21.3. Role of PI3K signalling in NTHi invasion of the

respiratory epithelium

As described in more detail in section 1.17, several studies have reported that
NTHi invasion of epithelial cells is dependent on class | PI3K signalling (Morey
et al., 2011; Seiler et al., 2013; Swords et al., 2001). Binding of NTHi to the
PAF receptor on the 16HBE14 bronchial epithelial cell line activated the
phosphatidylinositol-3-kinase (PI3K) pathway which was required for NTHi
internalisation (Swords et al., 2001). Similarly, internalisation of NTHi by the
A549 epithelial cell line resulted in phosphorylation of Akt and treatment with
a pan PI3K inhibitor abrogated both Akt phosphorylation and NTHi
internalisation (Morey et al., 2011). Subsequently, the same group went on to
investigate which pathways downstream of PI3K are important for NTHi
internalisation into A549 epithelial cells (Lopez-Gomez et al., 2012). In their
study, they re-confirmed that inhibition of Akt resulted in reduced bacterial
invasion (Lopez-Gomez et al., 2012). They also identified that NTHI can bind
to integrins B1 and a5 and these are important for bacterial invasion, as was
their downstream signalling effector Ras homologous (Rho) guanosine
triphosphatase (GTPase) Rac-1 (Lopez-Gomez et al.,, 2012). Rac-1 was
activated by NTHi infection and its inhibition reduced both NTHi internalisation
and Akt phosphorylation (Lopez-Gomez et al., 2012). In a study using the
Calu3 cell line, inhibition of PI3K signalling by the same pan-PI3K inhibitor
again reduced NTHi invasion whereas silencing of FOXO 1/3 by siRNA
resulted in increased bacterial internalisation (Seiler et al., 2013). As activation
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of the PI3K signalling pathway leads to phosphorylation of FOXO by Akt and
its subsequent translocation from the nucleus to the cytosol where it is
degraded by the proteasome, inhibition of the PI3K pathway would allow
activation of FOXO which could then prevent bacterial invasion (Seiler et al.,
2013). The study by Seiler thus implicated FOXO transcription factors in

regulation of NTHi invasion of epithelial cells.

In conclusion, these studies highlight the important role of the PI3K signalling
pathway in regulating NTHi invasion. However, all of these studies have been
carried out in different types of immortalised cell lines and their direct
translation to differentiated primary respiratory epithelium, and in particular the
COPD epithelium, has not been confirmed yet. Furthermore, none of these
studies went on to identify which of the class | PI3K isoforms is essential for
NTHi internalisation. Such knowledge would allow for a more targeted
approach to inhibiting bacterial invasion therapeutically. This would be
beneficial for diseases such as COPD where NTHi is associated with disease
exacerbations and where specific PI3K inhibitors have already been
investigated clinically for their role in immune cell mediated inflammation

(Cahn et al., 2017; Marwick et al., 2010).
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Hypothesis:
The early interaction of NTHi with the ciliated respiratory epithelium involves

binding to cilia and epithelial invasion of the healthy and COPD primary

epithelium in a PISK dependent manner.

Aims:

e To study the very early interaction of NTHi with the ciliated respiratory

epithelium.

e To determine if NTHi infection affects ciliary function.

e Todetermine if NTHi preferentially invades a specific epithelial cell type.

e To determine if epithelial differentiation affects NTHi adherence and

invasion of the epithelium.

e To determine the role of PI3K signalling in NTHi invasion of the ciliated

epithelium.
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3.2.2. NTHi binds to motile cilia within minutes of addition to an

epithelial culture and forms elongated chains within 24 hours.

To investigate the early interaction of NTHi with the ciliated respiratory
epithelium, live confocal microscopy videos were recorded immediately after
addition of either live or heat killed green fluorescent CFSE labelled NTHi to
ciliated epithelial cultures stained with far red cell mask (sections 2.18 and
2.20). The first interaction of live NTHi with rapidly beating cilia was observed
after approximately 5 minutes post addition to both healthy and COPD
epithelial cultures, with individual bacteria observed attached to cilia (Figure
11A/ Video 11A) —See Appendix 4 and videos available on the USB stick
attached. Heat inactivated NTHi also interacted with rapidly beating cilia and
were bound within 5-10 minutes of addition to the culture. Interestingly, by 90
minutes, live NTHi formed chains of bacteria with a lattice like organisation,
predominantly on ciliated areas (Figure 11B/ Video 11B), which were not
apparent with heat inactivated bacteria (Figure 11E/Video 11E). In both
healthy and COPD cultures, by 24 hours post infection, the lattice formed by
live bacteria evolved into aggregates with a biofilm aspect that covered
extensive areas of the ciliated culture (Figure 11C/Video 11C). Cilia beating
could still be observed underneath the bacterial aggregates. Heat inactivated
bacteria were still observed to form aggregates but these did not have the
organised appearance of those formed by live NTHi (Figure 11F/Video 11F).
These observations were confirmed in experiments using bronchial epithelial

cultures from 1 healthy and 2 COPD donors.
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A Live NTHi D. Heat Inactivated NTHi

5 min

Figure 11. Screen captures of live confocal microscopy imaging of the
interaction of live and heat inactivated NTHi with the ciliated respiratory
epithelium

Live or heat inactivated NTHi strain 49247 (stained in green) was added to ciliated epithelial
cultures (stained in red) at 5x10% CFU/well and video imaged by live confocal microscopy.
Videos available on USB stick attached. Live A. and heat killed D. NTHi interaction with motile
cilia (arrows) at 5 minutes post addition to the culture. B. Live NTHi chain formation and lattice
organisation on ciliated areas at 90 minutes (arrow) and C. Live NTHi biofilm at 24h post
addition to ciliated cultures. E. Heat killed NTHI on ciliated cultures at 90 minutes post addition
to the culture. F Heat killed NTHi aggregates at 24h. Scale bar represents 20 pm. Images are

representative of experiments carried out in cultures from 3 healthy and 2 COPD donors.
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To further investigate the conformational changes that NTHi was observed to
undergo, healthy and COPD ciliated epithelial cultures were infected with live
or heat inactivated NTHi and were imaged by scanning electron microscopy at
24 hours post infection. Despite the extensive washing and processing
involved in the preparation of samples for scanning electron microscopy, both
live and heat inactivated NTHi were observed attached to epithelial cultures
(Figure 12). This suggested a firm attachment of NTHi to the epithelium and in
particular to cilia, which was independent of NTHi being alive. Interestingly,
heat inactivated NTHi was observed attached to the epithelial surface and to
cilia in single bacteria or diploid conformation (Figure 12 E & F). In contrast,
live NTHi underwent significant morphological changes (Figure 12 C & D),
forming elongated chains with an average length of 4.03 + 2.4 um in healthy
cultures and 4.225 + 3.1 um in COPD cultures (Figure 12G). These chains
were significantly longer than the average length of heat inactivated bacteria
on healthy cultures 1.7 £ 1.2 pm, p<0.0001, and 1.4 + 0.8 um, p<0.0001 on

COPD cultures.

To understand if these morphological changes were a consequence of NTHi
interaction with the epithelium, NTHi alone, either live or heat killed, was
measured prior to addition to the culture, as well as after culturing live NTHi for
24h in basal epithelial medium in absence of epithelial cells. There was no
significant difference between live NTHi and heat killed NTHi prior to addition
to an epithelial culture (p=0.581) or when compared to heat killed NTHi
attached to epithelial cultures at 24h post infection (p>0.05), confirming
preservation of original morphology. Live NTHi cultured in basal epithelial

medium formed chains that were longer compared to the size of the bacterium
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at time 0, but on average these were not significantly longer than the length of
NTHi at Oh (p=0.315). In contrast, when incubated on either healthy or COPD
ciliated culture for 24 hours, NTHi chains were significantly longer compared
to when bacteria was incubated in medium alone (p<0.0001), thus suggesting
that interaction with the ciliated epithelium promotes NTHi morphological

changes.

In conclusion, these results indicate that NTHi binds to motile cilia very early
in the infection process, after which it undergoes morphological changes with
formation of elongated chains and forms lattice like aggregates on healthy and

COPD ciliated cultures.
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Figure 12. Scanning electron micrographs showing NTHi conformational
change

Live or heat killed NTHi strain 49247 was added to ciliated epithelial cultures at 5x10% CFU/well
for 24 hours, fixed and imaged by scanning electron microscopy. A &B. Healthy uninfected
ciliated epithelial culture. C & D. Healthy ciliated epithelial culture infected with live NTHi or E&
F infected with heat inactivated NTHi. Arrows indicate NTHi attached to cilia. Scale bar
represents 10 um in A and 5 um in B-F. G. Quantification of the length of live and heat killed
NTHi chains, either attached to healthy or COPD epithelial cultures at 24 h post infection or in
absence of epithelial cultures, at time Oh (prior to addition to the culture) or at 24h, following
incubation in BEBM. Minimum 5 images per condition were analysed. N=2 healthy and 2
COPD cultures. For statistical analysis, chain length values were log10 transformed and a
linear regression model was used to determine the mean length for each condition. P values

were Benjamini-Hochberg adjusted for multiple comparisons. ****=p<0.0001.

3.2.3. NTHi aggregates affect ciliary function by reducing ciliary

beat amplitude

It was then important to determine whether the direct binding of NTHi to cilia
had an effect on ciliary function. For this purpose, ciliary beat frequency and
ciliary beat amplitude were measured. Ciliary beat frequency was determined
before infection of the epithelial cultures, immediately after addition of NTHi to
the cultures and subsequently at 8 h and 24 h post infection, using high speed
video microscopy recordings, as described in sections 2.12, 2.13 and 2.14. No
statistically significant change in the frequency of cilia beating was determined
in either healthy or COPD cultures following infection with NTHi at any of the
time points (Figure 13A) (p>0.05). Interestingly, however, in healthy cultures,
in both uninfected control wells and NTHi infected wells, a trend for an increase
in ciliary beat frequency was observed with the average frequency increasing

from 8.3+2.3 Hz and 8.7 £1.9 Hz respectively, prior to infectionto 11.7 £2.3 Hz
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in both groups at 24h post infection. In COPD cultures, this increase was
smaller, of only approximately 1.3 Hz in uninfected cultures and 1Hz in NTHi
infected cultures. It is possible that the increase in ciliary beat frequency was
a consequence of fluid addition to the culture during bacterial infection. This

increase was not statistically significant in either healthy or COPD.

When the experiment was replicated in ciliated bronchial epithelial cultures
from 1 healthy and 2 COPD donors, ciliary beat frequency was, again, not
affected by NTHi infection. However, a similar trend was observed whereby
the frequency of ciliary beating in the healthy culture increased over time in
both control and NTHi infected wells from an average of 11.5 + 2.4 Hz and
11.9 £+ 1.1 Hz, respectively, prior to infection, to 15.7 £+ 1.5 Hz and 14.3 £ 1.3
Hz, respectively at 24h. In the COPD cultures, the average frequency before
infection was 10 + 0.7 Hz in the control cultures and 11.6 £ 1.3 Hz in the wells
that were to receive NTHi, which then increased to 15.5+ 1.1 Hzand 149 + 1

Hz, respectively, at 24h post infection.

In contrast, at 24 h post NTHi infection, cilia beating amplitude was significantly
reduced in areas covered by NTHi aggregates and biofilm (Figure 13B). Using
high-speed video recordings, the distance travelled by individual cilia was
measured, as described in section 2.14. In areas covered by bacterial
aggregates this was reduced in both healthy and COPD cultures when
compared to uninfected control wells (healthy: p<0.0001; COPD: p<0.0001).
In NTHi infected wells, the amplitude of cilia covered by NTHi biofilm was
significantly lower than that of cilia that lacked biofilm presence, in both healthy
and COPD cultures (healthy: p=0.0002; COPD: p<0.0001). In healthy cultures,

ciliary amplitude was also significantly reduced by NTHi infection even in
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absence of biofilm, when compared to uninfected controls (p=0.0175). As
ciliary amplitude measurements rely on visual interpretation, in order to confirm
that measurements are reproducible, a test was carried out with two other
assessors where each individual measured amplitude of ciliary beating from
cilia from the same cells. Amplitude of cilia from two previously identified cells
per video from 10 different videos were scored by each assessor. There was
no significant difference in the average amplitude measured by each assessor
(p=0.331) and the inter-assessor variability was estimated to be a standard
deviation of 0.599 um, therefore meaning that for approx. 95% of videos,
amplitude measurements of the three assessors lie within 2*0.599 pum around

their video-specific average.

In conclusion, these results indicate that presence of bacterial aggregates
covering ciliated areas could affect ciliary function through a reduced beating

amplitude rather than frequency.
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Figure 13. Ciliary function assessment following NTHi infection of
epithelial cultures

A. Ciliary beat frequency was determined from high speed video microscopy recordings.
Cultures were at air-liquid interface prior to NTHi strain 49247 addition (5x10% CFU/well) and
subsequently submerged. At each time point, 10 videos per condition were recorded and used
to determine average ciliary beat frequency for each donor. N= 5 healthy donors, 6 COPD
donors. Data are presented as mean + standard error of the mean. B. Cilia beat amplitude
was determined using high speed video microscopy recordings at 24h post NTHi addition. For

each condition, the distance travelled for at least 10 different cilia was measured. N= 3 healthy,
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3 COPD donors. Data are presented as mean + standard error of the mean. For statistical
analysis, cilia beat frequency and beat amplitude values were log10 transformed and then
analysed using separate mixed linear effects models with fixed effects for disease group
(healthy/COPD), treatment (+/- NTHi) and time-point and a random effect for each donor. P
values were adjusted for multiple comparisons using the Benjamini-Hochberg method.

*=p<0.05, **=p<0.001, ****=p<0.0001.

3.2.4. NTHi invades the ciliated respiratory epithelium, with a

preference for non-ciliated epithelial cells

Following the initial interaction of NTHi with cilia of the respiratory epithelium,
the bacterium has been previously reported to invade the epithelium (Clementi
et al., 2014). In order to confirm this observation in ciliated nasal epithelial
cultures, live confocal microscopy Z stack images were recorded at 24h post
NTHi infection. For these experiments, NTHi was stained with green
fluorescent CFSE dye and the epithelial layer with a red cell mask and infected
cultures were imaged by live confocal microscopy (sections 2.18 and 2.20)
(Figure 14 A&B). NTHi internalisation was observed in healthy and COPD
nasal and bronchial epithelial cultures, with NTHi observed within the red
epithelial layer (arrows, Figure 14A). Upon inspection of a single slice from the
Z stack, NTHi could be seen within red stained epithelial cells, avoiding the
dark area occupied by the nucleus (arrowheads, Figure 14B), thus confirming

that NTHi is located inside the epithelial cells.
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Figure 14. Live imaging of NTHi invasion of the ciliated epithelium

Ciliated epithelial cultures were inoculated with 5x10% CFU/well of NTHi strain 49247 and
imaged by live confocal microscopy at 24h post infection. A. Z-stack showing NTHi (green)
biofilm on top of the epithelial layer (red) and NTHi which has invaded the epithelium, indicated
by arrows. Scale bar represents 20 um. B. One Z stack slice showing NTHi (green) within a
red cell mask stained epithelial cell, indicated by arrowheads. Internalised NTHi bacteria are
seen avoiding the dark area occupied by the nucleus. Panels show: i) top view the slice, ii)
front and iii) side view and iv), v) zoom in on an NTHi invaded cell. Scale bar represents 30

pm.

To determine if NTHi invasion of the epithelium was targeted towards a specific
cell type, two experiments were carried out using image cytometry, which
combines confocal microscopy and flow cytometry. In the first experiment,

commercially available healthy bronchial epithelial cells (cultured at GSK) were
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infected with fluorescently labelled NTHi (strain 1479, GSK stock) for 24 hours,
detached from the transwell membrane as described in section 2.22 and
analysed on the Image Stream. Based on the intensity of NTHi fluorescence
and the maximum pixel brightness, two separate population of NTHi positive
events were separated. Upon visual inspection, the population with lower NTHi
fluorescence but high maximum pixel brightness contained cells with
extracellular NTHi. Conversely, the population with high NTHi fluorescence but
lower maximum pixel brightness contained cells with intracellular NTHi. Cells
in each population were then visually inspected and labelled as ciliated or non-
ciliated. Results confirmed previous observations and showed that NTHi was
attached to ciliated cells and in particular to cilia (Figure 15A). More
specifically, of all the cells with NTHi bound extracellularly, 81% were ciliated
and 19% were non-ciliated. Surprisingly, of the cells with intracellular NTHi,
93% were non-ciliated and 7% were ciliated. Figure 15B shows representative

non-ciliated cells with intracellular NTHi.

In the second experiment, 1 nasal ciliated culture from a healthy donor and 2
COPD nasal ciliated cultures were infected with the in house strain of NTHi,
either live or heat killed, for 24 hours. Subsequently, epithelial cells were
stained for flow cytometry, as described in section 2.9 and analysed by Image
Stream. The gating strategy shown in Figure 6, was applied. Basal cells
(CD271+CD49f+) showed high-auto-fluorescence in uninfected samples and
NTHi interaction with these cells could not be determined as cells were shown
as fluorescent despite not being infected. NTHi presence in the populations of
ciliated (CD133+CD66-) and non-ciliated epithelial cells (rest of cells, including

CD133+CD66+ and CD133-CD66+ cells) was determined and separated by
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fluorescence intensity. Cells with high NTHi fluorescence intensity were
identified as those with extracellular NTHi and cells with lower fluorescence
intensity were identified as having intracellular NTHi by visual inspection of
individual events. Both ciliated and non-ciliated epithelial cells from all 3 donors
presented attached, extracellular NTHi (Figure 15C&E). Interestingly, there
was higher attachment of heat inactivated NTHi to both ciliated and non-
ciliated cells in all three donors, compared to live NTHi (Figure 15 C&E). In
contrast, live NTHi invasion of epithelial cells was identified in non-ciliated
epithelial cells from all 3 donors (Figure 15F). Intracellular heat killed NTHi was
also observed in the 3 donors, but at lower levels than seen with live NTHi. In
one COPD donor, ciliated cells were identified that presented intracellular live
NTHi and lower levels of heat killed NTHi (Figure 15D). In contrast the healthy

donor and remaining COPD donor showed no NTHi invasion of ciliated cells.

In conclusion, these results suggest that NTHi preferentially invades non-

ciliated cells while ciliated cells bind bacteria extracellularly, particularly to cilia.
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Figure 15. Quantification of NTHi invasion of ciliated versus non-ciliated
epithelial cells by image cytometry

A&B. Commercially available ciliated bronchial epithelial cells from a healthy donor were
infected with 5x10% CFU/well of NTHi strain 1479 and analysed by image cytometry at 24 hours
post infection. A. Ciliated cells with NTHi (green) attached, B. Non-ciliated cells with
intracellular NTHi (green). C-F. Ciliated nasal epithelial cells from one healthy donor and 2

COPD patients were infected with 5x10% CFU/well NTHi strain 49247, either live or heat killed.
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At 24 hours post infection, epithelial cultures were analysed by image cytometry. The gating
strategy described in Figure 6 was used to identify ciliated and non—eciliated cells. Due to high
auto-fluorescence of uninfected basal cells, NTHi invasion of this population could not be
determined. Percentages reported were determined as number of cells with NTHi associated

out of the total population.

As imaging studies (Figure 15, Figure 12) suggested that NTHi preferentially
bound to cilia but invaded non-ciliated epithelial cells, it was then of interest to
determine how NTHi interacts with a pre-ciliation stage culture compared to a
fully ciliated, differentiated epithelium. For this purpose, ALI cultures were
differentiated for 7 days (a stage which precedes formation of cilia, as shown
in section 3.1.4) of for 28 days when they were ciliated and then were infected
with NTHi for 24 hours (section 2.19). At this time point, non-attached bacteria,
adhered bacteria and intracellular bacteria were quantified (Figure 16), using
a gentamicin killing assay (section 2.24). There was no difference in the
average number of non-attached bacteria (Figure 16A) between pre-ciliation
and ciliated cultures in either healthy (p=0.99) or COPD (p=0.87). Similarly, on
average, bacterial adherence was not different between the two time points in
either healthy (p=0.8) or COPD (p= 0.9) - Figure 16B. No difference in non-
attached or attached bacteria was found between healthy or COPD cultures,
irrespective of the time point analysed (p>0.05). In terms of bacterial invasion
of the epithelium, shown in Figure 16C, a trend was present whereby in
cultures from healthy donors, in 6 out of 7 donors, intracellular bacterial counts
were lower in ciliated cultures than in pre-ciliation day 7 cultures. On average,
NTHi invasion was 3.4 times as high in healthy pre-ciliation cultures compared

to ciliated epithelia. However, this difference did not achieve statistical
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significance (p= 0.297), possibly due to inter-donor variability. Unexpectedly,
in cultures from COPD donors, an opposite trend was observed, where
invasion was on average 3.4 times lower in pre-ciliation cultures compared to
day 28, ciliated cultures, but this difference did not achieve statistical
significance (p=0.234), again due to inter-donor variability. There was no
significant difference between invasion of healthy and COPD epithelia at either

day 7 (p=0.061) or day 28 (p= 0.907).
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Figure 16. Quantification of non-attached, attached and intracellular NTHi
in epithelial cultures at pre-ciliation day 7 and when ciliated at day 28

Pre-ciliation (day 7) and ciliated (day 28) epithelial cultures were infected with 5x108 CFU/well
of NTHi strain 49247 for 24 hours before quantification of non-attached NTHi (A), NTHi
attached to the epithelium (B) and intracellular NTHi (C), using a gentamicin killing assay. N=7
healthy, 8 COPD donors. Lines connect same donor at pre-ciliation (day 7) and ciliated (day
28) stages. For statistical analysis, bacterial counts values were logl0 transformed and
subsequently analysed using separate linear mixed effects models for non-attached, attached

and invasion counts. Fixed effects for disease groups (healthy/ COPD) and day (7/28) and
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random donor effects were included and p values were adjusted for multiple comparisons

using the Benjamini-Hochberg method.

3.2.5. Inhibition of the Pi3 kinase pathway does not reduce NTHi

invasion of the ciliated epithelium.

Activation of the PI3K pathway by NTHi has been repeatedly reported in
several studies, which also emphasize its role in regulating the process of
invasion of respiratory epithelial cell lines by NTHi (Lopez-Gomez et al., 2012;
Morey et al., 2011; Seiler et al.,, 2013). However, to date, no study has
investigated the role of this pathway in NTHi invasion of primary ciliated
epithelial cultures. Therefore, in order to understand whether the PI3K pathway
regulates NTHi invasion in ALl epithelial cultures, ciliated epithelial cultures
from healthy or COPD donors were treated with 2 different pan PI3K inhibitors:
the commercially available LY-294002 hydrochloride and GSK987740A
(section 2.25) and then infected with NTHi (section 2.19). At 24h post infection,
NTHi invasion of the epithelium was quantified using a gentamicin killing assay
(section 2.24) and the percentage of Akt phosphorylation at Ser473 and
Thr308 out of total Akt expressed was quantified (section 2.26) as a measure
of PI3K pathway activation. Initial experiments were carried out by adding
NTHi to the apical surface of the epithelium in 200 pl of basal epithelial medium
and incubating it for 24 hours, as described in section 2.19. However,
preliminary data showed high levels of Akt phosphorylation at Ser473, ranging
from 5% at 2h post infection to 20% at 24 h post infection, in both healthy and
COPD cultures, uninfected control and NTHi infected wells (Figure shown in
Appendix 2). These results suggested that flooding was stimulating PI3K

activation and subsequent Akt phosphorylation and could have masked any
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NTHi stimulated activation. The method was subsequently changed to deliver
NTHi to epithelial cultures in a non-flooding volume of 10 pl of medium. All
infection experiments in this section were carried out with this method,

described in Section 2.25.

First, it was confirmed that the vehicle control (the solvent in which the Pi3K
inhibitor compounds were dissolved, in this case DMSO) did not significantly
change bacterial invasion in either healthy or COPD cultures when compared
with the untreated control (healthy, p=0.758, COPD, p=0.696). Therefore, all
subsequent comparisons were made against the vehicle control.
Unexpectedly, treatment with LY-294002 did not significantly reduce NTHi
invasion in healthy (p=0.696) or COPD cultures (p=0.696). Similarly, invasion
was not reduced by the GSK987740A pan Pi3K inhibitor in either healthy or
COPD (p=0.696 in both cases). Therefore, contrary to previously published
studies, these data suggest that inhibition of the PI3K pathway does not affect

NTHi invasion of ciliated epithelial cultures from healthy or COPD donors.
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Figure 17. Effect of PI3K inhibition on NTHi invasion of ciliated epithelial
cultures

Ciliated epithelial cultures were pre-treated basolaterally with either vehicle control or Pi3k
inhibitor compound for 1h prior to NTHi 49247 addition (5x10% CFU/well) (section 2.25). NTHi
invasion of the epithelium was quantified using a gentamicin killing assay at 24 hours post
infection (section 2.24). N=5 healthy, 6 COPD donors. For statistical analysis, bacterial counts
were log10 transformed and analysed using a linear mixed effects model with fixed effects for
disease group and inhibitor type and a random donor effect. P values were Benjamini-
Hochberg adjusted for multiple comparisons. Symbols represent individual donors. Data are

presented as mean + standard error of the mean.

3.2.6. NTHi does not stimulate Akt phosphorylation

Next it was important to determine whether the lack of effect of the two PI3K
inhibitors on bacterial invasion was a consequence of the pathway not being
activated by NTHi or of the inhibitors not having the predicted effect. Activation
of the PI3K pathway leads to direct phosphorylation of the serine/threonine
kinase Akt at two phosphorylation sites, namely Serine 473 and Threonine 308
(as described in the introduction of this chapter, section 3.2.1.1), and as such
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it was used as a surrogate marker of PI3K activation (Fruman et al., 2017).
Therefore, the percentage of Akt phosphorylated at these two sites out of the

total Akt expressed was quantified following NTHi infection (Section 2.26).

The percentage of phosphorylated Akt out of total Akt was measured at 2 hours
post NTHi infection, as an early infection time-point, and at 24 hours post NTHi
infection, when bacterial invasion was also quantified (Figure 18). Contrary to
published results, there was no increase in Akt phosphorylation following NTHi
infection at either 2 hours or 24 hours post infection. When compared to the
uninfected control, NTHi did not up-regulate Akt phosphorylation at either the

Ser473 or Thr308, in either healthy or COPD cultures (p>0.05 in all cases).
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Figure 18. Quantification of Akt phosphorylation following NTHi infection
of ciliated epithelial cultures

The percentage of phosphorylated Akt out of total Akt expressed, at Serine 473 and Threonine
308 sites, was quantified by MSD immunoassay as described in section 2.26., after 2 or 24
hours of NTHi 49247 infection (5x10% CFU/well) of ciliated epithelial cultures. Symbols indicate
individual donors. N=5 healthy, 6 COPD donors. For statistical analysis, values for pAkt
percentages were log10 transformed and linear mixed effects models were fitted separately
for the Ser473 and Thr308 endpoints. Fixed effects were included for disease group, time and
infection and a random effect for donors. P values were Benjamin- Hochberg corrected for

multiple comparisons. Data are presented as mean + standard error of the mean.

Next, it was important to confirm that the pan PI3K inhibitors were indeed
functional and that they did inhibit activation of the PI3K signalling pathway.
Thus, Akt phosphorylation at Ser473 and Thr308 was quantified after
treatment of epithelial cultures with the LY294002 or the GSK987740A
compounds, at either 2 hours or 24 hours post NTHi infection (Figure 19). It
was first confirmed that vehicle control treatment of epithelial cultures did not
affect the percentage of Akt phosphorylation compared to untreated cultures.
The percentage of Akt phosphorylation was not significantly different in either
healthy or COPD cultures, irrespective of time point, infection treatment or

phosphorylation site analysed between untreated cultures or vehicle control
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treated cultures (p>0.05). Therefore, all subsequent comparisons were carried
out against the vehicle control treated cultures. As shown in Figure 19 A & B,
the LY294002 and the GSK987740A compounds both significantly reduced
phosphorylation of Akt at Ser473 when compared to the vehicle control
condition, irrespective of the time point analyzed, disease group or infection
treatment (p<0.05 in all cases). With the exception of the healthy uninfected
group at 2h, the GSK987740A compound reduced Akt phosphorylation
significantly more than the LY294002 compound in all treatment groups
(p<0.05). Phosphorylation of Akt at Thr308 (Figure 19 C&D) was also
significantly reduced by the GSK987740A compound at both time-points,
irrespective of disease group or infection treatment (p<0.001 for all
comparisons). With the exception of uninfected healthy cultures analyzed at
2h post infection where the LY294002 compound did not significantly reduce
Akt phosphorylation (p=0.084), the compound significantly reduced levels of
Akt in all other treatment groups (P<0.05). Comparisons of the levels of Akt
phosphorylation between time-points or disease groups indicated no
statistically significant difference (p>0.05), confirming that any pAkt detected

is likely coming from background activation as opposed to external stimulation.

In conclusion, these data confirm that both the LY294002 and GSK987740A
compounds were able to significantly reduce Akt phosphorylation. However,
as NTHi did not up-regulate phosphorylation of Akt, thus not activating the
PI3K pathway, it is likely that this is the reason why no effect on bacterial

invasion was detected following treatment with the pan-PI3 kinase inhibitors.
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Figure 19. Effect of pan-PI3k inhibitors on Akt phosphorylation after NTHi infection of ciliated epithelial cultures

Epithelial cultures were pre-treated with vehicle control, LY294002 or GSK987740A compounds for 1h prior to infection with NTHi strain 49247 (5x106
CFU/well). The percentage of phosphorylated Akt out of total Akt was quantified at the Serine 473 and Threonine 308 sites at 2h and 24 h post NTHi
infection by MSD immunoassay. Symbols represent individual donors. N= 5 healthy, 6 COPD donors. For statistical analysis, values for pAkt
percentages were log10 transformed and linear mixed effects models were fitted separately for the Ser473 and Thr308 endpoints. Fixed effects were
included for disease group, time, treatment and infection and a random effect for donors. P values were Benjamin- Hochberg corrected for multiple

comparisons. Data are presented as mean + standard error of the mean. *= p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001.
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3.2.7. Discussion

NTHi is known to commonly colonise the nasopharynx of healthy individuals
as a commensal while numerous reports have described lower airway
colonisation by NTHi in COPD (Ahearn et al.,, 2017; Bandi et al., 2001).
However, despite NTHi being the most prevalent pathogen detected in the
airways of patients with COPD at stable state and during disease
exacerbations, there is very little understanding of the initial interaction of NTHi
with the respiratory ciliated epithelium and the molecular events occurring
within the host cell (Wilkinson et al., 2017). The current investigation provides
evidence to show that within minutes of addition to a ciliated epithelial culture,
NTHi was bound to rapidly beating cilia of both healthy and COPD cultures, as
recorded live by confocal microscopy (Figure 11). This observation was
subsequently reproduced by imaging NTHi attached to cilia by scanning
electron microscopy as well as by image cytometry. By image cytometry both
NTHi strains 1479 and 49247 attached to cilia of bronchial and nasal epithelial
cultures, respectively, suggesting that the binding of NTHi to cilia is strong
enough to resist the numerous processing steps involved in sample
preparation for this method. This observation is in agreement with the report
by Baddal et al. (2015), which showed NTHi attached to cilia at 1 hour post
addition to a ciliated culture. In contrast, a different study has reported that
NTHi does not bind to cilia or ciliated cells (Ketterer et al., 1999). It is possible
that in their study the delivery method of NTHi to the apical surface of the
epithelium in 10 pl of liquid medium favoured spread and interaction of NTHi
with the surface epithelium whereas binding to motile cilia was limited.
Interestingly, heat inactivated NTHi was also found to bind to cilia by all three

163



methods used (live confocal video microscopy, scanning electron microscopy,
image cytometry), suggesting that binding to cilia does not require live bacteria
and it might be a mechanism of host protection to prevent bacterial interaction
with the epithelial surface. Following the initial interaction of NTHi with cilia,
NTHi was found to invade the respiratory epithelial cultures from both healthy
and COPD donors, in agreement with previous reports showing NTHi invasion
of epithelial cell lines or of epithelial samples collected from the airways of
COPD donors (Bandi et al., 2001; Clementi et al., 2014; Morey et al., 2011).
Interestingly, however, was that live NTHi appeared to preferentially invade
non-ciliated epithelial cells of both healthy and COPD cultures, as shown by
image cytometry (Figure 15). Internalisation of heat killed NTHi was still
predominantly in non-ciliated epithelial cells, but at much lower levels
compared to live NTHi, suggesting that invasion occurs preferentially in non-
ciliated cells and is dependent on the bacteria being alive. Furthermore, when
invasion was quantified in healthy pre-ciliation day 7 epithelial cultures (Figure
16C) a trend was observed where invasion was higher than in ciliated epithelial
cultures, suggesting that, prior to ciliation, healthy epithelial cultures are more
susceptible to NTHi invasion. However, in COPD epithelial cultures the trend
was reversed and it appeared that ciliated cultures were more susceptible to
NTHi invasion compared to pre-ciliation cultures. Due to inter-donor variability,
these observations did not achieve statistical significance. However, they do
corroborate the fact that NTHi binds extracellularly to ciliated cells and to cilia
and invades non-ciliated epithelial cells and it is therefore possible to speculate
that the reduced ciliation of COPD cultures as shown in section 3.1.4 and

reported previously could be one of the reasons why differentiated COPD
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cultures are less protected against NTHi invasion (Auerbach et al., 1979;
Ghosh et al., 2018). This is because it has been shown that cilia and the
periciliary fluid containing a mesh of cell membrane tethered mucins form a
protective barrier that prevents anything bigger than 40 nm from reaching the
cell surface (Button et al., 2012). A similar mechanism might therefore also
protect epithelial cells from NTHi internalisation provided ciliation is not
disrupted and the epithelial surface exposed. In the future, characterisation of
epithelial cell types and expression of receptors used by NTHi for adhesion
and invasion could provide further understanding of the mechanisms that lead
to a different invasive behaviour between healthy and COPD pre-ciliation and

ciliated cultures and whether these can be targeted therapeutically.

In addition to binding to the ciliated and non-ciliated epithelial cells, NTHi was
also observed to undergo morphological changes with formation of elongated
chains within the first 24 hours of infection of healthy and COPD ciliated
cultures (Figure 12.). Chains formed on epithelial cultures were significantly
longer than chains formed by NTHi incubated in basal epithelial medium alone
(Figure 12G), suggesting that long filaments form as a consequence of
interaction with the ciliated epithelium. Chain formation by other bacterial
species such as uropathogenic Escherichia coli (E. coli) has been described
to provide a selective advantage against phagocytosis by immune cells such
as neutrophils and macrophages (Horvath et al., 2011). This was shown by
challenging mixed population of bacillary and filamentous E. coli with human
or mouse macrophages and showed that bacillary forms of bacteria were

preferentially killed over filamentous E.coli (Horvath et al., 2011). Therefore,
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chain formation may also provide the same selective advantage for NTHi

persistence on ciliated epithelium.

Availability of the essential nutrient iron has been linked to changes in NTHi
morphology in a study where bacteria were grown in a defined medium in the
presence or absence of heme-iron to generate heme-iron replete or restricted
NTHIi, respectively (Szelestey et al., 2013). In this study, heme-iron restricted
NTHi formed filamentous morphotypes and a biofilm with a lace like
architecture which was different to the mat-like biofilm formed by heme-iron
replete NTHi, which predominantly contained rods (Szelestey et al., 2013). On
ciliated cultures, NTHi formed aggregates with a lace-like architecture within
the first 2 hours of addition to ciliated cultures which evolved to cover extensive
areas of the epithelial surface by 24h post infection and which were observed
to contain filamentous morphotypes. This indicates NTHi adapt to a hostile
environment in which the host sequesters iron and essential nutrients. Biofilm
formation by NTHi is also thought to be a mechanism of bacterial persistence
in the respiratory tract, by hindering immune cell clearance and having
increased resistance to antibiotic therapy compared to planktonic bacteria
(Pang et al., 2008; Slinger et al., 2006; Starner et al., 2006; Swords, 2012). In
the current investigation, NTHi was found to form aggregates resembling
biofilms over ciliated epithelial cultures from both healthy and COPD donors
within 24 hours. These aggregates were also found to reduce ciliary beat
amplitude without affecting ciliary beat frequency (Figure 13), therefore likely
impairing the process of muco-ciliary transport and bacterial clearance from
the lungs. While there are no reports of ciliary amplitude assessment during

NTHi infection, ciliary beat frequency was previously reported to be decreased
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by NTHi in studies using ex vivo bovine and human epithelial tissue samples
(Bailey et al., 2012; Janson et al., 1999). It is possible that several factors
linked to the different methodologies and types of tissue used may account for
the different results of these studies and the current investigation. These
include the use of different bacterial strains, the fact that both of these studies
were carried out on epithelial samples directly collected from airways and
cultured for several days to weeks, which may alter their response to infection
or this may already differ in comparison to that of ALl cultured and
differentiated epithelial cells. Furthermore, the study by Bailey et al. (2012) did
not use live bacteria for infection but rather NTHi culture supernatants.
Ultimately, the infection method used in this present study involved flooding of
the epithelial cultures which appeared to promote an increase in ciliary beat
frequency, particularly noticeable in healthy cultures at 8h and 24h post
infection, irrespective of infection treatment. As hydration of the airway surface
fluid is known to increase ciliary beat frequency, it is possible that this effect
may have masked the NTHi induced decrease in ciliary beat frequency

(Boucher, 2019).

Epithelial invasion by NTHi was dependent on live NTHi, as shown in this
study, but previous reports have indicated that epithelial cell signalling
pathways are also important in mediating bacterial invasion. In particular,
several studies have identified that Pi3K signalling is essential in regulating
NTHi internalisation into the epithelial cell lines A549, Calu-3 or 16HBE14
(Lopez-Gomez et al., 2012; Morey et al., 2011; Seiler et al., 2013; Swords et
al., 2001). These studies have shown that NTHi infection resulted into

phosphorylation of Akt, a surrogate marker of Pi3K activation and subsequent
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treatment with commercially available Pi3K inhibitors inhibited NTHi invasion
(Lopez-Gomez et al., 2012; Morey et al., 2011; Seiler et al., 2013; Swords et
al., 2001). In contrast, in the current study primary ciliated nasal epithelial
cultures from healthy or COPD donors, NTHi did not induce activation of the
Pi3K pathway, as determined by lack of increased phosphorylation of Akt at
the Ser473 or Thr308 sites during infection (Figure 18). Furthermore, inhibition
of the Pi3K signalling pathway with the same LY294002 Pi3K inhibitor
compound used in previous studies (Lopez-Gomez et al., 2012; Morey et al.,
2011; Seiler et al., 2013) or with the GSK987740A pan-Pi3K inhibitor did not
reduce NTHiinvasion (Figure 17), despite both inhibitors successfully reducing
background levels of Akt phosphorylation (Figure 19), confirming their
predicted inhibitory effect. It is possible that the different results obtained in the
studies by Morey, Lopez-Gomez, Swords and Seiler using epithelial cell lines
versus primary differentiated epithelial cells used in this study is a
consequence of the methods used for immortalization of cell lines. In the
process of transforming them to replicate indefinitely and behave like cancer
cells, epithelial cell lines often suffer mutations in genes that encode for
proteins with roles in cellular survival and proliferation (Tym et al., 2015).
Among the hundreds of gene mutations identified in both A549 and Calu3 cell
lines, both have mutations in the Rat Sarcoma (RAS) proto-oncogene which
belongs to the small GTPase family (Tym et al., 2015). P13k signaling is one
of the many effector pathways downstream of RAS and therefore mutations in
RAS may lead to enhanced activation of the Pi3K pathway (Castellano and
Downward, 2011). An endogenous activation of the Pi3K pathway or other

pathways interacting with PI3K-Akt signaling that play a role in bacterial
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invasion may explain the results obtained in studies investigating NTHi
invasion of epithelial cell lines and the different results seen when infection is

carried out in primary ciliated epithelial cultures.

In conclusion, this investigation has provided evidence to show that NTHi
interacted with rapidly beating cilia of both healthy and COPD cultures within
minutes of addition to an epithelial culture, that NTHi was bound to ciliated
cells extracellularly whereas invasion occurred preferentially within non-
ciliated epithelial cells, thus suggesting that ciliation may offer a protective
barrier against bacterial invasion. Furthermore, NTHi internalization into
primary ciliated epithelial cultures from both healthy and COPD appeared to
be independent of PI3K pathway activation. Over 24 hours, NTHi underwent
conformational changes with formation of filamentous morphotypes, formed
aggregates with a lattice like organization which evolved to cover large areas
of the epithelial surface. Aggregate formation caused a reduction in ciliary beat
amplitude, thus reducing ciliary function. Therefore, epithelial invasion by
NTHi, formation of filamentous morphotypes, of biofilm-like aggregates and
reduction in ciliary function are likely to prevent efficient clearance of NTHi from
the airways by mucociliary transport or immune cells and allow persistence

despite antibiotic therapy, which is particularly relevant in patients with COPD.

169



3.3. Studying the effect of RV and NTHi co-infection on epithelial

barrier function and inflammatory mediator production

3.3.1. Introduction

Rhinovirus, the main cause of the common cold in healthy individuals, is also
the main cause of virus induced exacerbations in patients with COPD
(McManus et al., 2008; Rohde et al., 2003b; Seemungal et al., 2001). The
causative role of RV in the induction of COPD exacerbations has been shown
in human experimental infections (Mallia et al., 2011). In addition, following a
naturally occurring or experimental RV infection, patients with COPD were
predisposed to develop secondary bacterial infections (George et al., 2014;
Mallia et al., 2012). The odds ratio of COPD exacerbation were found to be
higher when RV16 and NTHi were detected together, compared to single
infections, and in particular to NTHi infection alone (Wilkinson et al., 2017).
NTHIi, a silent commensal coloniser in healthy individuals, is the bacterial
pathogen most frequently detected in the airways of patients with COPD, both
at stable state and during disease exacerbations (Wilkinson et al., 2017;
Wilkinson et al., 2006). Furthermore, COPD exacerbations where viral-
bacterial co-infection was detected were found to be associated with more
severe symptoms, increased inflammation and longer hospitalisation time, as
discussed in section 1.21 (Wilkinson et al., 2006). However, it is still unclear
whether an interplay between RV and NTHi may account for the increased risk
of COPD exacerbations when both pathogens are detected and whether co-
infection with RV could account for the switch in NTHi from being a silent

coloniser to inducer of disease exacerbations.
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In order to infect human hosts, respiratory pathogens such as RV and NTHi
have to interact with the airway ciliated epithelium and disrupt its protective
barrier function (Vareille et al., 2011). The airway epithelial layer possesses
several mechanisms for host protection against infection and these include:
mucociliary clearance, through ciliary beating and mucus production, a
physical barrier through formation of tight junctions between epithelial cells,
and production of antimicrobial peptides and inflammatory mediators to
actively fight the infection and recruit specialised effector immune cells

(Aghapour et al., 2018; Rezaee and Georas, 2014; Vareille et al., 2011).

However, knowledge about the direct effect of RV and NTHi infection on
respiratory epithelial structure and barrier function remains incomplete and it
is surprisingly limited in relation to RV and NTHi co-infection, which is
particularly relevant for understanding their pathogenesis during COPD
exacerbations. As presented in section 1.14, RV has been shown to infect and
replicate in epithelial cells, particularly targeting ciliated cells, over goblet and
basal cells, and causing ciliated cells to shed from the epithelium,
consequently leading to a decrease in airway ciliation (Jakiela et al., 2014; Tan
et al., 2018). However, the effect of RV on ciliary function and mucociliary
clearance has not been studied in either healthy or COPD epithelium. In
contrast, several studies have indicated a role for RV16 infection in stimulating
mucus hypersecretion and goblet cell hyperplasia (Hewson et al., 2010;
Jakiela et al., 2014; Jing et al., 2019; Liu et al., 2019; Tan et al., 2018). In
particular, Hewson et al. (2010) detected increased epithelial release of
MUCS5AC in bronchoalveolar lavage and nasal lavage of healthy and asthmatic

patients following human experimental RV infection and confirmed these
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findings in vitro, by studying infections of airway epithelial cultures. More
recently, Jing et al. (2019) identified that RV infection can induce goblet cells
hyperplasia and up-regulation of mucin genes’ expression which can be
detected in cultures of primary tracheobronchial epithelial cells from COPD
patients at 15 days post infection. In contrast, these changes were not seen in

cultures from healthy individuals (Jing et al., 2019).

Knowledge of the effect of NTHi on ciliary function is also very limited and has
been discussed in section 3.2.7 of this thesis. Briefly, two previous reports
have suggested that ciliary function could be decreased by NTHi in models
using human and bovine cultured tissue explants, whereas results of this
investigation (Figure 13) indicated no effect of NTHi on ciliary beat frequency
in either healthy or COPD cultures (Bailey et al., 2012; Janson et al., 1999).
Instead, a decrease in ciliary beat amplitude was detected, as a result of NTHi
aggregate formation over ciliated cells (Figure 13). Several studies have
shown that in vitro NTHi is able to stimulate mucus production, in particular
through up-regulation of MUC5AC (Chen et al., 2004; Komatsu et al., 2008;
Konduru et al., 2017; Shen et al., 2008; Val et al., 2015). However, all these
investigations were carried out using either respiratory or middle ear epithelial
cell lines and some mimicked an NTHi infection by using NTHi cell lysates, as
opposed to live bacteria for epithelial cell inoculation (Chen et al., 2004;
Komatsu et al., 2008; Konduru et al., 2017; Shen et al., 2008; Val et al., 2015).
More recently, RNA sequencing of primary ciliated epithelial cultures infected
with NTHi revealed an up-regulation of mucin genes MUC5B and MUC4, but
did not detect a change in MUC5AC (Baddal et al., 2015). No study to date

has investigated the effect of a RV and NTHi co-infection on ciliary function
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and mucus production by primary differentiated epithelial cells from either

healthy or COPD donors.

Another mechanism by which the airway epithelium protects the host from
inhaled pathogens and particulates is the formation of apical junctional
complexes between neighbouring cells (Aghapour et al., 2018; Rezaee and
Georas, 2014). Epithelial junctional complexes comprise the apically localised
tight junctions, the more basolateral placed adherens junctions and the basal
desmosomes (Aghapour et al., 2018; Rezaee and Georas, 2014). Tight
junction complexes consist of trans-membrane proteins, occludin, claudin,
junctional adhesion molecules and cytoplasmic molecules such as zonula
occludens (Z0)-1,2,3 or cingulin (Aghapour et al., 2018). Through cytoplasmic
molecules tight junction complexes can interact with the cell actin cytoskeleton
to preserve their own stability (Aghapour et al., 2018). The adherens junction
complexes consist of the type 1 transmembrane cadherin E-cadherin and the
anchor proteins p120 catenin, B-catenin and a-catenin, which anchor the
complex to the cytoskeleton (Aghapour et al., 2018; Niessen, 2007). An
integral epithelial barrier ensures cell-cell adhesion, restricts transmigration of
pathogens from the airway lumen, allows para-cellular transport of ions and
certain molecules and plays important roles in signalling to establish apical-
basal polarity during epithelial differentiation (Niessen, 2007; Rezaee and
Georas, 2014). Disruption of the epithelial barrier has been linked with
cigarette smoke exposure, oxidative stress and inflammatory cytokines, all of
which are thought to increase epithelial permeability and contribute to airway
inflammation, oedema and airway epithelium injury (Aghapour et al., 2018;

Rezaee and Georas, 2014). However, an understanding of the role of
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infectious pathogens on epithelial integrity is limited. Both RV and NTHi have
individually been shown to affect epithelial barrier function during infection
(Baddal et al., 2015; Comstock et al., 2011; Sajjan et al., 2008). RV infection
of polarised airway epithelial cells was shown to decrease trans-epithelial
electrical resistance and to allow NTHi trans-migration across the epithelium
(Sajjan et al., 2008). Expression of several tight junction proteins was shown
to be down-regulated by RV infection and these include: tight junction protein
1/ Z0O-1, claudin 1, claudin 8, claudin 12 or occludin (Faris et al., 2016; Looi et
al., 2018; Looi et al., 2016; Sajjan et al., 2008). Similarly, NTHi was shown to
cause down-regulation of numerous genes encoding for proteins of the tight-
junction complex, including claudin 3, claudin 8 or ZO-1 in a study using
differentiated, ciliated epithelial cultures (Baddal et al., 2015). Infection of the
A549 epithelial cell line by NTHi was shown to disrupt expression of the
adherens junction protein E-cadherin (Kaufhold et al., 2017). However, a study
involving long term co-culture of ciliated epithelial cultures with NTHi reported
no decrease in trans-epithelial electrical resistance during 8 days of bacterial
infection (Ren et al., 2012). Therefore, the consequence of NTHi infection on
epithelial barrier integrity and junctional complex structure requires further
investigation. Moreover, despite suggestions that both RV and NTHi can
individually impact epithelial barrier function, there is no information on the
effect that their co-infection would have on the epithelium junctional integrity
and whether this is different in COPD epithelia compared to healthy.
Ultimately, the airway epithelium also plays an innate immune function by
secreting inflammatory mediators in response to viral and bacterial infection

(Gomez and Prince, 2008; Vareille et al.,, 2011). Epithelial cells secrete
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cytokines and chemokines which have roles in the recruitment and activation
of innate immune cells such as neutrophils, macrophages, NK cells or
eosinophils as well as of adaptive immune cells such as T and B lymphocytes
and the antigen-presenting dendritic cells (Vareille et al., 2011). A list of pro-
inflammatory mediators secreted by respiratory epithelial cells in response to
viral or bacterial infection and some of their main functions is shown in Table
8. Of interest, RV infection of cultured COPD epithelial cells was shown to
induce higher levels of inflammatory mediators (IL-6, IL-8, GRO-a, IFN-A and
IP-10) compared to levels found in supernatants from healthy cultures
(Schneider et al., 2010). In contrast, no study has investigated the response of
COPD epithelial cells to infection with NTHi, in comparison to that of healthy
cells, which is surprising given the burden that NTHi represents in COPD
pathology. In response to NTHi infection, healthy airway epithelial cells have
been reported to produce IL-1[3, IL-8, ENA-78, IP-10, MCP-1, RANTES or MIP-
1a (Amatngalim et al., 2017; Baddal et al., 2015). In addition, only a very limited
number of studies have investigated the effect of RV and NTHi co-infection on
inflammatory mediators produced by respiratory epithelial cells. One study by
Unger et al. (2012), reported that RV infection of a bronchial epithelial cell line
reduced production of IL-8 during a subsequent NTHi infection and resulted in
delayed neutrophil recruitment and bacterial clearance during in vivo infection
of mice. In contrast, pre-treatment of primary bronchial epithelial cells with heat
inactivated NTHi was found to up-regulate expression of the RV specific
receptor ICAM-1 and induce an increased expression of pro-inflammatory
mediators such as IL-6 and IL-8 during a subsequent RV16 infection (Gulraiz

et al., 2015). Two other studies identified that simultaneous infection of
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epithelial cells with RV and NTHi leads to synergistic induction of IL-8, CCL20
and IL-17C (Jamieson et al., 2019; Maciejewski et al., 2017). In particular,
following RV1A and NTHi co-infection, COPD bronchial epithelial cells
produced significantly more IL-17C compared to levels released by cells from
non-smokers and healthy smokers (Jamieson et al., 2019). However, all of
these studies were performed in epithelial cell lines or primary epithelial
cultures grown as submerged monolayers, as opposed to differentiated,
polarised cultures. Therefore, further investigations are required to understand
the effect of RV and NTHi co-infection on the inflammatory response of well

differentiated epithelia from healthy and COPD donors.

Table 8. Cytokines and chemokines produced by respiratory epithelial
cells in response to viral or bacterial infection.

IL-18 X X Induction of the acute phase response
Monocyte/macrophage recruitment
DC maturation

Th2 cell recruitment

IL-6 X X Induction of the acute phase response

Activation of T lymphocytes

TNF-a X X Induction of the acute phase response

Monocyte/macrophage recruitment
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IFN-a/B

IFN-A

IL-17C

IL-8 /CXCL8

Gro-a

/ICXCL1

ENA-78
/ICXCL5

GM-CSF

G-CSF

Eotaxin-1
/CCL11

Eotaxin-2
/CCL24

NK cell recruitment and activation
Activation of DCs and macrophages

Direct antiviral effects

Direct antiviral effect

Activation of DCs and macrophages

Th17 cell activation

Stimulates epithelial production of

antimicrobial peptides

Neutrophil recruitment

Neutrophil recruitment

Neutrophil recruitment

Eosinophil recruitment

Neutrophil differentiation

Eosinophil recruitment

Eosinophil recruitment
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RANTES/ X Eosinophil recruitment

CCL5 Th1 cell recruitment

IP-10 /CXCL- X X Th1 cell recruitment

10

MIP-1a X X NK cell recruitment and activation
/cCL3 Monocyte/macrophage recruitment
MCP-1 X X Monocyte/macrophage recruitment
/CCL2

MIP-3a X DC recruitment

/CCL20

IL-15 X DC maturation

TSLP X DC maturation

References: (Baddal et al., 2015; Gomez and Prince, 2008; loannidis et al.,
2013; Kusagaya et al.,, 2014; Message and Johnston, 2004; Murphy and
Weaver, 2017; Pfeifer et al., 2013; Vareille et al., 2011; Wack et al., 2015;

Yamaguchi et al., 2018).

178



Hypothesis:

RV and NTHi co-infection of primary respiratory epithelial cultures from healthy
and COPD donors causes more epithelial barrier disruption and inflammation

than infection with NTHi alone.

Aims:

e To determine the effect of RV and NTHi co-infection of primary epithelial

cultures on ciliary function.

e Todetermine the effect of RV and NTHi co-infection of primary epithelial

cultures on mucin gene expression.

e To determine the effect of RV and NTHi co-infection on epithelial barrier

integrity.

e To quantify the inflammatory response of primary epithelial cultures to

RV and NTHi co-infection.

e To determine the effect of epithelial differentiation stage on the course
of RV and NTHi co-infection and their effect on mucin gene expression,

epithelial barrier integrity and inflammatory responses.
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3.3.2.  Rhinovirus and NTHi co-infection reduces ciliary beat

frequency in healthy ciliated epithelial cultures

To determine the effect of RV and NTHi co-infection on epithelial barrier
function, including ciliary function, mucus gene expression, epithelial integrity
and inflammatory response, healthy and COPD nasal epithelial cultures were
differentiated for either 6 days or 28 days before being infected with RV.
Twenty four hours after RV infection, cultures were challenged with NTHi for

another 24 hours (section 2.30).

Ciliary beat frequency was measured as described in sections 2.12 and 2.13
prior to RV infection and at 24 hours post RV infection, prior to addition of
NTHi. Subsequently, ciliary beat frequency was measured, immediately
following addition of NTHi, (in 200 pl of BEBM, as described in section 2.30),
at 8 hours and 24 hours post NTHi challenge. As shown in Figure 20, in both
healthy and COPD ciliated cultures, rhinovirus infection alone did not alter the
frequency of ciliary beating in the first 24 hours of infection (p>0.05 for all
comparisons). Immediately after addition of NTHi ciliary function was
maintained in both healthy and COPD cultures (p>0.05 for all comparisons).
However, in healthy cultures, at 8 hours post NTHi infection, ciliary beat
frequency was significantly reduced by RV and NTHi co-infection compared to
the uninfected control well (p= 0.011), but not by either RV or NTHi infection
alone (p>0.05). At 24 hours post NTHi addition, ciliary beat frequency was still
significantly reduced by the RV and NTHi co-infection when compared to the
uninfected control (p=0.015) and to infection with NTHi alone (p=0.015), but
not with RV infection alone. Neither pathogen alone caused a significant

decrease in the frequency of ciliary beating at this time-point.
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In COPD cultures, the decrease in ciliary beat frequency caused by RV and
NTHi co-infection was not detected as beat frequency appeared to remain
constant on average throughout the experimental time-frame (p>0.05 for all
comparisons). However, the large inter-donor variability may have masked any

infection induced effect on ciliary beat frequency.

Therefore, based on results obtained in healthy ciliated cultures, these data
suggest that RV and NTHi co-infection may have a more detrimental effect on
ciliary beat frequency than NTHi infection alone and may inhibit efficient

pathogen clearance from the airway.

181



Cilia beat frequency

A Healthy
__16- — i 1 Control
T 141 - RV
> 12- . .. SO e Rl
@ qoditrs ot st oais h1g: RAML wm RviGananTHi
S glllim Iipd 250p .00 °F
N | H | B i
g oflil)
g 5
@ 2
0 T T T T
8 NN \ A\ O
Q{\O o q?‘ R é‘\% \q}
WO WO & &
& > > S
SIS SN
& Vv % >
© © © ™
< <& &
B Cilia beat frequency
COPD
- 16- mm Control
I 14_ a5 A . . n RV16
;12_ e, “A‘.‘ B NTHi
0 A = A a4 a A :
. Em RV16 and NTH
§101.,.. ‘o3 bdgz 4131 11 anda NI
3 g} 1% B [ :
g 6- P - L A | il
| BH | EH | BH | B
"g‘ 4" &
@ 2]
0 T - T T T T
IS S A
TS’ & & &
S& & & &
& SO
3 Vv Y )
© © o ™
& & &

Figure 20. Effect of RV and NTHi co-infection on ciliary beat frequency

Ciliated cultures were infected with RV16 (1.5x10¢ TCIDso/well) for 24 hours, followed by
challenge with NTHi 49247 (5x10% CFU/well). Cultures were at ALI prior to NTHi addition and
subsequently submerged. At each time point, 10 high-speed videos per condition were

recorded and used to determine average ciliary beat frequency for each donor. N= 5 healthy
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donors, 6 COPD donors. For statistical analysis, cilia beat frequency values were logl0
transformed and then analysed using a mixed linear effects model with fixed effects for disease
group (healthy/COPD), infection (NTHi, RV) and time-point and a random effect for each
donor. P values were adjusted for multiple comparisons using the Benjamini-Hochberg

method. Data are presented as average + standard error of the mean. *=p<0.05

3.3.3. Rhinovirus up-regulates expression of goblet cell specific

transcription factor and mucin genes in ciliated cultures

To understand if RV and NTHi co-infection alters expression of the goblet cell
specific transcription factor SPDEF, of secreted mucins MUC5AC and MUC5B
as well as of the cell membrane tethered MUC4, pre-ciliation day 7 epithelial
cultures and ciliated day 28 epithelial cultures from healthy and COPD donors
were infected with RV alone, NTHi alone and both pathogens as described in
section 2.30 (Button et al., 2012; Jing et al., 2019). Gene expression changes

were analysed by gRT-PCR, as described in section 2.11.

In both healthy and COPD ciliated cultures, expression of the transcription
factor SPDEF was upregulated by RV infection alone (p<0.0001 for both
healthy and COPD) and by RV and NTHi co-infection (p<0.0001 for both
healthy and COPD) when compared with uninfected control wells, as shown
in Figure 21A. NTHi infection alone did not upregulate expression of SPDEF
in either healthy or COPD ciliated cultures, when compared to uninfected
control wells (p>0.05). As there was no significant difference in the expression
of SPDEF in ciliated cultures infected with RV alone compared to those
infected with RV and NTHi, it follows that the upregulation of SPDEF

expression is driven by RV.
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Similar to the up-regulation of SPDEF by RV, expression of MUC5AC, MUC5B
and MUC4 was also significantly increased by RV infection in both healthy and
COPD ciliated cultures (p<0.0001 for all comparisons) (Figure 21 C,E,G). In
contrast, NTHi infection alone only significantly increased expression of mucin
MUCS5B in COPD ciliated cultures compared to uninfected controls (p=0.020),
but did not change expression of MUC5B in healthy ciliated cultures or of
MUCS5AC or MUC4 in either healthy or COPD ciliated cultures (p>0.05 for all
comparisons). RV and NTHi co-infection significantly up-regulated expression
of MUC5AC, MUC5B and MUCA4 in both healthy and COPD ciliated cultures
when compared to uninfected cultures (p<0.0001 for all comparisons). No
significant difference was detected between mucin gene expression induced
by RV alone or by RV and NTHi-co-infection, again indicating that the
increased mucin gene expression was induced by the virus. No significant
differences were detected between gene expression levels in healthy cultures

compared to COPD, irrespective of infection treatment (p>0.05).

In contrast to ciliated epithelial cultures, the effect of RV on pre-ciliation day 7
epithelial cultures was very limited. As it can be seen in Figure 21 B, D, F, H,
RV infection only caused significant increases in expression of SPDEF in
healthy cultures, compared to uninfected control (p=0.001) and of MUC5B in
COPD cultures, compared to uninfected control (p=0.041). In all cases,
expression of SPDEF, MUC5AC, MUC5B or MUC4 after RV infection, either
alone or during co-infection with NTHi, was significantly lower than in ciliated
cultures, for both healthy and COPD cultures (p<0.01). In addition, expression
of MUC5B was significantly lower in day 7 epithelial cultures compared to

ciliated cultures at baseline, in both healthy and COPD (p<0.05). No difference
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in expression levels of any of the genes analysed was detected between

healthy and COPD cultures at day 7 (p>0.05).

In conclusion, results of this study indicate that RV infection alone can induce
up-regulation of the goblet cell specific transcription factor SPDEF and of
mucin genes MUC5AC, MUC5B and MUC4 in both healthy and COPD ciliated
cultures whereas NTHi was only able to up-regulated expression of MUC5B in
COPD cultures. These responses were significantly reduced or completely

absent in day 7 pre-ciliation cultures.
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Figure 21. SPDEF and mucin gene expression changes during RV and
NTHi co-infection of primary epithelial cultures at day 7 and day 28 of
differentiation

Gene expression levels of the transcription factor SPDEF (A,B) and mucins MUC5AC (C,D),
MUCS5B (E,F) and MUC4 (G,H) were quantified by gqRT-PCR in day 7 pre-ciliation cultures
and fully differentiated ciliated epithelial cultures from healthy and COPD donors, following
infection with RV16 alone (1.5x10® TCIDso/well), NTHi 49247 (5x10% CFU/well) alone or after
RV-NTHi co-infection. Epithelial cells were pooled from 2 trans-wells/ condition for analysis.
N=5 healthy and 5 COPD donors. Symbols represent individual donors. For statistical
analysis, copy numbers were log 2 transformed and separate linear mixed effects models were
fitted for each analyte, with fixed effects for disease group, day and infection and a day-specific
random effect for each donor. P values were Benjamini-Hochberg adjusted for multiple
comparisons. Data are shown as mean + standard error of the mean. *=p<0.05, ***=p<0.001,
****=p<0.0001, #= denotes day 7 versus day 28 comparison within a treatment group,

#=p<0.05, ##=p<0.01, ###=p<0.001, ####=p<0.0001.

3.3.4. Rhinovirus infection reduces epithelial barrier integrity in

ciliated epithelial cultures

The maintenance of epithelial barrier function against infection is dependent
on epithelial integrity. It has previously been reported that RV can lead to a
decrease in epithelial resistance during infection (Comstock et al., 2011; Sajjan
et al., 2008) and both RV and NTHi were individually reported to affect the
structure of tight-junction complexes (Baddal et al., 2015; Looi et al., 2016;
Sajjan et al., 2008). However, there is no understanding of the effect of RV and
NTHi co-infection on epithelial integrity. As such, to answer this question,
trans-epithelial electrical resistance (TEER) was measured in ciliated day 28
epithelial cultures and pre-ciliation day 7 epithelial cultures after infection with

RV alone, NTHi alone or RV and NTHi co-infection, as described in section 2.7
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In healthy ciliated cultures, RV infection caused a significant decrease in
TEER, both during RV single infection (p<0.0001) and during co-infection with
NTHi (p<0.0001), when compared to the uninfected control condition - Figure
22A.In COPD ciliated cultures, single RV infection caused a decrease in TEER
compared to the uninfected control, but this was not statistically significant
(p=0.077). During co-infection with NTHi, however, TEER was significantly
reduced when compared to the uninfected control (p<0.0001) and to RV
infection alone (p=0.034). Infection with NTHi alone did not affect TEER in

healthy or COPD ciliated cultures (healthy: p=0.552, COPD: p= 0.466).

In contrast to ciliated cultures, the TEER of day 7 pre-ciliation cultures was not
affected by RV infection alone, in either healthy or COPD cultures, when
compared to the TEER of uninfected control wells (p>0.05), as shown in Figure
22B. In healthy cultures however, RV and NTHI co-infection significantly
reduced TEER values when compared to the uninfected control (p=0.018).
Despite this reduction in TEER during co-infection, TEER values of day 7
cultures after RV or RV and NTHi co-infection were still significantly higher
than those of healthy ciliated cultures after RV infection (p=0.004) or after RV
and NTHi co-infection (p=0.026), respectively, highlighting a different effect of
RV on ciliated versus pre-ciliation epithelial cultures. In contrast, in pre-ciliation
day 7 COPD cultures, RV and NTHi co-infection did not appear to affect TEER
(p>0.05). A trend for lower TEER values in day 7 COPD cultures compared to
day 7 healthy cultures was observed, however this did not achieve statistical
significance (p=0.055 between untreated control healthy and COPD epithelial

cultures).
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Figure 22. TEER during RV and NTHi single infection and co-infection of
primary epithelial cultures at day 7 and day 28 of differentiation

Trans-epithelial electrical resistance (TEER) was quantified in nasal epithelial cultures when
they were fully differentiated at day 28 (A) or pre-ciliation at day 7 (B) following infection with
RV16 alone (1.5x108 TCIDso/well), NTHi 49247 (5x10% CFU/well) alone or RV and NTHi co-
infection, as described in section 2.7. TEER was measured in one or two wells per condition.

If technical replicates were performed, these were averaged to give one measurement per
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condition. Where measurements were carried out more than once in the same donor during
separate experiments, these are identified by the same symbol. Filled back symbols represent
unique donors. For statistical analysis, TEER values were log10 transformed and a linear
mixed effects model was fitted with fixed effects for disease group, day and infection and a
day-specific random effect for each donor. P values were Benjamini-Hochberg adjusted for
multiple comparisons. Data are presented as mean + standard error of the mean. *=p<0.05,
***=p<0.001, ***=p<0.0001. # denotes comparison with same condition in day 28 culture,

#=p<0.05, ##=p<0.01.

To further understand the effect of RV and NTHi single and co-infection on
epithelial barrier integrity, the expression of genes encoding for tight junction
proteins Claudin-8 and ZO-1 was assessed by gRT-PCR (as described in
section 2.11) following infection with RV alone, NTHi alone or RV and NTHi

co-infection.

Figure 23A shows that in both healthy and COPD day 28 ciliated cultures, RV
infection caused a significant reduction in the expression of Claudin 8, both
during single infection (healthy, p<0.0001, COPD, p=0.001) and during co-
infection with NTHi (p<0.0001 in both cases) when compared to levels of
expression in uninfected control wells. In contrast, NTHi infection did not alter
expression of Claudin 8 in ciliated cultures from either healthy or COPD
(p>0.05 versus uninfected control). However, in healthy cultures, expression
of Claudin 8 was further reduced during RV and NTHi co-infection compared
to RV infection alone (p=0.033), suggesting an additive effect during RV and
NTHi co-infection in downregulating expression of Claudin 8. This effect was

not detected in COPD cultures.
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In contrast to ciliated cultures, in pre-ciliation day 7 cultures (Figure 23B) RV
infection did not down-regulate expression of Claudin 8, in either healthy and
COPD, when compared to expression levels in uninfected control cultures
(p=0.954 in both cases). Moreover, expression levels of Claudin 8 during RV
infection were significantly higher compared to expression levels in the same
groups in ciliated cultures, in both healthy and COPD cultures (p<0.001 for all

comparisons).

In pre-ciliation, day 7 cultures, (Figure 23B) it was NTHi which caused a
significant down-regulation of Claudin 8 expression in both healthy and COPD
cultures, when compared to expression levels in uninfected wells (healthy,
p=0.003, COPD, p=0.013). The same effect was detected during co-infection
with RV (healthy, p=0.001, COPD, p=0.007). There was no significant
difference in expression levels between NTHi infection alone and RV and NTHi
co-infection (healthy, p=0.868, COPD, p=0.954), indicating that the effect is
caused by NTHi infection in both healthy and COPD. Despite the NTHi induced
downregulation of Claudin 8, expression levels during RV and NTHi co-
infection were significantly higher compared to expression levels in the same
groups in ciliated cultures, in both healthy and COPD cultures (p<0.01 for all

comparisons)

In terms of ZO-1 expression in ciliated epithelial cultures, as shown in Figure
23C, this was found to be significantly up-regulated in both healthy and COPD
ciliated cultures following RV infection alone and RV and NTHi co-infection,
when compared to uninfected control expression levels (p<0.0001 in all
cases). NTHi infection alone did not affect expression levels of ZO-1 in either

healthy or COPD cultures when compared to expression in uninfected cultures
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(healthy, p=0.859, COPD, p=0.876). There was no significant difference in
expression levels of ZO-1 between RV infection alone and RV and NTHi co-
infection in either healthy or COPD cultures, suggesting that the effect is

mediated by RV alone (healthy, p=0.184, COPD, p=0.397).

The up-regulation effect of RV on ZO-1 gene expression (Figure 23D) was not
detected in day 7 pre-ciliation cultures, where expression levels did not change
during single RV infection, single NTHi infection or RV and NTHi co-infection
(p>0.05 for all comparisons) in either healthy or COPD cultures. Moreover, in
both healthy and COPD expression levels of ZO-1 during single RV infection
was significantly lower than in ciliated cultures, where it was up-regulated by

virus infection (healthy, p=0.011, COPD, p=0.005).
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Figure 23. Expression of Claudin 8 and ZO-1 after infection with RV, NTHi
or after RV and NTHi co-infection of primary epithelial cultures at day 7
and day 28 of differentiation.

Gene expression levels of Claudin 8 (A,B) and ZO-1 (C,D) were quantified by gRT-PCR in day
7 pre-ciliation cultures and fully differentiated ciliated epithelial cultures from healthy and
COPD donors, as described in section 2.11., following infection with RV16 alone (1.5x108
TCIDso/well), NTHi 49247 (5x108 CFU/well) alone or after RV-NTHi co-infection. Following
infection, epithelial cells were pooled for analysis from 2 trans-wells/ condition. N=5 healthy
and 5 COPD donors. Symbols represent individual donors. For statistical analysis, copy
number values were log2 transformed and separate linear mixed effects models were fitted
for each analyte, with fixed effects for disease group, day and infection and a day-specific
random effect for each donor. P values were Benjamini-Hochberg adjusted for multiple
comparisons. Data are shown as mean + standard error of the mean. *=p<0.05, ***=p<0.001,
****=p<0.0001, #= denotes day 7 versus day 28 comparison within a treatment group,

#=p<0.05, ##=p<0.01, ###=p<0.001.
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3.3.5. Cytokine responses of primary epithelial cultures to

infection with RV alone, NTHi alone and RV and NTHi co-infection

To determine the effect of infection with RV alone, NTHi alone and RV and
NTHi co-infection on epithelial inflammatory responses, cytokine production by
nasal epithelial cultures from healthy and COPD donors was quantified. To do
this, epithelial cultures were infected with RV for 24 hours then challenged with
NTHi for another 24 hours, as described in section 2.30. Then, basolateral
supernatants were collected and cytokines and chemokines measured as

described in section 2.15.

As shown in Figure 24, it was found that single RV infection of both healthy
and COPD day 28 ciliated cultures significantly up-regulated release of IL-1j3,
IL-6, TNF-a, IL-17 as well as of IFN-A when compared to the respective
uninfected control cultures (p<0.05 for all comparisons). G-CSF production
was increased following RV infection of healthy cultures but not of COPD
cultures (p=0.033). NTHi infection alone induced a significant up-regulation of
IL-18 and TNF-a in both healthy and COPD ciliated cultures when compared
to the uninfected controls (p<0.05 for all comparisons). However, NTHi did not
stimulate release of IL-6, IL-17, IFN-A or G-CSF in either healthy or COPD
cultures compared to uninfected controls (p>0.05 for all comparisons).
Rhinovirus and NTHi co-infection of ciliated cultures led to increased
production of IL-1, IL-6, TNF-a, IL-17 as well as IFN-A in comparison to levels
of the cytokines in uninfected control cultures from both healthy and COPD
(p<0.05 for all comparisons), but did not affect G-CSF release in either healthy
or COPD cultures. Given that NTHi did not up-regulate production of IL-6, IL-

17 or IFN-A and that there was no difference between the levels of these
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cytokines in supernatants from RV single infection and those from RV and
NTHi co-infection, it appears that the induction of cytokine production during
co-infection is RV driven. There was no significant difference in the levels of
IL-18 or TNF-a between infection treatments in either healthy or COPD

cultures (p>0.05).

Of interest, cytokine responses of day 7 pre-ciliation cultures (Figure 24 B, D,
F, H, J, L) were very different to those of ciliated cultures. With the exception
of IFN-A, RV did not increase synthesis of any of the other cytokines measured
when compared to their respective uninfected control in healthy or COPD
cultures (p>0.05). Expression of IFN-A was significantly induced by RV during
single infection and co-infection with NTHi, in both healthy and COPD cultures
when compared to uninfected control cultures (p<0.0001 in both cases), but
levels were still significantly lower than levels detected in supernatants of
ciliated cultures from healthy and COPD donors (p<0.05 in all cases). Single
NTHi infection did not significantly up-regulate expression of any of the
cytokines measured in day 7 cultures. Interestingly, RV and NTHi co-infection
led to a significant increase in IL-1B, IL-6, TNF-a and IL-17 production by
COPD cultures, but not by healthy cultures, when compared to uninfected
control conditions (p<0.05), suggesting a differential response to infection of
COPD day 7 cultures compared to healthy cultures. In particular, IL-1( levels
were significantly higher in COPD day 7 cultures during co-infection by RV and
NTHi compared to RV infection alone (p=0.049). It is important to note,
however, that levels of IL-183, IL-6 and IL-17 were significantly lower in day 7
cultures during viral-bacterial coinfection compared to the same condition in

ciliated cultures from both healthy and COPD (p<0.05).
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Figure 24. Cytokine responses of ciliated and day 7 pre-ciliation cultures
to infection with RV alone, NTHi alone and RV and NTHi co-infection.

Cytokine release to basolateral medium of day 7 pre-ciliation cultures and fully differentiated
day 28 ciliated epithelial cultures from healthy and COPD donors was quantified by MSD

immunoassay following infection with RV16 alone (1.5x108 TCIDso/well), NTHi 49247 (5x108



CFU/well) alone or after RV-NTHi co-infection. N=7 healthy and 8 COPD donors. Symbols
represent individual donors. For statistical analysis, concentrations were log10 transformed
and cytokines were analysed individually using linear mixed effects models. Fixed effects for
disease group, day, and treatment and random effect for each donor were included. P values
were Benjamini-Hochberg adjusted for multiple comparisons. Data are shown as mean +
standard error of the mean. *=p<0.05, **p<0.01, ***=p<0.001, ****=p<0.0001, #= denotes day

7 versus day 28 comparison within a treatment group, #=p<0.05, ##=p<0.01, ####=p<0.0001.

3.3.6. Chemokine responses of primary epithelial cultures to

infection with RV alone, NTHi alone and RV and NTHi co-infection

Production of chemokines by nasal epithelial cultures from healthy and COPD
donors was investigated in pre-ciliation day 7 and ciliated epithelial cultures
following RV and NTHi single infections and RV and NTHi co-infection. As
shown in Figure 25 A, C, E, RV infection significantly increased levels of IL-8,
IP-10 and RANTES in both healthy and COPD ciliated cultures when
compared to uninfected control cultures (p<0.01 in all comparisons). In
contrast, NTHi infection alone only stimulated release of IL-8 from both healthy
and COPD ciliated cultures when compared to uninfected controls (p<0.05),
but not of IP-10 or RANTES. RV and NTHi co-infection significantly increased
levels of IL-8, IP-10 and RANTES when compared to uninfected controls of
both healthy and COPD cultures (p<0.05 for all comparisons). As NTHi did not
induce secretion of IP-10 or RANTES and there was no significant difference
between levels of the chemokines during RV infection alone and RV and NTHi
co-infection, it is likely that the up-regulation seen during viral-bacterial co-

infection is RV driven in both healthy and COPD. There was no significant
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difference in the levels of IL-8 between the different infection conditions in
either healthy or COPD donors, although a trend for higher IL-8 levels in COPD
cultures was observed following all three infections when compared to healthy

cultures.

In day 7 pre-ciliation cultures, as shown in Figure 25 B, D, and F levels of IL-8
were only significantly increased in COPD cultures during RV and NTHI co-
infection compared to uninfected controls (p<0.05), but not in healthy cultures.
Despite the increased IL-8 production during viral-bacterial co-infection, levels
were still significantly lower compared to the levels secreted by COPD ciliated
cultures following co-infection (p<0.01). Secretion of IP-10 was significantly
higher in both healthy and COPD cultures during RV single infection and during
RV and NTHi co-infection, when compared to uninfected control cultures
(p<0.0001 for all comparisons). However, levels of IP-10 were significantly
lower in day 7 cultures than levels seen in supernatants from ciliated cultures
in both healthy and COPD cultures, independent of single RV infection or co-
infection (p<0.05 for all comparisons). NTHi infection alone did not stimulate
production of either IL-8 or IP-10 in any day 7 cultures (p>0.05 for all
comparisons). Furthermore, RANTES production was not induced by any of

the infection conditions in either healthy or COPD culture.

In addition, levels of the chemokines TARC, MCP-1, ENA-78, MIP-3a and Gro-
a were also quantified but no significant up-regulation was detected following
single infection by RV or NTHi or their co-infection irrespective of disease state

or differentiation stage. Results are shown in Appendix 3.
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Figure 25. Chemokine responses of ciliated and day 7 pre-ciliation

cultures to infection with RV alone, NTHi alone and RV and NTHi co-
infection.

Chemokine release to basolateral medium of day 7 pre-ciliation cultures and fully differentiated
day 28 ciliated epithelial cultures from healthy and COPD donors was quantified by MSD
immunoassay, as described in section 2.15., following infection with RV16 alone (1.5x106
TCIDso/well), NTHi 49247 (5x10% CFU/well) alone or after RV-NTHi co-infection. N=7 healthy

and 8 COPD donors. Symbols represent individual donors. For statistical analysis,



concentrations were logl10 transformed and chemokines were analysed individually using
linear mixed effects models. Fixed effects for disease group, day, and treatment and random
effect for each donor were included. P values were Benjamini-Hochberg adjusted for multiple
comparisons. Data are shown as mean * standard error of the mean. *=p<0.05, **=p<0.01,
***=p<0.001, ***=p<0.0001, #= denotes day 7 versus day 28 comparison within a treatment

group, #=p<0.05, ##=p<0.01, ###=p<0.001, ####=p<0.0001.

3.3.7. Rhinovirus replication is significantly higher in ciliated

epithelial cultures compared to pre-ciliation day 7 cultures

Ultimately it was important to understand if the different effects induced by RV
in ciliated versus pre-ciliation day 7 cultures were correlated with RV
replication in these 2 culture conditions and whether RV replication is affected
by NTHi co-infection. Therefore, RV expression was quantified by gRT-PCR in
healthy and COPD day 7 pre-ciliation cultures and ciliated cultures after single

RV infection or RV and NTHi co-infection, as described in section 2.11.

Interestingly, as shown in Figure 26, in both healthy and COPD, RV copy
number was significantly lower in pre-ciliation day 7 cultures compared to
ciliated epithelial cultures, irrespective of whether this was measured during
single RV infection or co-infection with NTHi, (p<0.0001 in all cases). Co-
infection with NTHi did not affect the course of RV infection, as there was no
significant difference in RV copy number between RV single infection and co-
infection with NTHi, irrespective of epithelial differentiation stage or disease
group (p>0.05 for all comparisons). A trend was observed where RV copy
number was lower in ciliated cultures from COPD donors compared to healthy
donors, with the average RV copy number in ciliated COPD cultures being

approximately half of that in healthy cultures, but this difference was not
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statistically significant (p=0.348 during RV infection alone and during RV and

NTHi co-infection).
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Figure 26. RV expression in ciliated and day 7 pre-ciliation epithelial
cultures during RV single infection and RV and NTHi co-infection

The RV16 load in cells was quantified by gRT-PCR in fully differentiated, day 28 ciliated
epithelial cultures (A) and day 7 pre-ciliation cultures (B) from healthy and COPD donors, as
described in section 2.11., following infection with RV16 alone (1.5x10® TCIDso/well), or after
RV16-NTHi (NTHi 49247, 5x108 CFU/well) co-infection. Epithelial cells were pooled from 2
trans-wells/ condition for analysis. N=5 healthy and 5 COPD donors. For statistical analysis,
copy numbers were log2 transformed and analysed using a linear mixed effects model with
fixed effects for disease, day and infection and a donor specific random effect. P values were
Benjamini-Hochberg adjusted for multiple comparisons. Symbols represent individual donors.
Data are shown as mean + standard error of the mean. ****=p<0.0001, #= denotes day 7

versus day 28 comparison within a treatment group, ####=p<0.0001.
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3.3.8. Discussion

Current understanding of the effect of RV and NTHi infection and in particular
their co-infection, on the barrier function of respiratory epithelium from COPD
patients, where these pathogens are frequently associated with disease
exacerbation, is surprisingly limited (Bandi et al., 2003; Molyneaux et al., 2013;
Wilkinson et al., 2017; Wilkinson et al., 2006). In this study, the effect of single
RV and NTHi infection and RV and NTHi co-infection on epithelial mucociliary
function, barrier integrity and inflammatory responses was investigated using
primary nasal epithelial cells from healthy and COPD donors. This was based
on the hypothesis that RV and NTHi co-infection would lead to more epithelial
barrier disruption and increased inflammatory responses compared to NTHi
infection alone. For this study, cultures were differentiated for either 6 days,
prior to ciliation, as a model of regenerating epithelium, (as discussed in
section 3.1.7) or for 28 days when they were fully differentiated. At each time

point, cultures were infected with RV and 24 hours later challenged with NTHi.

As the first interaction that either pathogen makes when infecting the human
host is with the cilia of the ciliated epithelium, the effect of infection with RV
alone, NTHi alone or their co-infection on ciliary beat frequency was
investigated (Figure 20). Neither RV nor NTHi single infections were found to
significantly reduce ciliary beat frequency in either healthy or COPD ciliated
cultures over the course of the experiment (Figure 20). The effect of NTHi

infection alone on ciliary beat frequency was shown in

Figure 13 and discussed in section 3.2.7. However, co-infection with RV and

NTHi significantly reduced ciliary beat frequency in healthy cultures at 8h and
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24h post NTHi infection when compared to uninfected cultures, and at the latter
time point, also when compared to NTHi infection alone. In contrast, no such
effect was observed in COPD cultures, as a result of inter-donor variability,
therefore no conclusion could be drawn. However, based on the results
obtained using healthy ciliated cultures, it appears that ciliary beat frequency

is significantly impaired during RV and NTHi co-infection.

Furthermore, during NTHi infection alone it was possible to measure ciliary
beat amplitude and as shown in Figure 13, this was reduced by NTHi
aggregates formed over ciliated areas. During RV and NTHi co-infection, there
was an increased growth of non-attached NTHi, as shown in Figure 27.
Bacterial aggregates formed during co-infection were denser and also
contained detached epithelial cells, (including ciliated cells which RV was
shown to shed off the epithelial layer, Jakiela et al. (2014)), making it
impossible to visually assess ciliary beat amplitude (See Appendix 4 and
Videos 2-5 on USB stick attached for a comparison of aggregate formation
during NTHi single infection versus during RV and NTHi co-infection).
However, inferring from the results obtained during NTHi infection alone where
it was bacterial aggregate formation that was associated with a decrease in
ciliary amplitude, it is likely that the increased bacterial load and denser
biofilms would have further decreased ciliary beat amplitude during RV and
NTHi co-infection. Therefore, these observations collectively suggest that
ciliary function, including beat frequency and beat amplitude, is further reduced
during RV and NTHi infection compared to NTHi infection alone, which could

ultimately reduce the efficiency of pathogen clearance from the airways.
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In addition to ciliary function, mucus secretion is another factor that can affect
mucociliary clearance. It has previously been described how increased mucin
concentration in the mucus layer can cause compression of the periciliary
layer, collapse of cilia and decreased mucociliary transport (Anderson et al.,
2015; Boucher, 2019; Button et al., 2012). Infection with either RV or NTHi has
been previously associated with an increase in mucus production by
respiratory epithelial cells, but no study has assessed the effect of their co-
infection on either healthy or COPD ciliated epithelia (Baddal et al., 2015; Chen
et al., 2004; Hewson et al., 2010; Jakiela et al., 2014; Jing et al., 2019;
Komatsu et al., 2008; Konduru et al., 2017; Liu et al., 2019; Tan et al., 2018)
In the current investigation, Figure 21 showed that RV up-regulated expression
of the goblet cell specific transcription factor SPDEF, of the secreted mucins
MUCS5AC and MUCS5B as well as of the membrane tethered mucin MUC4 in
both healthy and COPD ciliated epithelial cultures. The up-regulation of
SPDEF by RV in both healthy and COPD ciliated cultures, together with
increased expression of secreted mucins, suggests that RV stimulates a goblet
cell specific transcriptional profile, as SPDEF expression has previously been
used as a marker of goblet cells (Jing et al., 2019). This is in agreement with
the study by Jing et al. (2019) who reported that RV induced goblet cell
hyperplasia in ciliated epithelial cultures from COPD donors and with results
shown by Faris et al. (2016) who reported that RV infection of healthy epithelial
cultures at day 7 of differentiation leads, 2-3 weeks later, to differentiated
cultures with features of epithelial to mesenchymal transition and goblet cell
hyperplasia. These findings suggest that at a transcriptional level, RV infection

promotes up-regulation of genes associated with increased mucin secretion,
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which is in agreement with previous reports which found that RV was able to
up-regulate expression of MUC5AC and MUC5B following infection of ciliated
epithelial cultures from either healthy or COPD donors (Jakiela et al., 2014;
Jing et al., 2019; Liu et al., 2019; Tan et al., 2018). However, Jing et al. (2019)
reported that up-regulation of MUC5AC and MUC5B was only observed in
ciliated cultures from patients with COPD and not in healthy cultures, whereas
Jakiela et al. (2014) and Liu et al. (2019) reported up-regulation of both
MUCS5AC and MUCS5B in bronchial and nasal healthy cultures, respectively. It
is very likely that the difference in results is a consequence of the time post
infection at which the cultures were sampled and gene expression analysed.
Jing et al. reported results at 15 days post RV infection, whereas Liu et al.
reported results at 24 hours post infection and Jakiela et al. reported results at
48 hours post infection. Collectively, these findings indicate that mucin gene
expression is up-regulated in both healthy and COPD epithelia in the early
stages of RV infection, but only maintained in COPD cultures at later time
points, as supported by Jing et al. (2019) as well as by in vivo studies carried
out in mouse COPD models infected with RV (Ganesan et al., 2014; Sajjan et
al.,, 2009). No previous studies have reported up-regulation of MUCA4
expression following RV infection of ciliated epithelial cultures from healthy or
COPD, but given the role of this membrane tethered mucin in supporting the
periciliary layer, if the increased transcription of the gene also translated into
increased protein expression, the consistency of the periciliary layer would be
affected, thus affecting ciliary function and mucociliary clearance (Button et al.,

2012).
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In contrast to RV, single NTHi infection of ciliated cultures did not increase
expression of any of the mucin genes studied or of SPDEF in healthy ciliated
cultures but induced a modest increased in MUC5B expression in COPD
cultures (see Figure 21E). This is in contrast to previously published studies
which reported an up-regulation of MUC5AC expression in epithelial cell lines
or primary airway epithelial cells grown as submerged monolayers (Chen et
al., 2004; Komatsu et al., 2008; Konduru et al., 2017; Shen et al., 2008; Val et
al., 2015). This difference is likely a consequence of the use of undifferentiated
epithelial cell lines or basal cells versus differentiated primary nasal epithelial
cultures used in the current investigation. However, in a study where healthy
ciliated epithelial cultures were infected with NTHi, transcription of MUC4 and
MUC5B was found to be up-regulated, but at later time points post NTHi

infection (Baddal et al., 2015).

As NTHi did not alter expression of SPDEF or mucin genes and the increase
detected in expression of all genes analysed during RV and NTHi co-infection
was not different from levels detected during RV infection alone, it becomes
clear that this is predominantly a RV driven effect without any synergy with

NTHi.

It remains to be determined if the RV-induced increased transcription of
SPDEF and mucin genes translates to goblet cell hyperplasia and increased
mucus production, particularly in COPD cultures, as suggested by Jing et al.
(2019). Furthermore, it would be of interest to quantify the amount of MUC5AC
and MUC5B proteins produced by healthy and COPD ciliated cultures
following RV or NTHi single infection and co-infection, as their proportion has

been suggested to change during chronic respiratory disease, with MUC5B
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becoming the predominant mucin in the sputum of COPD patients (Boucher,

2019; Kirkham et al., 2008).

In contrast to ciliated cultures, pre-ciliation day 7 cultures showed a
significantly reduced response to single RV or NTHi infection as well as to their
co-infection (Figure 21). A minimal up-regulation of SPDEF in healthy cultures
and of MUC5B in COPD cultures was induced by RV. However, even in these
cases the expression levels were significantly lower when compared to the
same conditions in ciliated epithelial cultures. No other infection conditions up-
regulated expression of SPDEF, MUC5AC, MUC5B or MUC4 in pre-ciliation
cultures from either healthy or COPD donors, most likely reflecting the

incomplete differentiation of the epithelial cultures.

In addition to stimulating a goblet cell specific transcriptional profile, RV was
also found to cause a significant reduction in TEER in healthy ciliated epithelial
cultures, both during single infection and during co-infection with NTHi (Figure
22). In COPD ciliated cultures, a trend for a reduced TEER was also observed
during RV single infection, although this did not achieve statistical significance.
These results are in agreement with previous reports which have shown that
RV infection of polarised epithelial cultures reduced TEER and increased
epithelial permeability to dextran (Comstock et al., 2011; Looi et al., 2018;
Sajjan et al., 2008). In contrast, an NTHi single infection did not alter epithelial
resistance in either healthy or COPD ciliated cultures, which agrees with
results reported from a long term co-culture of NTHi with ciliated epithelial
cultures, where no effect of NTHi on epithelial resistance was detected over 8
days of incubation (Ren et al., 2012). Ultimately, this and the current study

suggests that during RV and NTHi co-infection of healthy cultures, the
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decrease in TEER is primarily RV driven. In COPD ciliated cultures, a small
further reduction was detected during co-infection with NTHi compared to RV
infection alone or to NTHi infection alone, suggesting a potential additive effect

due to NTHi presence.

In order to determine whether the decrease in TEER following RV infection
was also associated with destruction of junctional complexes, expression of
Z0-1 and Claudin-8 were quantified by gRT-PCR. These proteins were chosen
as their levels have been previously reported to be impacted by RV and NTHi
single infection (Baddal et al., 2015; Sajjan et al., 2008). Replicating the pattern
of TEER decrease following RV infection, Claudin-8 expression was down-
regulated in both healthy and COPD ciliated cultures by RV infection but not
by NTHi (Figure 23). In contrast expression of ZO-1 was significantly up-
regulated by RV infection and unchanged by NTHi infection of healthy and
COPD ciliated cultures. Previous studies have reported a downregulation by
RV of genes encoding for tight junction proteins Claudin 8 or ZO-1 in primary
airway epithelial cultures, but these were undifferentiated monolayers of
epithelial cells (Looi et al., 2016). ZO-1 protein levels following RV infection of
ciliated epithelial cultures were repeatedly found to be decreased and
associated with epithelial tight junction destruction (Looi et al., 2016; Sajjan et
al., 2008). No study has quantified protein levels of Claudin-8 following RV
infection of epithelial cells. It is possible that the contrasting up-regulation of
Z0-1 gene expression detected in this study compared to the reported down-
regulation of ZO-1 protein expression following RV infection reflects a
differential transcriptional and translational regulation of ZO-1, which has been

reported previously (Looi et al., 2018). Therefore, it could reflect a gene up-
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regulation in a cellular attempt to replace the protein lost. Confirmation of this
fact would require confocal microscopy validation of tight junction integrity by
immuno-staining for both ZO-1 and Claudin-8 proteins following RV and NTHi

single infection and RV and NTHi co-infection.

In contrast to results reported by Baddal et al. (2015) who showed a decrease
in Claudin-8 expression following NTHi infection of primary ciliated epithelial
cultures, the current investigation found no effect of NTHi infection on Claudin
8 expression (Figure 23). It is possible that the different results appeared as a
consequence of the fact that Baddal et al. (2015) only used commercially
available cultures from a single healthy donor for their experiments as opposed
to the multi donor study presented in this chapter. Similar to the decrease in
TEER during RV and NTHi co-infection, changes in gene expression levels of
Z0-1 and Claudin 8 during RV and NTHi co-infection of ciliated cultures
appeared to be driven by RV infection rather than NTHi, with no synergism

detected in either healthy or COPD cultures.

In pre-ciliation day 7 cultures, changes in epithelial resistance were minimal,
with a significant decrease in TEER only observed following RV and NTHi co-
infection of healthy cultures, but not of COPD cultures (Figure 22B). Single
NTHi infection did not alter TEER of either healthy or COPD day 7 cultures.
The RV driven reduction in TEER observed during infection of ciliated cultures
was not replicated in pre-ciliation cultures, suggesting a different behaviour of
day 7 cultures to RV infection. Therefore, as NTHi did not appear to
significantly affect TEER of day 7 pre-ciliation cultures, it was surprising to
detect a significant decrease in expression of Claudin 8 following NTHi single

infection or RV and NTHi co-infection of both healthy and COPD pre-ciliation
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cultures. As the decrease in Claudin 8 expression was similar after RV and
NTHi co-infection compared to NTHi single infection, while RV did not impact
on Claudin 8 expression, it follows that this is an NTHi driven effect in both
healthy and COPD day 7 cultures. It would be of interest to validate this finding
at a protein level, as it may highlight differential effects of NTHi infection on
ciliated versus pre-ciliation cultures and it may be a mechanism of importance
for NTHi internalisation into epithelial cultures, as shown in section 3.2. Neither
RV nor NTHi infection altered expression of ZO-1 in either healthy or COPD
day 7 cultures. There was no significant difference in TEER and expression of
Z0-1 or Claudin 8 between healthy or COPD cultures, irrespective of infection

condition, disease state or differentiation stage.

In this study the inflammatory response of healthy and COPD ciliated epithelia
to infection with RV alone, NTHi alone or their co-infection was quantified. In
both healthy and COPD ciliated cultures, RV was found to stimulate production
of the acute phase reaction cytokines IL-13, IL-6 and TNF-a. This suggests
initiation of an acute inflammatory response, as was observed in previous in
vitro studies and during experimental rhinovirus infection, where IL-6, TNF-a
and C reactive protein were induced and their levels were correlated with virus
load in the sputum of COPD patients (Gruys et al., 2005; Liu et al., 2019; Mallia
et al., 2011, Piper et al., 2013; Schneider et al., 2010). As expected following
a viral infection, RV also strongly up-regulated IFN-A production in both healthy
and COPD cultures, in agreement with previously published results (Schneider
etal.,, 2010; Tan et al., 2018). RV was also a strong inducer of the chemokines
IL-8, IP-10 and RANTES in both healthy and COPD ciliated cultures, thus

contributing to the recruitment of immune cells such as neutrophils,
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eosinophils, NK cells or Thl lymphocytes to the respiratory epithelium, as
previous studies have also described (Schneider et al., 2010; Schroth et al.,
1999; Shelfoon et al.,, 2016; Spurrell et al.,, 2005). However, the study by
Schneider et al. (2010) reported increased release of IL-6, IL-8, IP-10 and
expression of IFN-A from COPD ciliated cultures compared to healthy following
RV39 infection. In contrast, no differences in the level of these cytokines and
chemokines were detected between healthy and COPD ciliated cultures in the
present study. A trend for higher levels of IL-18, TNF-a and IL-8 produced
following RV infection in COPD cultures was observed when compared to
healthy, but this was not statistically significant, possibly due to inter-donor
variability. Levels of G-CSF were stimulated by RV infection in healthy
cultures, but not in COPD cultures, where a reduced induction of G-CSF may
affect maturation of neutrophils recruited to the airways and lead to reduced
immuno-regulation through decreased induction of tolerant dendritic cells and
regulatory T cells (Franzke, 2006; Kato, 2016; Martins et al., 2010).
Surprisingly, IL-17C was secreted by both healthy and COPD ciliated cultures
following infection by RV, but not by NTHi, despite a previous report suggesting
it is released following NTHi infection of epithelial cells (Pfeifer et al., 2013). In
addition, no synergism in IL-17C release was detected during co-infection with
RV and NTHi, with its production by both healthy and COPD cultures being
attributed to RV alone. This finding is in contrast to the study by Jamieson et
al. (2019) who found that simultaneous infection of bronchial epithelial cells
grown as a submerged monolayer with RV and NTHi led to a significant and

synergistic increase in IL-17C levels, but not when cells were infected with
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either pathogen alone. It is possible that the different findings are related to the

use of different epithelial cultures.

NTHi infection alone was found to induce up-regulation of IL-18 and TNF-a as
well as levels of the chemokine IL-8, which is in agreement with results
obtained by Baddal et al. (2015), who also detected increased IL-13, TNF-a
and IL-8 but not IL-6. A trend for higher levels of IL-13, TNF-a and IL-8 in
COPD ciliated cultures’ supernatants compared to healthy was detected, but
the difference did not achieve statistical significance. Moreover, in contrast to
RV, NTHi did not stimulate release of IL-6, IFN-A, IL-17, IP-10, RANTES or G-
CSF, in either healthy or COPD ciliated cultures. These findings suggest a
more limited contribution to inflammation and immune cell recruitment to the
site of infection compared to RV infection, possibly reflecting the behaviour of
a colonising pathogen (Murphy et al., 2004). In addition, during co-infection
with RV, the inflammatory response of ciliated epithelial cultures from both
healthy and COPD donors was driven by RV stimulated responses, with no
additive effect from NTHi co-infection. This is in contrast to the suggestion that
RV infection would down-regulate release of IL-8 in response to a subsequent
NTHi infection, possibly because this study was carried out using a bronchial
epithelial cell line, as opposed to primary differentiated epithelial cells used in

the current investigation (Unger et al., 2012).

In contrast to ciliated epithelial cultures, pre-ciliation day 7 cultures presented
with a significantly reduced release of all inflammatory mediators analysed. Of
interest is that IL-1B, IL-6, TNF-a, IL-17 and IL-8 were significantly up-
regulated by RV and NTHi co-infection of COPD epithelial cultures but not in

healthy cultures when compared to their respective uninfected control
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conditions, suggesting a more pro-inflammatory response of a regenerating
COPD epithelium compared to healthy epithelium. Antiviral responses with
production of IFN-A and IP-10 were detected from both healthy and COPD day
7 cultures following RV infection but these were significantly lower than that of
ciliated cultures. Interestingly, single NTHi infection of day 7 cultures from
healthy or COPD did not stimulate a significant release of any of the mediators
quantified, despite the fact that cultures were invaded by the bacterium at this

stage, as shown in Figure 16.

It was important to determine if the different responses seen from day 7 pre-
ciliation cultures compared to ciliated epithelial cultures in terms of mucin and
tight junction proteins’ gene expression changes as well as TEER and
inflammatory mediator secretion were related to the viral and bacterial loads
detected in the cultures at the two time points. Quantification of RV in epithelial
cultures from healthy and COPD donors revealed that the virus readily
replicated in ciliated cultures but viral copy numbers were significantly lower in
day 7 epithelial cultures from both healthy and COPD donors (Figure 26). This
was surprising given the lower levels of IFN-A secreted by pre-ciliation cultures
which could have provided less anti-viral responses compared to ciliated
cultures (Figure 24). However, the lower viral load in pre-ciliation day 7 cultures
may be explained by the fact that ciliated cells, which RV has been shown to
preferentially infect and replicate within are absent in day 7 epithelial cultures
(Jakiela et al., 2014; Tan et al., 2018). This difference is in agreement with
results obtained by Jakiela et al. who also showed that RV replication in
epithelial cultures differentiated for 8 days is lower than that seen in fully

differentiated, ciliated epithelial cultures. Therefore, the reduced responses of
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day 7 epithelial cultures to infection by RV, including changes in mucin and
junctional proteins’ gene expression, TEER change and inflammatory
responses are likely to reflect not only their incomplete differentiation, but also
the lower levels of viral replication allowed by these cells in comparison to

ciliated cultures.

Furthermore, co-infection with NTHi did not affect RV viral load and this was
not significantly different between healthy and COPD cultures at either day 7
or day 28. This is in contrast to results shown by Schneider et al. (2010), who
reported higher viral load in COPD bronchial ciliated cultures compared to
healthy bronchial cultures following infection with RV39. Similarly, in
experimental RV infection of healthy volunteers or patients with COPD, higher
viral loads were detected in nasal lavage and sputum samples from COPD
patients compared to healthy volunteers. It is possible that the contrasting
results are a consequence of the use of nasal epithelial cultures as opposed
to bronchial cultures or of the fact that a similar type Il interferon response was
detected in healthy and COPD nasal cultures in the current investigation thus
allowing similar levels of viral replication in cultures (Mallia et al., 2011;

Schneider et al., 2010).

Quantification of NTHi at day 7 and 28 of epithelial differentiation, during single
and co-infection, is shown in Figure 16, Figure 27 and Figure 28 and discussed
in sections 3.2.7 and 3.4.7. Briefly, NTHi growth and attachment during single
infection did not change with epithelial differentiation or disease state.
However, as shown in Figure 16, NTHi invasion of the healthy epithelium
appeared to decrease with ALI culture differentiation whereas in COPD

cultures, NTHi invasion tended to increase with epithelial differentiation.
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Furthermore, during RV and NTHi co-infection, there was a significant increase
in NTHi growth compared to NTHi infection alone, coupled with a tendency for
a decreased bacterial invasion, particularly in day 7 healthy cultures and
ciliated COPD cultures (Figure 27). This suggests the following: firstly, that
NTHi invasion of the airway epithelium occurred without a decrease in TEER
values in both healthy or COPD cultures, (Figure 22); in future studies, it would
be of interest to investigate the effect of NTHi on tight junction protein
expression in pre-ciliation and ciliated cultures. Secondly, despite the
increased bacterial growth during RV and NTHi co-infection in both healthy
and COPD cultures, irrespective of differentiation stage, this was not matched
by an increased up-regulation of mucin gene expression or inflammatory
mediators’ production in any culture condition, when compared to effects of
single RV infection. Thirdly, pre-ciliation day 7 cultures of both healthy and
COPD were susceptible to NTHi invasion and promoted NTHi growth during
RV co-infection, but did not mount an appropriate immune response compared
to differentiated ciliated cultures, potentially allowing for bacterial persistence

and dissemination in the airways.

In conclusion, results presented in this chapter have shown that RV and NTHi
co-infection of ciliated epithelium causes a decrease in ciliary function through
reduced ciliary beat frequency and possibly ciliary amplitude. Furthermore, RV
infection was shown to stimulate an increased goblet cell specific
transcriptional profile during single infection and co-infection with NTHi.
Therefore, it is possible to infer that the increased mucin secretion, decreased
ciliary function and loss of ciliated cells that occur during RV and NTHi co-

infection compared with single NTHi infection would impair mucociliary
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transport, favouring airway muco-obstruction and preventing bacterial
clearance from the airways in vivo. Moreover, effects seen during RV and NTHi
co-infection, such as epithelial barrier dysfunction and inflammatory mediators’
production were predominantly RV induced, as NTHi infection alone did not
appear to alter barrier integrity and induced fewer inflammatory mediators.
Therefore, this emphasizes increased epithelial barrier dysfunction and
inflammation during RV and NTHi co-infection compared to infection by NTHi
alone. Ultimately, the results shown in this chapter have highlighted the vastly
different and usually reduced responses to infection of a regenerating, pre-
ciliation epithelium compared to those of a fully differentiated epithelium, in
both healthy and COPD cultures. These included reduced up-regulation of
mucin gene expression in response to RV, preservation of TEER, reduced
inflammatory responses and viral replication. However, regenerating epithelia
allowed NTHi invasion and supported NTHi growth during co-infection with RV,

making them a potential niche for NTHi persistence.
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3.4. Investigating the effect of RV co-infection on NTHi growth

and invasion of the respiratory epithelium

3.4.1. Introduction

Experimental rhinovirus infections carried out in patients with COPD have
highlighted a causal relationship between viral infection and development of
secondary bacterial infections in the airways of patients with COPD (Mallia et
al., 2012). In this study, 60% of COPD subjects developed a secondary
bacterial infection following rhinovirus challenge, in contrast to only
approximately 10% of healthy smokers or non-smokers. Rhinovirus infection
was shown to alter the airway bacterial microbiome by increasing the bacterial
burden in subjects with COPD, but not in healthy subjects, with a significant
outgrowth of NTHi from pre-existing colonising strains (Molyneaux et al.,
2013). However, the mechanism by which RV induces the growth or virulence

of NTHi during co-infection remains unclear.

Increased bacterial growth and biofilm formation following viral infection has
been previously reported for several combinations of viral-bacterial co-
infections and recent studies have investigated the role of nutritional immunity
in this context (Hendricks et al., 2016; Kiedrowski et al., 2018; Siegel et al.,
2014). Nutritional immunity refers to the sequestration of essential nutrients
such as trace minerals or amino-acids by the host in order to limit pathogenicity
during bacterial infection (Melvin and Bomberger, 2016). Enhanced S.
pneumoniae growth and spread from the upper to lower respiratory tract of
mice was observed during influenza virus co-infection when compared to mice

infected with S. pneumoniae alone (Siegel et al.,, 2014). The enhanced
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pneumococcus growth during influenza co-infection was found to be due to
increased availability of carbon sources including sialic acid and sialylated
mucins such as MUC5AC, stimulated by the viral infection (Siegel et al., 2014).
Hendricks and colleagues observed an increased P. aeruginosa biofilm
biomass both in in vitro RSV infected cultures of a cystic fibrosis epithelial cell
line and in in vivo RSV infected mouse models compared to P. aeruginosa
infection alone (Hendricks et al., 2016). RSV infection of a cystic fibrosis
epithelial cell line was also shown to cause a dysregulation of iron homeostasis
through up-regulation of apical release of the iron binding protein transferrin,
thus promoting P. aeruginosa growth (Hendricks et al., 2016). Similarly, RSV
promoted S. aureus biofilm growth during co-infection of cystic fibrosis
epithelial cell line cultures, but in this case iron was not the factor stimulating
bacterial biofilm growth (Kiedrowski et al., 2018). Bacterial growth was caused
by a general increase in host-released nutrient and amino-acid availability that
appeared as a result of RSV co-infection (Kiedrowski et al., 2018) This was
evidenced by the up-regulation of bacterial genes associated with lipid,
carbohydrate and amino acid metabolism, protein translation and ribosomal
processes (Kiedrowski et al., 2018). Therefore, these studies collectively
suggest that virus infection of the respiratory tract could affect the ability of the
host to sequester nutrients from bacterial pathogens, thereby promoting
bacterial growth, biofilm formation, aspiration and subsequent colonisation of
airways (Hendricks et al., 2016; Kiedrowski et al., 2018; Siegel et al., 2014).
None of these aspects have been investigated for RV and NTHi, the two main
pathogens often isolated in the airways of COPD patients (Wilkinson et al.,

2017). However, the ability of NTHi to respond to changes in nutrient

219



availability has been documented, with a focus on the role of heme-iron, due
to its obligate requirement for extracellular sources of Fe (Szelestey et al.,
2013). Heme iron availability has been shown to modulate NTHi morphology,
biofilm architecture, invasive behaviour and disease severity in an otitis media
chinchilla model of infection (Szelestey et al., 2013). Transiently heme-iron
restricted NTHi switched to filamentous morphotypes and formed enhanced
biofilms with a lace like architecture and increased height on abiotic surfaces
and on chinchilla middle ear epithelial cells. The bacteria also displayed
increased internalisation into chinchilla middle ear epithelial cells but overall
caused a reduced pathology and disease severity during the in vivo studies
compared to iron replete NTHi (Szelestey et al.,, 2013). The importance of
heme-iron availability for NTHi virulence and survival is also highlighted by the
numerous iron acquisition mechanisms expressed by the bacterium given its
inability to synthesize the protoporphyrin ring required for Fe sequestration
(Vogel et al., 2012). These include the heme-binding protein A, the
haemoglobin/haemoglobin-haptoglobin binding proteins, the heme-utilization
protein and Sap transporter (Morton et al., 2004a; Morton et al., 2009; Morton

et al., 2004b; Vogel et al., 2012).

In addition to host Fe, NTHi has an obligate requirement for another host-
acquired factor, namely NAD*, due to a lack of biosynthetic enzymes for de
novo NAD™ synthesis or for salvaging NAD pre-cursors (Mesquita et al., 2016).
Instead, NTHi possess two proteins essential for the uptake of NAD from the
host, namely the outer membrane lipoprotein e(P4) and the NAD nucleotidase,
a periplasmic enzyme (Kemmer et al., 2001; Mesquita et al., 2016; Reidl et al.,

2000). In eukaryotic cells, NAD" is stored primarily intracellularly, in the cytosol
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and mitochondria, either as NAD* or its reduced form NADH, its
phosphorylated form NADP or a reduced, phosphorylated form NADPH, each
stored in separate membrane bound cellular compartments and used by the
cell for redox reactions (Belenky et al., 2007; Mesquita et al., 2016).
Extracellularly, NAD* could be found at sites of injury through cell lysis, in
addition to the extracellular transport of NAD* through gap junction channels
(Belenky et al., 2007; Bou Saab et al., 2014). However, there is no current
understanding of whether rhinovirus infection of respiratory epithelial cells
affects availability of host-derived extracellular iron or NAD+ and whether

these impact growth of NTHi during viral-bacterial co-infection.
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Hypothesis:

Rhinovirus co-infection will stimulate NTHi growth and decrease bacterial
invasion of primary respiratory epithelial cultures from healthy and COPD

patients through up-regulation of NTHi-essential host-released nutrients.

Aims:

e To determine the effect of RV co-infection on NTHi growth on primary

respiratory epithelial cultures.

e To determine the effect of RV co-infection on NTHi adherence and

invasion of primary respiratory epithelial cultures.

e To determine whether epithelial differentiation stage affects the course

of a RV and NTHi co-infection.

e To determine the effect of RV co-infection on epithelial apical release of

iron and B-NAD, two of the nutrients essential for NTHi growth.

222



3.4.2. Rhinovirus co-infection stimulates planktonic NTHi growth

To determine the effect of RV co-infection on NTHi growth on the airway
epithelium, primary epithelial cultures from healthy donors and patients with
COPD were differentiated for either 6 days or 28 days before being infected
with RV (as explained in section 2.29). Twenty four hours later, cultures were
challenged with NTHi for another 24 hours (section 2.30). Non-attached NTHi

was quantified as described in section 2.24.

In pre-ciliation day 7 cultures, for both healthy and COPD, there was a
significantly higher number of non-attached NTHi (Figure 27) during RV and
NTHi co-infection compared to NTHi infection alone (healthy, p=0.034, COPD,
p=0.023). The same trend was seen in COPD ciliated (day 28) cultures, where
the number of non-attached NTHi increased during RV co-infection when
compared to NTHi infection alone (p=0.002). In healthy ciliated cultures there
was evidence to indicate the same effect, but this was not statistically
significant (p=0.055). These counts were matched by observations made by
high-speed video microscopy where denser bacterial aggregates were
observed during RV and NTHi co-infection, containing a mixture of bacterial
structures and detached epithelial cells, compared to NTHi infection alone
(See Appendix 4 and Videos 4 and 5 on USB stick attached, for a comparison
of aggregate formation by NTHi alone and during RV and NTHi co-infection).
There was no difference in NTHi growth during single infection or co-infection
with RV between pre-ciliation day 7 cultures and ciliated day 28 cultures or
between healthy and COPD cultures at either time point (p>0.05), indicating

that this effect is independent of epithelial differentiation stage or disease state.
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Figure 27. Quantification of non-attached NTHi during RV co-infection of
primary epithelial cultures at day 7 and day 28 of differentiation

Pre-ciliation, day 7, and ciliated, day 28, nasal epithelial cultures from healthy and COPD
donors were infected with RV16 (1.5x10° TCIDso/well) and after 24 hours challenged with NTHi
49247 (5x10% CFU/well) for another 24 hours. Non-attached bacteria were quantified by viable
counts from apical fluid, as described in section 2.24. Symbols represent individual donors,
with lines connecting the same donor during single and co-infection. Bars show mean bacterial
counts. N=7 healthy, 8 COPD donors. For statistical analysis, bacterial counts values were
log10 transformed and analysed using a linear mixed effects model with fixed effects for
disease group, day and RV infection and a random day-specific donor effect. P values were
adjusted using the Benjamini-Hochberg method for multiple comparisons. *=p<0.05,

**=p<0.01.

3.4.3. Rhinovirus co-infection decreases NTHi invasion of ciliated
COPD cultures, but does not affect NTHi attachment to the

epithelium

At 48 hours post rhinovirus infection and 24 hours post NTHi infection, bacterial

attachment and invasion of epithelial cultures was quantified as indicated in
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section 2.24. Despite the higher number of viable NTHi in cultures during co-
infection with RV, as shown in section 3.4.2, there was no change in bacterial
attachment to the epithelium, in either ciliated or pre-ciliation cultures from
healthy or COPD donors, when compared to NTHi attachment during single
infection (Figure 28A) (p>0.05). However, NTHi internalisation was
significantly decreased by RV co-infection in pre-ciliation day 7 healthy
cultures when compared to invasion by NTHi alone (Figure 28B) (p=0.032).
This effect was not seen in COPD cultures at day 7 (p=0.82). While in healthy
ciliated cultures RV co-infection did not affect bacterial invasion significantly
(p=0.397), in COPD ciliated cultures bacterial invasion was reduced during RV

co-infection (p=0.02) compared to single NTHi infection.

Collectively, these data suggest that RV co-infection of nasal epithelial cultures
supports growth of NTHi, independent of epithelial differentiation or disease
state. Despite the increased availability of viable non-attached NTHi during RV
co-infection compared to single NTHI infection, there was no change in
bacterial adhesion to the epithelium coupled with a decreased invasion in non-
ciliated healthy cultures and ciliated COPD epithelia. This led to the hypothesis
that RV co-infection might change the behaviour of NTHi by promoting growth
and reducing its invasiveness. One possibility is that RV infection might alter
the composition of apical secretions released by epithelial cultures to increase
nutrient availability, thus supporting NTHi growth and changing its invasive

behaviour.
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Figure 28. Quantification of NTHi attachment and invasion of primary
respiratory epithelial cultures during co-infection with RV

Pre-ciliation day 7 cultures and ciliated day 28 nasal epithelial cultures from healthy and COPD
donors were infected with RV16 (1.5x10° TCIDso/well) and after 24 hours challenged with NTHi
49247 (5x108 CFU/well) for another 24 hours. NTHi attachment (A) and invasion (B) were
quantified using the gentamicin killing assay, as described in section 2.24. Symbols represent
individual donors, with lines connecting the same donor during single and co-infection. Bars
show mean bacterial counts. N=7 healthy, 8 COPD donors. For statistical analysis, bacterial
counts values were log10 transformed and analysed using a linear mixed effects model with
fixed effects for disease group, day and RV infection and a random donor effect. P values

were adjusted using the Benjamini-Hochberg method for multiple comparisons.*=p<0.05.
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3.4.4. Apical fluid from RV infected epithelial cultures supports

growth of NTHi even in absence of epithelial cells

Next, it was important to determine if the increased NTHi growth on RV
infected epithelial cultures was due to a change in epithelial secretions as a
result of the viral infection. Therefore, apical fluid from pre-ciliation day 7, and
ciliated day 28, healthy and COPD epithelial cultures, which were uninfected
or infected with RV for 48 hours, was collected fresh and incubated with NTHi
for 24 hours, as described in section 2.32. Viable counts of NTHi (Figure 29)
indicated that irrespective of the disease state or differentiation stage of the
epithelial cultures, apical fluid from cultures infected with RV supported growth
of NTHi significantly more than apical fluid from control uninfected cultures
(p<0.0001). This increase was not dependent on a direct effect of RV on NTHi,
as in control experiments where NTHi was incubated with BEBM alone or
BEBM containing 2.5x10°> TCID50/ml RV (the viral load determined from
titration assays to quantify the amount of RV in apical fluid from nasal epithelial
cultures, data not shown), the virus had no effect on overall NTHi viability after
a 24 hour incubation (p=0.99). These results emphasize that a change in the
content of the apical secretions during RV co-infection is responsible for the
increased NTHi growth, rather than a direct virus effect. This led to the
possibility that RV might increase availability of nutrients for NTHi growth, such
as extracellular iron, as previously described during RSV and P. aeruginosa
co-infection (Hendricks et al., 2016) or of NAD"*, the other essential factor

required by NTHi for growth (Mesquita et al., 2016).
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Figure 29. Effect of apical fluid from RV infected day 7 and day 28
epithelial cultures on NTHi growth

Pre-ciliation, day 7, cultures and ciliated, day 28, cultures from either healthy or COPD donors
were infected with RV16 (1.5x108 TCIDso/well) for 48 hours, after which apical fluid was
collected fresh and was incubated with NTHi 49247 (5x108 CFU/well) in absence of epithelial
cells for 24 hours, as described in section 2.31. BEBM with or without RV16 was incubated
with NTHi as a control. N=5 healthy, 5 COPD donors, 4 experimental repeats for control BEBM
+ RV. Symbols represent individual culture donors with lines connecting same donor with or
without RV. For control BEBM, symbols represent experimental repeats. Bacterial counts were
log 10 transformed and analysed using a linear mixed effects model with fixed effects for
disease group, RV infection and day and a random intercept for each donor. Bacterial counts
from BEBM control experiments were analysed on the original scale using a paired t-test. Bars

show mean bacterial counts + standard error of the mean. ****=p<0.0001.

3.4.5. Do iron and B-NAD affect growth of NTHi in basal cell

culture medium in absence of epithelial cells?

NTHi is a fastidious microorganism that requires exogenous sources of hemin,
which provides iron- and NAD+ needed for growth and replication (Aich et al.,
2015; Mesquita et al., 2016; Vogel et al., 2012). However, hemin, which is

present in red blood cell haemoglobin, would not normally be available in
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epithelial cultures for NTHi to use, but rather it is epithelial cell released iron
that is more important (Aich et al., 2015; Hendricks et al., 2016). Therefore, in
absence of epithelial cells, the effects of iron and B-NAD on NTHi growth in
basal cell culture medium were tested - Figure 30; hemin addition was used
as a positive control. When grown in BEBM alone, NTHi viability decreased
significantly over 24 hours (p=0.003) compared to the initial inoculum count.
However, when the BEBM was supplemented with both hemin and 3-NAD, the
two factors normally used to grow NTHi, bacterial survival was increased and
cell numbers were significantly higher at 24 hours compared to medium alone
(p=0.003). When each factor was added to the BEBM independently, 3-NAD
alone was able to sustain NTHi survival compared to medium alone (p=0.005)
and to similar levels as when both hemin and 3-NAD were present (p=0.430).
Hemin alone, on the other hand, did not support NTHi survival when compared
to medium alone (p=1). When hemin was replaced with ferric iron salt, similar
results were obtained, in that addition of iron alone did not change NTHi
survival when compared to medium alone (p=1), but addition of B-NAD and
iron stimulated NTHi growth to the same levels as hemin and 3-NAD (p=1).
This experiment confirmed that exogenous B-NAD is essential for NTHi growth
but also revealed that in its absence, iron or hemin availability is insufficient to

support NTHi survival.
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Effect of iron and B-NAD on NTHi growth
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Figure 30. Effect of iron and NAD on NTHi growth in absence of epithelial
cells

NTHi 49247 (5x10% CFU/well) was incubated with BEBM medium or BEBM containing 25 uM
of Fe(NO3)39H20, 10ug/ml Haemin and/or 10ug/ml 3-NAD as described in Section 2.32 for 24
hours. N=3 experimental repeats. Symbols represent average from one experimental repeat
with duplicate counts. For statistical analysis, average values were log10 transformed and
analysed using a linear regression model with fixed effects for treatment and experiment. P
values were adjusted for multiplicity using the Benjamini-Hochberg method. Data are shown

as mean tstandard error of the mean. *=p<0.05, **=p<0.01.
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3.4.6. Does RV infection of respiratory epithelial cultures

stimulate apical release of iron or B-NAD?

To determine whether RV stimulated apical release of iron or NAD, the amount
of total iron (Fe?* and Fe®") and NAD in apical fluid from healthy or COPD
epithelial cultures infected with RV for 48 hours was measured (Sections 2.33
and 2.34) (Figure 31). Interestingly, iron release was found to be significantly
decreased in healthy day 7 cultures following RV infection compared to
uninfected cultures (p=0.036) (Figure 31A). In the COPD day 7 cultures, as
well as in ciliated healthy and COPD cultures, rhinovirus infection did not alter
the iron content of the apical fluid when compared to their respective
uninfected control cultures (p>0.05). It was also found that COPD uninfected
ciliated cultures had a significantly lower iron content in apical fluid when
compared to uninfected day 7 cultures (p=0.036). Similarly, following RV
infection, apical fluid from COPD ciliated cultures contained significantly less
iron than apical fluid from RV infected day 7 COPD cultures (p=0.011) but also

compared to healthy, RV infected, ciliated cultures (p=0.036).

In conclusion, these data indicate that RV infection of healthy or COPD
epithelial cultures does not increase apical free iron availability when
measured at 48 hours post RV infection, but rather decreased it in day 7
healthy cultures. Therefore, in this study an increase in iron does not appear

to be the factor that supports growth of NTHi during RV co-infection.

Next, the amount of NAD in apical fluid from RV infected healthy or COPD
cultures was quantified as described in section 2.34, (Figure 31B). In this case

too, rhinovirus infection did not stimulate apical release of NAD in either
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healthy or COPD -cultures, irrespective of their differentiation stage. This
finding was also replicated in a COPD ciliated bronchial epithelial culture,
where the concentration of NAD was similar to that of nasal ciliated cultures,
namely 15.2nM prior to RV infection and 14.9nM following RV infection,

suggesting no effect of RV on extracellular NAD availability.

What this analysis revealed, however, was a significantly higher availability of
apical, extracellular, NAD in pre-ciliation cultures versus ciliated, day 28
cultures, in both healthy and COPD, irrespective of their infectious status
(p<0.0001). In addition, apical fluid from healthy, day 7 cultures, contained
more NAD than that of COPD day 7 cultures, in both control uninfected cultures

and in RV infected cultures (p=0.035 in both cases).

In conclusion, these results point towards apical NAD availability not being
increased following RV infection of epithelial cultures, therefore indicating that
NAD is unlikely to be the factor that stimulates NTHi growth following RV
infection of epithelial cultures. However, the striking difference in extracellular
NAD availability between day 7 cultures and ciliated cultures is worth further

investigation.
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Figure 31. Quantification of total iron and NAD in apical fluid from RV
infected day 7 and day 28 epithelial cultures

Total iron (A) or NAD (B) in apical fluid from uninfected or RV16 (1.5 TCIDso/well) infected
cultures were quantified at 48 hours post infection using colorimetric and chemo-
luminescence dedicated kits, respectively (sections 2.33 and 2.34 respectively). Symbols
represent individual donors with lines connecting pre- and post RV concentrations within the
same donor. Bars represent mean of the group. A. N=8 healthy day 7, 7 healthy day 28, 8

COPD day 7, 9 COPD day 28. B. N=7 healthy day 7 and day 28, 5 COPD day 7, 8 COPD day
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28. For statistical analysis, NAD concentrations were logl0 transformed, whereas iron
concentration were analysed on the original scale. Iron and NAD concentrations were
modelled separately suing linear mixed effects models with fixed effects for disease group,
day and RV treatment and a random effect for each donor. P-values were Benjamini-Hochberg

adjusted for multiple comparisons. *=p<0.05, ****=p<0.0001.

3.4.7. Discussion

An interplay between RV and NTHi in the pathogenesis of COPD
exacerbations has been implied in clinical studies that highlight an increased
association of exacerbations with presence of both pathogens and a significant
growth of airway colonising NTHi following experimental rhinovirus infection
(Molyneaux et al., 2013; Wilkinson et al., 2017). However, the mechanism by
which RV could stimulate growth of NTHi in COPD airways has not been
elucidated. In this study, healthy and COPD nasal epithelial cultures that were
differentiated for 7 days or 28 days were infected with RV for 24h and then
challenged with NTHi for another 24h, based on the hypothesis that RV would
stimulate growth of NTHi and increase bacterial adhesion and invasion of the

respiratory epithelium.

As predicted, an increase in non-attached NTHi was detected during co-
infection with RV compared to NTHi infection alone (Figure 27), which
appeared to be independent of disease state or differentiation stage of the
epithelial cell cultures. Despite the difference in bacterial count between NTHi
alone and NTHi and RV co-infection of healthy ciliated cultures not reaching
statistical significance (p=0.055), bacterial growth during co-infection was
observed in 6 out of 7 cultures, suggesting the effect of RV on NTHi growth is
similar to that in the other 3 conditions tested. This result agrees with a
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previous report showing that in vitro, RV14 infection of a cystic fibrosis
epithelial cell line culture promoted growth of P. aeruginosa (Hendricks et al.,
2016). Similarly, the same group have shown that RSV infection of cystic
fibrosis epithelial cell line cultures could promote growth and biofilm formation
of P. aeruginosa and S. aureus, albeit through different mechanisms of
nutritional immunity changes (Hendricks et al., 2016; Kiedrowski et al., 2018).
P. aeruginosa growth occurred due to an increased apical release of
transferrin bound iron by cystic fibrosis epithelial cells as a result of RSV co-
infection whereas S. aureus growth was independent of iron availability. In this
case, S. aureus growth was due to higher amino acid availability and through
up-regulation of genes associated with bacterial metabolism and protein
synthesis during co-infection with RSV (Hendricks et al., 2016; Kiedrowski et
al., 2018). Prior influenza infection was also shown to promote growth of S.
pneumoniae in in vivo mouse studies, this time through up-regulation of host
derived sialic acid, contained in glycoconjugates such as mucins (Siegel et al.,
2014). More importantly, the enhanced growth of S. pneumoniae during
influenza co-infection resulted in aspiration and bacterial spread to the lungs,
resulting in lower airway colonisation (Siegel et al., 2014). In human studies,
the dynamics of NTHi colonisation in children was changed during a viral
infection, with higher bacterial counts detected when a virus was also present,
independent of whether the child was symptomatic or asymptomatic (DeMuri

et al., 2018).

These studies indicate that a similar process might occur in the airway of
COPD patients, during rhinovirus and NTHi co-infection, particularly as NTHi

is known to colonise the nasopharynx in healthy individuals, but it is often
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identified in the lower respiratory tract of patients with COPD at exacerbation
(Bandi et al., 2001). What is more, RV was shown to allow liberation of
planktonic P. aeruginosa from biofilms formed on primary ciliated cystic fibrosis
epithelial cultures, thus supporting the notion that a viral infection could lead to
bacterial spread and colonisation of the lower respiratory tract (Chattoraj et al.,

2011).

However, the mechanism by which RV could stimulate growth of NTHi in
human airways remains elusive. Previous studies have only focused on the
role of RV on NTHi adhesion to the epithelium. A study by Sajjan et al. (2008)
reported that RV39 and RV1B could increase adherence of NTHi to primary
ciliated respiratory epithelial cultures as well as bacterial transmigration across
the epithelium, through a decrease in epithelial barrier function. Similarly,
Wang et al. (2009) reported that RV infection of submerged, undifferentiated,
primary nasal epithelial cultures leads to increased adherence of NTHi,
possibly through viral induced up-regulation of receptors such as fibronectin,
PAF-R and CEACAM. However, no previous studies quantified the effect of
RV co-infection on NTHi adherence and invasion of primary epithelial cultures
from healthy donors or patients with COPD. Interestingly, results of this study
showed no effect of RV on NTHi adherence (Figure 28A) to the airway
epithelium, irrespective of differentiation stage or disease group, which
contrasts with previous reports. One possibility for the differing results
compared to the study by Wang et al. (2009) is that air-liquid interface cultures
were used in the current investigation, as opposed to submerged basal cell
cultures, and results shown in chapter 3.3 indicate that the stage of epithelial

cell differentiation bears a big impact on experimental read-outs and results.
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Furthermore, they quantified NTHi adherence to the epithelium by
fluorescence microscopy as opposed to viability counts used in this study
(Wang et al., 2009). In their study, Sajjan et al. (2008) used ciliated primary
epithelial cultures but three different isolates of NTHi, obtained from COPD
patients, 2 different strains of RV (RV39 and RV1B) and a different
experimental viral infection method whereby they left the viral inoculum on the
culture for 24 hours, before addition of the bacteria, therefore results may not

be directly comparable to those obtained in the current investigation

Surprisingly, in this study, NTHi invasion was decreased by RV co-infection of
healthy, but not COPD, pre-ciliation day 7 epithelial cultures as well as of
COPD ciliated cultures (Figure 28B). No clear effect of RV co-infection on NTHi
invasion was observed in healthy ciliated cultures, possibly owing to inter-
donor variability arising from use of multiple donors as opposed to epithelial
cell lines or single donor studies. However, these findings of reduced or
unchanged NTHi invasion are unexpected and somewhat counterintuitive
considering the increased bacterial availability in the cultures, as demonstrated
by the increased non-attached bacterial counts (Figure 27). Therefore, it was
possible to hypothesize that a change in availability of nutrients as a
consequence of the viral infection could alter the behaviour of NTHi, thus
affecting its invasiveness and promoting growth. This type of behaviour
alteration has been previously described for NTHi in response to heme-iron
availability (Szelestey et al., 2013). It indicated that heme-iron restriction
promoted internalisation of NTHi into chinchilla middle ear epithelial cells
compared to heme-iron replete NTHi (Szelestey et al., 2013). By extrapolation,

this study tested the hypothesis that RV infection of healthy and COPD primary
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epithelial cultures could alter the availability of nutrients, thus promoting growth
of NTHi and reducing its invasive behaviour. To confirm that the effect on
bacterial growth was a consequence of a change in secretions from epithelial
cultures, conditioned apical fluid collected following RV infection of epithelial
cells was incubated with fresh NTHi in absence of epithelial cells. Irrespective
of disease state or differentiation stage of the epithelium, apical fluid from RV
infected cultures invariably promoted growth of NTHi compared to apical fluid
from mock treated cultures (Figure 29). This effect was independent of the
presence of RV in apical fluid, as incubation of NTHi with medium containing
RV did not affect its viability when compared to incubation with BEBM alone,

suggesting RV does not affect NTHi viability.

Given the previously documented requirement for iron and NAD+ for NTHi
growth (Ahearn et al., 2017) it was intuitive to think of these two factors as
nutrients that could easily boost NTHi growth following RV infection of
epithelial cultures, particularly as virus effect on apical iron release has already
been documented (Hendricks et al., 2016). Therefore, it was important to
determine the effect of iron addition and B-NAD on NTHi growth in the basal
culture medium used for epithelial culture infection. Interestingly, this
experiment indicated that addition of iron alone to BEBM, either as an iron salt
or as a complex in the form of hemin, cannot support NTHi growth in absence
of B-NAD. Conversely, B-NAD alone was able to support growth of NTHi to
levels similar to that of the positive control: -NAD and hemin. This suggests
that B-NAD alone might be an essential nutrient required for NTHi survival in

BEBM.

238



Ultimately, the amount of iron and B-NAD in the conditioned apical fluid
collected from epithelial cultures after RV infection was determined (Figure
31). Surprisingly, neither iron nor NAD were increased by RV infection. In
contrast, iron availability was significantly decreased by RV infection in healthy
pre-ciliation day 7 cultures whereas RV had no effect on extracellular NAD
release. Therefore, it is possible that other factors are responsible for
supporting the growth of NTHi during RV co-infection, such as sialic acid
contained in mucins, particularly as RV was shown to up-regulate expression
of mucin genes in section 3.3.3. In addition, clinically invasive NTHi strains
were shown to have altered metabolic preferences for carbon sources such as
sialic acid and reduced invasion of bronchial epithelial cells in vitro, possibly
owing to metabolic adaptations during infection (Muda et al., 2019). A broader
investigational approach, such as using quantitative mass spectrometry to look
at proteomic and metabolomic profiles would allow a better understanding of
the changes that occur in apical secretions from epithelial cultures following
RV infection. Subsequently, it would be of interest to understand the
transcriptional changes that occur in NTHi during co-infection with RV.
Answering these questions would reveal if the changes in NTHi growth and
invasive behaviour observed in this study are linked to a change in nutritional
immunity or related to different mechanisms. One alternative possibility would
be through alterations in antimicrobial levels in apical fluid from epithelial
cultures. Previously Cole et al. (1999) have described the antimicrobial effect
of nasal secretions on several different bacterial strains. Moreover, levels of
the antimicrobial peptides secretory leukoprotease inhibitor and elafin were

found to be reduced in sputum following experimental RV16 infection of
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patients with COPD who developed secondary bacterial infections (Mallia et
al., 2012). A reduction of antimicrobial peptides by RV co-infection would also

explain the unrestricted growth of NTHi.

Another interesting finding of this study was that extracellular NAD was
significantly lower in ciliated cultures, both healthy and COPD, compared to
day 7 pre-ciliation cultures - Figure 31. The reason behind this striking
difference in extracellular NAD levels between pre-ciliation day 7 cultures and
ciliated day 28 cultures, remains unclear. The essential role of intra-cellular
NAD in cellular processes such as energy metabolism, DNA repair or even
apoptosis has been extensively studied, but the existence and function of
extracellular NAD is only beginning to be uncovered and is still incompletely
understood (Billington et al., 2006; Canto et al., 2015). So far, it is believed that
NAD can translocate across cellular plasma membrane through hemichannels
such as connexin 43, which is also expressed by respiratory epithelial cells, or
it can be released locally at sites of injury and inflammation through cell lysis
(Billington et al., 2006; Bou Saab et al., 2014). The mechanism of extracellular
NAD secretion and the role it plays during human respiratory epithelium
differentiation have not been studied yet. However, it is possible to speculate
that changes in the levels of NAD are related to the differentiation stage of the
cultures, as a few reports have suggested important roles for this molecule in
regulation of cellular signalling pathways and stem cell differentiation (Gerth et
al., 2004; Meng et al., 2018). As such, it is thought that airway epithelial cells
express CD38, an ADP-ribosyl transferase which can translocate the ADP-
ribose moiety from NAD to other acceptor proteins, but the downstream effects

of this process are still unclear in epithelial cells (Uhlen, 2003; Uhlen et al.,
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2015; Ziegler and Niere, 2004). A study of the effect of nicotinamide, a
precursor of NAD+, on human pluripotent stem cells has uncovered that
nicotinamide promoted cell survival and differentiation (Meng et al., 2018).
Nicotinamide was found to act as a ROCK inhibitor and thus promote cell
survival, but its effects extended beyond pathways regulated by ROCK
signalling, inhibiting numerous other kinases. Of interest to this study was the
fact that nicotinamide was found to initiate differentiation of the pluripotent
stem cells by inhibition of casein kinase 1 and other kinases that regulate
pluripotency. These effects were dose dependent, with only high
concentrations of nicotinamide being able to induce the protein kinase
inhibitory effects (Meng et al., 2018). Therefore, extrapolating from these
findings, it is possible that high levels of NAD found in apical fluid of pre-
ciliation epithelial cultures were required for the early differentiation stage and
these ultimately decrease as epithelial differentiation is achieved. Previous
reports described basal cell exhaustion in cultures from COPD patients and
results shown in chapter 3.1 also indicated delayed and reduced ciliation in
COPD epithelial cultures compared to healthy (Figure 7) (Ghosh et al., 2018).
Therefore, it would be of interest to understand if the significantly lower levels
of apical NAD in pre-ciliation, day 7 cultures from COPD patients compared to
those from healthy donors are a cause of abnormal epithelial differentiation or
a result of disease imprinting on basal and progenitor cells, resulting in reduced

release of extracellular NAD.

In conclusion, this study has highlighted that RV co-infection of the respiratory
epithelium stimulated growth of non-attached NTHi coupled with a decrease in

NTHi invasion, particularly in healthy pre-ciliation cultures and COPD ciliated
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cultures. Apical release of two nutrients essential for NTHi survival, iron and
NAD was not increased by RV infection of epithelial cultures, indicating that
they are unlikely to be the factors promoting NTHi growth. More
comprehensive studies using proteomics and metabolomics approaches are
required to understand the differences in apical secretions from epithelial cells

in the presence and absence of RV infection.
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Chapter 4. Discussion and future perspectives
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4.1. Rationale of the study

The ciliated respiratory epithelium plays a crucial role in host protection against
inhaled pathogens through its mucociliary transport, barrier protection and
production of anti-microbial proteins and inflammatory mediators (Rezaee and
Georas, 2014). It is also the main site of pathology in chronic respiratory
conditions such as COPD, where exposure to cigarette smoke over numerous
years leads to repeated insults and injury, thus damaging the epithelial barrier
(Amatngalim and Hiemstra, 2018). Airway inflammation is another important
feature of COPD, which is further increased during periods of disease
exacerbation, causing loss of lung function, further epithelial damage and
disease progression (Amatngalim and Hiemstra, 2018). Most disease
exacerbations are triggered by respiratory viral and bacterial infections, with
RV and NTHi being the pathogens most frequently detected (Papi et al., 2006;
Wilkinson et al., 2017). While RV has been shown to be able to induce COPD
exacerbations during a single infection, NTHi is mostly seen as an airway
colonising pathogen which is thought to use intracellular invasion of the
epithelium for persistence in the respiratory tract (Finney et al., 2014; Mallia et
al., 2011; van Schilfgaarde et al., 1999). However, co-infection with RV and
NTHi has been associated with higher odds ratio of COPD exacerbation as
well as with increased inflammation and severity of symptoms (Papi et al.,
2006; Wilkinson et al., 2017). Given the burden of these two pathogens in
COPD progression, there is surprisingly little understanding of the
mechanisms of their interaction with the ciliated respiratory epithelium and, in

particular, the consequences of their co-infection on the airway epithelium.
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In this project, it was hypothesised that RV and NTHi co-infection of the
respiratory epithelium from healthy or COPD donors would result in more
epithelial damage and inflammation as well as increased bacterial growth
compared to NTHi infection alone. The specific aims of the project were to
firstly characterise nasal epithelial cultures from healthy and COPD donors, to
then investigate the early interaction of NTHi with the ciliated respiratory
epithelium and ultimately to understand the effect of RV and NTHi co-infection
on epithelial barrier function, bacterial growth and inflammatory responses.
Another aim of the project was to understand if the differentiation stage of the
epithelium affects the course of rhinovirus and NTHi single infection and their
co-infection. The main findings presented in this thesis are summarised in
Table 9, in the context of existing literature as well as future investigations, and

discussed in more detail in the following sections of this chapter.
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Table 9. Summary of findings presented in this thesis in the context of the existing literature and future studies

and decreased levels of ciliated cells in

COPD epithelia compared to healthy.

Primary respiratory epithelial cells from
COPD donors give rise to differentiated
cultures containing more goblet and less

ciliated cells.

Contradictory findings about changes in
ciliary function in COPD.

Increased baseline inflammatory
mediator production in COPD compared

to healthy, particularly IL-8.

proportion during differentiation of
healthy epithelial cultures which was
not seen in COPD cultures.

No difference in goblet cell specific
gene expression levels between
healthy and COPD cultures.

Decreased and delayed ciliation in

COPD cultures compared to healthy.

No difference in the baseline levels of
ciliary beat frequency and amplitude
between healthy or COPD.

Increase in IL-8 production by ciliated
COPD epithelial cultures compared to
day 7 pre-ciliation cultures. No

difference in healthy cultures.

Chapter Previous findings Findings presented in this thesis Main conclusion & future
studies
31 Increased levels of basal and goblet cells A decrease in basal cell number and COPD epithelial cultures show

altered differentiation, with
reduced and delayed ciliation and
a sustained basal cell population

compared to healthy cultures.

Single cell transcriptomics could
be used to assess cellular
differences between healthy and
COPD epithelia at a much higher
resolution, help in identification of
novel cell-type specific cell
surface markers and understand
COPD

epithelial composition.

specific changes in
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Chapter Previous findings Findings presented in this thesis Main conclusion & future
studies
32 Contradictory findings regarding the NTHi binds to ciliated epithelial cells NTHi binds to cilia within minutes

interaction of NTHi with ciliated epithelial

cells.

Findings in human and bovine tissues
explants suggested that NTHi may affect

ciliary function.

NTHiis an invasive bacterium, can invade
and persist in epithelial cells despite
antibiotic therapy.

Studies in epithelial cell lines reported
that NTHi invasion of the epithelium is

dependent on PI3k pathway activation.

within minutes of addition to a ciliated
culture, forms aggregates with a lattice
like organisation which evolve into a
biofilm like structure by 24 hours.

NTHi forms elongated chains of
bacteria at 24 hours post addition to
healthy or COPD ciliated cultures.

NTHi does not affect ciliary beat
frequency but NTHi aggregates reduce

ciliary beat amplitude.

NTHi preferentially invades non-ciliated

epithelial cells.

NTHi invasion of the ciliated epithelium

is not dependent on PI3K signalling.

of addition to a ciliated epithelial

culture and preferentially invades

non-ciliated epithelial cells,
suggesting ciliation may be
protective against  bacterial
invasion.

Further dissect which specific cell
type NTHi targets for invasion and
the cell signalling pathways
involved in invasion of primary
epithelial cells.

Development of novel antibiotic
formulations to improve
intracellular delivery of antibiotics
could provide new therapeutic
options for persistent NTHi

infections.
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Chapter Previous findings Findings presented in this thesis Main conclusion & future
studies
33 RV was shown to cause shedding of RV and NTHi co-infection led to a As shown in sections 3.3. and 3.4,

ciliated cells and to induce goblet cell
hyperplasia.
A limited
indicating that NTHi could stimulate

number of suggestions

mucus hypersecretion.
No knowledge of the effect of RV and
NTHi co-infection on ciliary or goblet cell

function.

Both RV and NTHi have individually been
shown to affect the epithelial barrier
function and tight junction integrity.

No study has investigated the effect of RV
and NTHi co-infection on healthy or
COPD primary epithelial barrier function

and tight junctions.

decrease in ciliary beat frequency,
particularly in healthy donors.

RV induced up-regulation of the goblet
cell specific transcription factor SPDEF
and of mucins MUC5AC, MUCS5B,
MUC4 during single and co-infection
with NTHi in healthy and COPD ciliated
epithelial cultures.

These effects were not seen in day 7

pre-ciliation cultures.

TEER was reduced by RV infection and
RV and NTHi co-infection in both
healthy and COPD ciliated cultures.

In day 7 pre-ciliation cultures, TEER
was only reduced by RV and NTHI co-

infection of healthy cultures.

RV and NTHi co-infection leads to
NTHi growth, ciliary dysfunction,
mucin gene up-regulation,
epithelial barrier damage and
increased inflammatory
responses compared to NTHi

infection alone.

Pre-ciliation epithelial cultures
were susceptible to NTHi invasion
and growth of NTHi during co-
infection with RV16, but were not
able to mount appropriate host
defence mechanisms, thus
potentially serving as a niche for
bacterial colonisation and

dissemination.
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Chapter

Previous findings

Findings presented in this thesis

Main conclusion & future

studies

Both RV and NTHi have been shown to

increase secretion of pro-inflammatory

mediators by healthy epithelial cells.
No study has
inflammatory

epithelial cells to NTHi single infection.

Synergistic induction of I1L-8, CCL20 and
IL-17C following simultaneous RV and

NTHi co-infection of epithelial cell lines or

submerged basal cells was reported.

investigated  the

response of COPD

In both healthy and COPD ciliated
cultures, RV16 infection reduced
expression of Claudin 8 and increased
expression of ZO-1 during single and
co-infection with NTHi.

In day 7 healthy and COPD cultures,
Claudin 8 expression was reduced by
NTHi infection and RV-NTHi co-
infection. ZO-1 expression was not
altered.

Cytokines and chemokine secretion (IL-
6, IL-17C, IFN-A, G-CSF, IP-10,
RANTES) was RV16 driven during
single and co-infection with NTHi in
both healthy and COPD ciliated cells;
with the exception of IL-1, TNF-B, and
IL-8 which were also induced by NTHIi,

but no synergistic effect was detected.

Validation of changes observed at
a gene expression level for
mucins and tight junction proteins
by quantification of protein levels
would provide a better
understanding of the effect of RV
and NTHi

epithelial mucus secretion and

co-infection  on

barrier function in healthy and
COPD.
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Chapter

Previous findings

Findings presented in this thesis

Main conclusion & future

studies

RV was shown to preferentially replicate
in ciliated cells; viral replication was
reported lower in pre-ciliation epithelial
cells compared to ciliated epithelial cells.
Higher viral loads were reported in COPD
epithelia cultures compared to healthy.

Cytokines and chemokine secretion by
day 7 cultures was significantly reduced
in response to all infection treatments.

Higher viral loads were detected in
healthy and COPD ciliated cultures
compared to day 7 pre-ciliation cultures.
No difference between healthy and
COPD viral loads at either time-point.

3.4

Experimental human RV16 infection
revealed that RV can lead to secondary
bacterial infection and in particular growth
of NTHi in COPD patients.

Studies investigating different viral-
bacterial  co-infections (RSV+ P.
aeruginosa, RSV+ S. aureus, influenza +
S. Pneumoniae) have reported bacterial
growth following virus infection of
epithelial cells in vitro or in vivo in animal

models.

RV infection of healthy and COPD
epithelial cultures stimulated NTHi
growth in ciliated and pre-ciliation
cultures, likely through changes in
epithelial  apical secretions and
independent of RV16 presence.
Epithelial invasion by NTHI was
reduced during co-infection with RV in
pre-ciliation healthy cultures and
ciliated COPD cultures.

Mass spectrometry analysis of
epithelial apical secretions and
transcriptomic analysis of
epithelial cell changes following
RV16 infection would provide an
insight into the changes that lead
to the growth of NTHi during RV

and NTHi co-infection.
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Chapter

Previous findings

Findings presented in this thesis

Main conclusion & future

studies

Bacterial growth was reported to be a
consequence of increased availability of
nutrients such as iron or sialic acid
following virus infection.

Iron and B-NAD are essential nutrients for
NTHi growth.

B-NAD alone was able to support NTHi

growth in basal cell culture medium.

RV16 infection of healthy or COPD
epithelial cells did not increase iron and
B-NAD apical secretion.

B-NAD levels were significantly higher
in day 7 healthy and COPD epithelial
cultures compared to ciliated cultures,
but lower in COPD day 7 cultures

compared to healthy day 7 cultures.

It would be of interest to
understand the role of
extracellular NAD on epithelial cell
differentiation and in relation to

COPD.
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4.2. COPD epithelial cultures show delayed and reduced ciliation

compared to healthy epithelial cultures

A comparative characterisation of healthy and COPD nasal epithelial cultures
differentiated at the ALI revealed no significant differences between the two
groups in their epithelial resistance, ciliary function or baseline production of
inflammatory mediators. However, during differentiation at ALI, COPD
epithelial cultures showed a delay in establishing ciliation and reduced overall
ciliation compared to healthy cultures. In addition, healthy epithelial cultures
presented with a decrease in the proportion of basal cells with increasing
differentiation of the cultures, a trend not seen in COPD cultures. In this study,
COPD cultures maintained a higher proportion of basal cells even at later
stages of differentiation, indicating an abnormal differentiation and
regeneration of the ciliated epithelium compared to healthy epithelium. These
findings are in agreement with previous reports (Ghosh et al.,, 2018).
Furthermore, as the epithelium of patients with COPD is repeatedly injured and
continuously regenerating, it was important to investigate the role of viral and
bacterial infection and co-infection on a regenerating epithelium. As ciliation
was found to start after day 7 of differentiation in ALI cultures, this stage was
chosen as representative for a regenerating epithelium and investigated

further during infection studies presented in sections 3.2, 3.3 and 3.4.

4.2.1. Future perspectives

In this characterisation of healthy and COPD nasal epithelial cultures, it was
only possible to accurately quantify basal and ciliated epithelial cells, based on

a novel flow cytometry method which made use of cell type specific cell surface
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markers. However, no such markers exist for the separation of goblet cells and
intermediate progenitor cell types. Currently, the methods available for
guantification of goblet cells include use of gene expression or mucin protein
expression assays as a proxy for determining goblet cell presence, but neither
measurements are true representations of actual goblet cell number in the
ciliated epithelium (Feldman et al., 2019; Jing et al., 2019; Park et al., 2007).
As goblet cells are one of the key cell types involved in COPD pathology and
mucus obstruction, an understanding of the changes that occur in terms of
goblet cell numbers, their activity and response to infection in COPD epithelia
compared to healthy would be of great assistance in understanding disease
mechanisms (Boucher, 2019). The recent rise in the use of single cell
transcriptomics for identification of epithelial cell types in the lung, during
differentiation and in chronic diseases, as shown in a number of very recent
studies (Montoro et al., 2018; Plasschaert et al., 2018; Vieira Braga et al.,
2019), could be employed for determining changes in the COPD epithelium in
a less biased way and at a much higher resolution than previously possible.
Information gained from such studies could help in the identification of novel
cell surface markers for different epithelial cells types. In addition, single cell
transcriptomic and phenotypic studies could provide an understanding of how
much nasal epithelial cultures replicate the disease phenotype of lower
respiratory conditions such as COPD. Such studies could also reveal how well
respiratory epithelial cultures grown in vitro preserve the disease phenotype
for heterogeneous disease such as COPD. Ultimately, a more detailed
understanding of the in vitro system and its limitations could aide in the

interpretation of studies and dictate appropriate methods for validation.
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4.3. NTHi binds to cilia within minutes of addition to a ciliated
epithelial culture and preferentially invades non-ciliated

epithelial cells in a PI3K independent manner.

In this investigation it was shown that the early interaction of NTHi with the
ciliated epithelium involves binding of the bacteria to cilia within minutes of
addition to a culture, followed by formation of filamentous morphotypes and
biofilm like-aggregates with a lattice like organisation over 24 hours. Bacterial
aggregate formation affected ciliary function by reducing the amplitude of
ciliary beating in both healthy and COPD epithelial cultures. In addition,
filamentous morphotypes and biofilm formation have been previously
described as methods employed by bacteria to resist clearance by immune
cells and antibiotic killing (Horvath et al., 2011; Slinger et al., 2006). It was
shown in the present study that while NTHi was bound to cilia and ciliated cells
extracellularly, intracellular invasion occurred preferentially in non-ciliated
epithelial cells from both healthy and COPD donors. It was also observed that
in healthy cultures, epithelial invasion by NTHi appeared to decrease in ciliated
cultures compared to pre-ciliation cultures, suggesting that differentiated
ciliated cells are more resistant to invasion by NTHi. In contrast, in COPD,
epithelial invasion appeared higher in ciliated cultures compared to pre-
ciliation cultures. Collectively these results suggest a protective role of ciliation
against NTHi invasion. Reduced ciliation in COPD airways, as shown in
section 3.1.4, might be one of the factors accounting for the decreased
protection against NTHi invasion. Reduced ciliation might leave areas of the
epithelium exposed to bacterial invasion because of disrupted protection by

the periciliary layer which has been shown to prevent anything bigger than 40
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nm from reaching the epithelial cell surface (Button et al., 2012). As such,
formation of filamentous morphotypes and biofilm-like aggregation and
reduction in ciliary function are likely to prevent efficient clearance of NTHi from
the airways by mucaociliary transport. Epithelial cell invasion by NTHi may allow
persistence despite the presence of immune cells and antibiotic therapy, as
many antibiotics penetrate epithelial cell poorly. These factors are particularly

relevant in patients with COPD.

Furthermore, based on previous reports describing an important role for PI3K
signalling in NTHi invasion of epithelial cell lines, the role of this pathway in
NTHi invasion of primary ciliated cultures was investigated (Lopez-Gomez et
al., 2012; Morey et al., 2011; Seiler et al., 2013). Contrary to these published
results, data obtained in this investigation showed that in primary differentiated
epithelial cultures from healthy and COPD donors, NTHi did not activate the
PI3K pathway and that PI3K signalling inhibition did not affect bacterial
invasion. This highlights the contrasting results obtained in the studies
mentioned (Lopez-Gomez et al., 2012; Morey et al., 2011; Seiler et al., 2013)
which used epithelial cells lines and which could not be reproduced in this multi
donor study using primary epithelial cell cultures. It also emphasizes a need
for validation of results obtained using epithelial cell lines in human primary

cultures before definitive conclusions can be drawn.

4.3.1. Future perspectives

As results shown in section 3.2 have emphasised a preference of NTHi to
invade non-ciliated epithelial cultures, it would be of interest to further dissect

which non-ciliated epithelial cell types are targeted. Technical difficulties with
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high levels of auto-fluorescence from basal cells of ciliated epithelial cultures
precluded quantification of their invasion by NTHi using image cytometry.
Furthermore, due to a lack of cell surface markers for separation of progenitor
and goblet cell types, they were treated as a collective population. The ability
to separate these cell types into homogenous populations would allow for a
better understanding of which cell type becomes preferentially invaded and
whether the frequency of this cell type is changed in COPD compared to

healthy epithelia.

Furthermore, as PI3K signalling was shown not to affect NTHi invasion of the
epithelium, future studies should focus on understanding what cell signalling
pathways are activated by NTHi infection. For example, EGFR signalling and
the MAP kinase signalling pathway have been implicated in NTHi invasion of
epithelial cell lines by Mikami et al. (2005) and Xu et al. (2011), and these
findings should be validated in primary ciliated cultures. An understanding of
the mechanisms involved in epithelial invasion by NTHi might provide new
targets for inhibiting bacterial invasion and persistence in the respiratory tract.
Additionally, from a clinical perspective, development of new antibiotic
formulations that improve antibiotic delivery inside epithelial cells would
provide another avenue for treatment of persistent NTHi infections. Many of
the antibiotics used routinely to treat bacterial infections, such as azithromycin,
ampicillin and gentamicin, have poor intracellular penetration (Ahren, 2002;
Kratzer et al., 2007). The ability to reduce NTHi invasion and persistence in
the airway would be of important help for patients with COPD who are

colonised by NTHi.
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4.4. RV and NTHi co-infection leads to NTHi growth, ciliary
dysfunction, mucin gene up-regulation, epithelial barrier
damage and increased inflammatory responses compared

to NTHi infection alone

Clinical studies have repeatedly reported a role for RV and NTHi co-infection
in exacerbations of COPD. Experimental human RV challenges carried out in
patients with COPD have shown that RV infection leads to alterations in the
airway microbiome and, in particular, to growth of NTHi (Mallia et al., 2011;
Molyneaux et al., 2013). However, knowledge of their interaction with and
effect on the respiratory epithelium during co-infection remains very limited. In
sections 3.3 and 3.4 of this thesis, it was shown that ciliary function was
reduced during RV and NTHi co-infection, with a reduction in ciliary beat
frequency seen predominantly in cultures from healthy donors. During RV and
NTHi co-infection of ciliated epithelial cultures, RV was found to also drive up-
regulation of SPDEF and mucin gene expression as well as epithelial barrier
damage, shown through the reduction in TEER and changes in expression of
Claudin 8 and ZO-1, in both healthy and COPD cultures. RV co-infection also
stimulated NTHi growth in healthy and COPD ciliated cultures, when compared
to NTHi infection alone. NTHi growth during RV co-infection was shown to
occur through a change in apical secretions following RV infection of epithelial
cultures, but was not dependent on iron or 3-NAD availability. Ultimately,
during RV and NTHi co-infection, increased inflammatory responses were also
stimulated by RV with fewer cytokines and chemokines being induced by NTHi

infection alone and no detection of synergism between the two pathogens.
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Therefore, these findings suggest on the one hand, that, epithelial invasion by
NTHi (shown in section 3.2.4) occurs without disruption of epithelial barrier
integrity and with limited induction of inflammatory mediators for immune cell
recruitment, suggestive of the behaviour of a colonising pathogen. On the
other hand, during RV and NTHi co-infection, presence of the virus causes
increased epithelial responses associated with more severe airway pathology
compared to a single NTHi infection. Firstly, mucociliary clearance is affected
by a reduction in ciliary beat frequency and a presumed decrease in ciliary
beat amplitude through formation of denser aggregates containing more
bacteria and RV-detached ciliated cells, (as shown by Jakiela et al. (2014).
Secondly, a predicted increase in mucus production, based on results shown
here and in previous reports (Jing et al., 2019), would lead to an increased
mucus content and further decrease in the efficiency of mucociliary transport.
Thirdly, increased epithelial barrier damage and inflammation were also
observed during RV and NTHi infection compared to NTHi infection alone,
owing to a RV driven effect. Lastly, as RV co-infection was shown to cause
growth of NTHi, the decreased epithelial barrier function and reduced
mucociliary clearance might provide a route for bacterial dissemination in the
airways. It is possible that this phenomenon is more pronounced in COPD
epithelia where ciliation is reduced, as shown here and also by Ghosh et al.
(2018), and goblet cell hyperplasia and increased mucus production are
thought to persist longer than in healthy epithelia (Jing et al.,, 2019).
Collectively, these findings provide an insight into the mechanisms that could

account for the increased risk of disease exacerbation observed clinically
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during RV and NTHi co-infection compared to NTHi single infection (Wilkinson

et al., 2017).

Furthermore, this study has also emphasized the striking differences in
response to RV, NTHi and their co-infection of ciliated epithelial cultures
compared to pre-ciliation cultures. Both healthy and COPD regenerating
epithelia displayed significantly different and reduced responses during single
infection and co-infection with RV and NTHi. While RV replication in pre-
ciliation cultures was significantly lower than in ciliated cultures, pre-ciliation
cultures of both healthy and COPD donors were susceptible to NTHi invasion
and supported growth of NTHi during co-infection with RV. Therefore, these
findings indicate that a regenerating epithelium would be more susceptible to
NTHi infection or RV and NTHi co-infection and unable to mount the
appropriate host defence mechanisms, thus potentially allowing bacterial

dissemination to the airways and widespread colonisation.

4.4.1. Future perspectives

Investigation of the effect of single RV or NTHi infection and their co-infection
revealed a RV induced up-regulation of goblet cell specific genes such as
SPDEF and mucin genes. It would be important to validate these findings by
quantifying the number of goblet and secretory cells in epithelial cultures
following these three infection conditions as well as the protein level of mucins
released by epithelial cells. This would allow for an understanding of whether
the increased mucus production is a consequence of a change in epithelial
differentiation leading to an increased presence of goblet cells or a

transcriptional and translational response leading to increased protein
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production. It would also further elucidate if this differs between healthy and

COPD epithelia.

In addition, this study showed that TEER values changed during RV infection
and RV and NTHi co-infection; changes in expression of genes encoding for
tight junction proteins were also detected in both healthy and COPD cultures.
It would be important to assess whether these gene expression changes
translate to alteration in tight junction integrity following infections. Immuno-
staining for the ZO-1 and Claudin 8 proteins and imaging by confocal
microscopy would reveal if there is disruption of epithelial junctional integrity
as well as whether this varies during single infection versus co-infection or

between healthy and COPD cultures.

As iron and B-NAD concentrations in the apical fluid were not increased by RV
infection, it appears unlikely that these were the factors responsible for
simulating NTHi growth. It would therefore be of interest to investigate the
contents of apical secretions from healthy and COPD epithelial cultures
following RV infection using a broader analysis method such as mass
spectrometry to assess metabolomic and proteomic changes. Alongside this,
a transcriptomic analysis of the changes that occur in epithelial cells during RV
and NTHi co-infection compared to NTHi single infection would provide further
information as to what changes could be responsible for supporting NTHi
growth. An alternative to the nutrient availability hypothesis would be a
decrease in antimicrobial peptides as a consequence of the viral infection. This
would lead to reduced restriction of NTHi growth, as it has been previously
reported in clinical studies (Mallia et al., 2012). Ultimately, a surprising finding

was the significantly higher levels of extracellular NAD found in pre-ciliation
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cultures compared to ciliated cultures and the lower levels detected in COPD
pre-ciliation cultures compared to healthy. As the role of extracellular NAD is
only being recognised and has been linked with regulating stem cell
differentiation (Gerth et al., 2004; Meng et al., 2018), it would be of interest to
investigate its role during epithelial differentiation and in relation to COPD. It
would be important to understand if the significantly lower levels of apical NAD
in pre-ciliation cultures from COPD patients compared to those from healthy
donors are a cause of abnormal epithelial differentiation or a result of disease
imprinting on basal and progenitor cells, resulting in reduced release of

extracellular NAD.

4.5. Overall summary and future project perspectives

In summary, this project has revealed a number of novel findings with regards
to the interaction of NTHi and RV with the ciliated respiratory epithelium of
healthy and COPD donors. Results of this study have highlighted mechanisms
employed by NTHi to avoid clearance from the airways and promote silent
colonisation of the respiratory tract. It has also been shown here that co-
infection with RV and NTHi is associated with increased bacterial growth and
greater epithelial damage and inflammation, which could lead to symptomatic
disease in healthy individuals or disease exacerbations in patients with COPD.
Ultimately, it was emphasized in these results that the choice of in vitro cell
culture model bears a significant impact on study results and interpretation. As
such, results obtained using immortalized cell lines or undifferentiated

epithelial cell cultures were shown to be markedly different from responses of
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ciliated epithelial cultures. Therefore, extreme caution must be exercised when
interpreting studies carried out using epithelial cell lines or undifferentiated
epithelial cells as they may not be representative of primary cell cultures or
human tissues. In addition, conclusions of studies using epithelial cell lines or
primary epithelial cells from a single donor may not be representative of a
population or disease group. While multi donor studies using primary cell
cultures are expensive, labour intensive and come with the difficulty of inherent
inter-donor variability which can make drawing conclusions more difficult, they
are more likely to be representative for the population group of interest.
Therefore, findings obtained from such studies are more likely to be

biologically relevant than single donor or cell line studies.

To further expand on the results shown in this thesis, future work could
investigate if these can be reproduced using clinical strains of NTHi, which
have been collected from COPD patients. Clinical strains of NTHi may have a
different behaviour following interaction with the ciliated epithelium and during
co-infection with RV, as a consequence of their pathogenic adaptation. In
addition, a more biologically representative method of bacterial delivery to the
epithelial culture through an aerosolization system could be used, instead of
culture flooding with liqguid medium as this may induce confounding effects
such as artificial signalling pathway activation or stimulation of ciliary beat
frequency. Prof. Chris O’Callaghan has developed a system that allows
bacterial delivery to epithelial cultures through aerosolization. This system
would provide a method of bacterial infection which resembles the natural
infection route and could be used for long term infection studies and chronic

colonisation models. While in this thesis an infection model where RV16
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infection was followed by NTHi infection to mimic a viral infection followed by
secondary bacterial infection, an aerosolisation model could allow for the set
up of a chronic bacterial colonisation model subsequently followed by a viral
challenge. This would be an insightful model for understanding the effect of a
viral infection on an NTHi colonised respiratory epithelium. Furthermore, work
done in our laboratory has developed a model system that allows investigation
of the epithelial interaction with cells of the immune system such as
neutrophils. Such research would be of particular importance to understand
how epithelial infection with RV or NTHi can modulate recruitment of immune
cells and their function in health and disease. This aspect is completely ignored
in current cell culture systems and incompletely understood as a consequence,
despite it being of great clinical relevance for respiratory diseases such as
COPD, characterised by high levels of inflammation and immune cell

infiltration.

263



Appendix 1.

Statistical analysis description with figure reference

Data in

Figure 5. Ciliation scoring and TEER measurements of differentiated epithelial

cultures

TEER values and ciliation scores were modelled on their original scale using
a linear mixed effects model. The model included a fixed effect for disease
group (healthy/COPD) and an experiment-specific random effect for each
donor. The estimated standard deviation of the model’s residual error was
used as an estimate of the intra-donor variability of TEER and ciliation score
measurements. Agreement between assessors was quantified using Cohen’s
kappa. Cohen’s kappa is a measure of agreement between categorical ratings
of two assessors, taking values between -1 and 1. Cohen’s kappa
acknowledges that some agreement in ratings occurs as the result of chance
alone. A value of 1 indicates perfect agreement between assessors, a value of

zero represents agreement as good as chance.
Data in

Figure 7. Quantification of basal and ciliated cells in epithelial cultures during

differentiation at air-liquid interface

Cell numbers and percentages of ciliated and basal cells were logl0
transformed and analysed separately using linear mixed effects models. Each
model included fixed effect for each combination of day (day O/day 7/day

14/day 28) and disease group (healthy/COPD) as well as a random effect for
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each donor. To enable log transformations of measurements of zero, small
constants of 1 and 0.001 were added to counts and percentages, respectively.
For each comparison, BH adjusted p-values for the test of no change in the

endpoint are reported.

Data in

Figure 9. Expression of goblet cell specific genes by differentiated epithelial

cultures

Ct measurements were converted to copy number using the formula

copy number=107((40 -ct)/3.5)

and subsequently log2 transformed. Separate linear mixed effects models
were fitted for all markers, which included a fixed effect for group
(healthy/COPD). To account for variability in copy number due to differences
in RNA loading, log2 transformed copy number of GAPDH was included in the
initial models as a covariate. Hypothesis testing of the covariate’s model
parameter suggested no evidence of a relationship between the copy number
of the housekeeper and the copy number of any marker. Therefore,
housekeeper normalization was deemed unnecessary and GAPDH was

removed from the final model.

Ciliary beat frequency in:

Figure 10. Ciliary function assessment in healthy and COPD epithelial cultures

Figure 13. Ciliary function assessment following NTHi infection of epithelial

cultures

Figure 20. Effect of RV and NTHi co-infection on ciliary beat frequency
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Ciliary beat frequencies (CBF) were log10 transformed and analysed using a
linear mixed effects model. The model included fixed effects for each
combination of disease group (healthy/COPD), treatment
(CTRL/RVINTHI/RVNTHI) and time point (TO/T24h RV/T24h RV TO
NTHI/T24h RV T8h NTHI/ T48h RV T24h NTHI). Because RV and NTHI were
added sequentially over time, the model further assumes equal CBF means
for all treatments at time O, equal CBF means for control and NTHI conditions
at 24 hours RV as well as equal CBF means for RV and RV NTHI co-infection
at 24 hours RV. These assumptions introduce constraints on the fixed effects,
thereby reducing the number of parameters to be estimated. Additionally, the
model included a donor-specific random effect for each treatment level, each
time point and each well. The latter accounts for pseudo-replication by

repeated measurements of each well.

The statistical significance of CBF changes between disease groups was
assessed using a likelihood ratio test. The likelihood ratio test is a single test
to assess changes in CBF jointly for any treatment or time point, producing
only one p-value rather than a p-value per treatment and time. If large, there
is no evidence of a change in CBF between disease groups for any treatment
or any point. If small, it suggests a difference for at least one treatment or time
point. CBF changes between time points or treatments were assessed using
individual tests, with p-values adjusted for multiple testing using the BH

method.

Ciliary beat amplitude in:

Figure 10. Ciliary function assessment in healthy and COPD epithelial cultures

266



Figure 13. Ciliary function assessment following NTHi infection of epithelial

cultures

Ciliary amplitude measurements were log10 transformed and analysed using
a linear mixed effects model. The model included fixed effects for each
combination of treatment (CTRL/NTHI no biofilm/biofilm) and disease group
(healthy/COPD) and a random effect for each donor. To account for pseudo-
replication from multiple technical replicates per donor and treatment, the
model also included a random effect for each well. P-values for the tests of no

change between treatments or disease groups are BH adjusted for multiplicity.

To assess whether there is a difference between average ciliary beat
amplitude measurements of the assessors, a separate linear mixed effects
models was fitted. The model included fixed effects for each assessor and
random effects for each video. The null hypothesis that mean amplitude
measurements are the same for all three assessors was first assessed by a
global test. If the p-value of the global test is significant, pairwise tests are used

to assess differences in mean measurements for each pair of assessors.

Inter-assessor variability in amplitude measurements was estimated by use of
a linear mixed effects model. The models included a random effect for each
video. The estimated standard deviation (o) of the model's residuals is
reported as a measure of the inter-assessor variability. Based on the residuals’
normality assumption, ciliary beat amplitude measurements of the assessors
are expected to lie within 2o units around the video-specific average for 95%

of videos.
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Quantification of bacterial conformational changes in

Figure 12. Scanning electron micrographs showing NTHi conformational

change

Bacteria length measurements were log10 transformed and a linear regression
model was applied to estimate the mean length for condition. Because there
were only two donors for the first four conditions (i.e. live healthy, HI healthy,
live COPD, HI COPD), it was not possible to adjust for donor-to-donor
variability in the model and measurements were pooled across donors for each
condition. P-values for the tests of no change between groups were BH

adjusted for multiplicity.

Bacterial counts in

Figure 16. Quantification of non-attached, attached and intracellular NTHi in

epithelial cultures at pre-ciliation day 7 and when ciliated at day 28

Attached, non-attached and invasion counts were log10 transformed prior to
modelling and analysed separately using linear mixed effects models. Each
model included fixed effects for each combination of day (day 7/day 28) and
disease group (healthy/COPD) and a random donor effect. Changes in
bacterial counts between days or groups are reported as relative changes from
baseline. P-values for the test of no change in counts are BH adjusted for

multiplicity across the three endpoints.
Bacterial counts in

Figure 17. Effect of PI3K inhibition on NTHi invasion of ciliated epithelial

cultures
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Bacterial counts were log10 transformed and analysed using a linear mixed
effects model. The model included fixed effects for each combination of
disease group (healthy/COPD) and inhibitor type (CTRL/VC/Pan/LY) and a
random donor effect. P-values for the test of no change in counts are BH

adjusted.

Data in

Figure 18. Quantification of Akt phosphorylation following NTHi infection of

ciliated epithelial cultures

Figure 19. Effect of pan-PI3k inhibitors on Akt phosphorylation after NTHi

infection of ciliated epithelial cultures

Ser473 and Thr308 endpoints were analysed separately. Following a log10
transformation of all measurements, linear mixed effects models were fitted to
the data. Both models included fixed effects for each combination of disease
group (healthy/COPD), time (2h/24h), treatment (CTRL/VC/Pan/LY) and
infection (uninfected/NTHI) as well as a random donor effect. Results from
comparisons of concentrations between compounds, groups or time points are
reported as relative changes from baseline. P-values for the test of no change

in concentrations are Benjamini-Hochberg adjusted.

PCR data in

Figure 21. SPDEF and mucin gene expression changes during RV and NTHi

co-infection of primary epithelial cultures at day 7 and day 28 of differentiation
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Figure 23. Expression of Claudin 8 and ZO-1 after infection with RV, NTHi or
after RV and NTHi co-infection of primary epithelial cultures at day 7 and day

28 of differentiation.

Figure 26. RV expression in ciliated and day 7 pre-ciliation epithelial cultures

during RV single infection and RV and NTHi co-infection

Ct measurements were converted to copy number using the formula

copy number=107((40 -ct)/3.5)

and subsequently log2 transformed. Separate linear mixed effects models
were fitted for all markers, which included fixed effects for each combination of
treatment (Ctrl/RV/NTHi/RV+NTHi), day (day 7/day 28) and group
(healthy/COPD) and a day-specific random effect for each donor. To account
for variability in copy number due to differences in RNA loading, log2
transformed copy number of GAPDH was included in the initial models as a
covariate. GAPDH was included as a covariate in the final model, but with a
parameter constrained to 1 and not estimated from the data. Thus, it is
assumed that one unit change in log2 copy number of GAPDH leads to one
unit change in log2 copy number of the marker. The decision to constrain the
parameter to 1 was motivated by findings in initial analyses of these data that
suggested inadequate adjustment for RV-related differences in RNA loading
under the unconstrained model. This analysis is closely related to
housekeeper normalization using the AA Ct method, which analogously
assumes that a unit change in housekeeper cycle time leads to a unit change
in the cycle time of the marker. P-value for the test of no change in expression

are BH adjusted for multiple testing across all markers.
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Data in:

Figure 22. TEER during RV and NTHi single infection and co-infection of

primary epithelial cultures at day 7 and day 28 of differentiation

TEER values were log10 transformed and averaged over technical replicates
where available. A linear mixed effects model was fitted to these data including
fixed effects for each combination of treatment (CTRL/RV/NTHI/RV+NTHI),
day (day7/day28) and group (COPD/healthy) and a day-specific random effect
for each donor. P-values for the test of no change between conditions are BH

adjusted for multiplicity.

Data in:

Figure 24. Cytokine responses of ciliated and day 7 pre-ciliation cultures to

infection with RV alone, NTHi alone and RV and NTHi co-infection.

Figure 25. Chemokine responses of ciliated and day 7 pre-ciliation cultures to

infection with RV alone, NTHi alone and RV and NTHi co-infection.

Table 7. Baseline cytokine and chemokine production by healthy and COPD
epithelial cultures at a pre-ciliation (day 7) and fully differentiated (day 28)

stage

Cytokines/chemokines were analysed individually using linear mixed effects
models. Each model included fixed effects for each combination of disease
group (healthy/COPD), treatment (CTRL/NTHI/RV/NTHI+RYV), time (24 hr/48
hr) and day (day 7/day 28) and a random effect for each donor. Concentrations
were logl10 transformed prior to modelling, with the exception of MIP3a, G-

CSF, Gro-a, which were analysed on the original scale. To avoid problems with
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log transformations of concentrations of zero, a small constant of 1 was added
to all measurements. P-values for the tests of no change in concentration were

BH adjusted for multiplicity.

Bacterial counts in:

Figure 27. Quantification of non-attached NTHi during RV co-infection of

primary epithelial cultures at day 7 and day 28 of differentiation

Figure 28. Quantification of NTHi attachment and invasion of primary

respiratory epithelial cultures during co-infection with RV

Data on attached, non-attached and invasion bacterial counts were log10
transformed and analysed separately using linear mixed effects models. All
models included fixed effects for each combination of disease group
(healthy/COPD), day (day 7/day 28) and RV infection (no RV/RV). The model
for attached bacterial counts included a random donor effect, while the models
for non-attached and invasion counts included random day- and treatment-
specific donor effects. For all three endpoints, the statistical significance of
changes in bacterial counts between disease groups at any day or for any
treatment was assessed jointly using a likelihood ratio test. If significant at the
5% level, changes were then assessed individually for all time points and for
all treatment levels. Changes in bacterial counts between days or treatments
were assessed using individual hypothesis tests, with p-values BH adjusted

for multiplicity.

Bacterial counts in Figure 29. Effect of apical fluid from RV infected day 7 and

day 28 epithelial cultures on NTHi growth
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Bacterial counts were analysed on the log10 scale using a linear mixed effect
model. The model included fixed effects for each combination of group
(healthy/COPD), treatment (no RV/RV) and day (day 7/day 28) and a random
intercept for each donor. In a separate analysis, bacterial counts from culture

media experiments were analysed on the original scale using a paired t-test.

Bacterial counts in Figure 30. Effect of iron and NAD on NTHi growth in

absence of epithelial cells

Two replicates per treatment and experiment were averaged and logl0
transformed prior to modelling. The resulting data were analysed using a linear
regression model with fixed effects for each treatment and each experiment.
The latter aims to account for systematic changes in bacterial counts due to
experimental factors. Because counts for Hemin, Medium and Iron showed
more variability than the counts for treatments involving B-NAD, the model also
allowed for different variances between these two groups of treatments. P-

values are adjusted for multiplicity using the BH method.

Data in: Figure 31. Quantification of total iron and NAD in apical fluid from RV

infected day 7 and day 28 epithelial cultures

Iron and NAD concentrations were modelled separately using linear mixed
effects models. Both models included fixed effects for each combination of day
(day 7/day 28), group (healthy/COPD) and treatment (no RV/RV) and a
random effect for each donor. NAD concentrations were analysed on the log10
scale while Iron concentrations were analysed on the original scale. P-values

for the tests of no change in mean concentration are BH adjusted.
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Appendix 2.

Percentage of Akt phosphorylated at Ser473 following NTHi infection
using the flooding method.
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Quantification of pAkt following NTHi infection of ciliated cultures using
the flooding method.

The percentage of Akt phosphorylated at Serine 473 out of total Akt expressed was quantified
by MSD immunoassay as described in section 2.26., after 2 or 24 hours of NTHi 49247
infection (5x108 CFU/well) of ciliated epithelial cultures, carried out as described in section

2.19. N=3 healthy, 2 COPD donors. Data are presented as mean + standard error of the mean.
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Appendix 3.

Chemokines measured in cell culture supernatants that were not up-
regulated by NTHi and RV or their co-infection.
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Chemokines measured in supernatants of ciliated and day 7 pre-ciliation

cultures after infection with RV alone, NTHi alone and RV and NTHi co-
infection.

Chemokine release to basolateral medium of day 7 pre-ciliation cultures and fully differentiated
day 28 ciliated epithelial cultures from healthy and COPD donors was quantified by MSD or
Luminex immunoassays as described in section 2.15., following infection with RV16 alone (1.5
x10® TCDIDso/well), NTHi 49247 alone (5x10% CFU/well) or after RV-NTHi co-infection. N=7
healthy and 8 COPD donors. Symbols represent individual donors. For statistical analysis,
concentrations were log10 transformed and cytokines were analysed individually using linear
mixed effects models. Fixed effects for disease group, day, and treatment and random effect
for each donor were included. P values were Benjamini-Hochberg adjusted for multiple
comparisons. Data are shown as mean + standard error of the mean. *=p<0.05, #= denotes

day 7 versus day 28 comparison within a treatment group, #=p<0.05.
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Appendix 4.
Legend of videos included on USB stick attached.

Video 1 — Healthy ciliated epithelial culture imaged as described in section

2.12.

Video 2 — Healthy ciliated epithelial culture, control for infection experiment,

flooded with BEBM for 24 hours.

Video 3 - Healthy ciliated epithelial culture, 48 hours post RV16 infection,

flooded with BEBM for 24 hours
Please observe detached epithelial cells on the apical surface.

Video 4 - Healthy ciliated epithelial culture, flooded and infected with NTHi for

24 hours.
Please observe bacterial aggregates over ciliated areas.

Video 5 — Healthy ciliated epithelial culture, 48 hours post RV16 infection, 24

hours post NTHI infection.

Please observe dense biofilm like structure which also contains detached

epithelial cells.

Videos 11A-11F are labelled according to the labelling presented in Figure 11.
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