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Abstract
Asthma is characterised by bronchoconstriction which leads to clinical symptoms
and generates mechanical forces within the airway. During virally induced asthma
exacerbations, bronchoconstriction and viral infection occur simultaneously;
these factors may interact in the airway leading to the apparent innate immune
deficiencies demonstrated in some asthmatics. This lead to our overarching
hypothesis that “airway compressive forces suppress innate immunity following
viral infection in asthmatics”.
To investigate this in in-vitro using a full experimental time course, there was a
requirement for high cell numbers from individual patients with respiratory
diseases such as asthma. Initially, we performed cell line optimisation to try to
establish air-liquid interface (ALI) cultures. Later we used a conditionally
reprogrammed (CR) technique on primary bronchial epithelial cells (pBECs) to
proliferate indefinitely for extended passages and then used those at ALI.
In order to investigate the effects of apical compression on cells during viral
infection, we wished to use a model which as closely as possible mimicked
human airway infection in-vivo. Therefore we developed a physiologically
relevant RV1B infection model and demonstrated for the first time that ultra-low
multiplicity of infection induces delayed innate immune responses from cells
obtained from asthma and COPD donors in comparison to healthy controls. Here
we used cells obtained from COPD donors along with asthma to investigate anti-

xvi

viral responses; as previously it was shown that the anti-viral responses from
COPD cells were also altered.
In order to investigate the effect of bronchoconstriction on anti-viral responses,
we exposed pBECs obtained from asthmatic donors, grown at ALI to apical
compressive stress mimicking bronchoconstriction along with physiologically
relevant RV infection. We examined the effect of mechanical forces occurring
prior to infection (mimicking poorly controlled asthma), or during viral infection
(mimicking virally induced asthma exacerbation).
We demonstrate that apical compression suppresses innate immune responses
from asthmatic pBECs under these conditions. Our data may explain why the
patients with less well-controlled asthmatics appear more vulnerable to viral
infection and why some asthmatics appear to have deficient Interferon (IFN)
responses to natural infections.
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1 Chapter 1: Introduction
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The lung is the most dynamic organ in the body and performs gaseous exchange
from birth until our last breath. Airways are lined with epithelial cells which are in
direct contact with the air, acting as a barrier to any invading pathogens, allergens
or pollutants during respiration [1, 2]. Following the exposure of airway cells to
foreign particles and potentially via the impact of genetic changes, normal
responses of these airway epithelial cells alter, which can lead to respiratory
disease. Asthma and COPD are the two common respiratory diseases, and they
commonly present with symptoms secondary to airway [3]. Asthmatics exhibit
reversible bronchoconstriction where the airway narrows and the epithelium
folds. In contrast, only around 10% of the COPD population show reversible
bronchoconstriction [4, 5]. Here, we review the role of bronchoconstriction in
asthma pathogenesis and exacerbations.

1.1 Asthma
Asthma is a chronic lung disease characterised by episodic and recurrent airflow
obstruction, bronchial hyperresponsiveness and underlying inflammation, which
continues to cause morbidity and mortality [6]. Symptoms include episodes of
wheezing, breathlessness, chest tightness and coughing [7]. Globally, it affects
339 million people [8], and almost 2.5 million (1 in 9) in Australia [9].
The main physiological event in asthma is bronchoconstriction (airway
narrowing), which is caused by constriction of airway smooth muscles (ASM) [10].
This constriction is triggered by various stimuli including air pollutants, allergens,
pathogens, thermal and osmotic changes, and exercise [11]. Asthmatic ASM
constriction reduces the airway diameter and increases airflow resistance [12].
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During constriction, the epithelium folds into the airway lumen, as the epithelial
perimeter length does not change as shown in Figure 1-1 [13, 14]. This epithelial
folding generates mechanical stress in the airways [15].

Figure 1-1: ASM constriction in normal (A) and asthmatic airways (B).
Epithelial

folding

shown

in

the

asthmatic

airway.

Adapted

from

https://www.normalbreathing.com/d/bronchoconstriction.php

1.2 Mechanical stress in general
In material physics, when an external force is applied to an object, it experiences
stress. External forces cause deformation of an object by changing its shape and
size. Objects resist this change by developing opposing internal forces. These
internal forces are mechanical stresses and defined as the restoring force per
unit area [16]. Mechanical stresses are of three types. They are:
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1. Compressive or squeezing stress,
2. Shear or tearing stress and
3. Tensile or stretching stress
Stress is a form of pressure and has the same units of pressure. In the
international system (SI) units, force is measured in Newtons (N) and the area in
square metres (m2) and stress as N/m2 or Pascals (Pa). However, conventionally,
in fluid mechanics, compressive stress is measured in centimetres of water (cm
H2O) pressure. 1 cm H2O pressure is defined as a pressure exerted by a column
of water of 1 cm height at 4oC (1 cm H2O = 98 Pascals), shear stress in dynes/cm2
(1 Pa = 1 N/m2 = 10 dyne/cm2) and tensile stress in Pa or N/m2.

1.2.1 Compressive stress
Compressive stress is defined as a force applied perpendicular to an object which
tends to push it together. The object tends to shrink in the direction of the applied
force and undergoes compression (Figure 1-2A). For example, when a smiley
stress ball is squeezed by hand (Figure 1-2B), it shrinks to a smaller size (Figure
1-2C).

Figure 1-2: Objects shrinks in size with the application of compression.
Generation of compressive stress on a bar (A) and a smiley ball, normal (B) and
squeezed (C).
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1.2.2 Shear stress
Similarly, shear stress is defined as the force acting tangentially to the area
resisting the force. Therefore, it is also known as the tangential force (Figure
1-3A). For example, water flowing in a tube produces shear stress at the walls of
the tube, or another example, rubbing hands together generates heat due to
friction (Figure 1-3B).

Figure 1-3: Frictional or tangential force generated with the application of
shear stress. Generation of shear stress from discs sliding one over the other
(A) and by rubbing hands (B).

1.2.3 Tensile stress
Tensile stress is defined as a force applied perpendicular to an object which pulls
it apart. Here, objects tend to elongate in the direction of the applied force and
undergo stretching (Figure 1-4A). For example, pulling a rubber band creates
pressure on it, and it expands (Figure 1-4B).
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Figure 1-4: Objects tend to expand in length with the application of tensile
stress. Tensile force induced bar (A) and an elastic rubber band (B) stretching.

1.3 Mechanical stress in humans
In humans, mechanical stress is generated in various body parts including
muscles, bones, kidneys, heart, blood vessels, eyes and lungs [17-22]. For
example, during weight-bearing exercise, bones experience compressive stress
inducing bone mineralisation leading to decreased fracture rates with increased
bone strength [18]. At the same time, muscles with rhythmic repetitions of
contraction and relaxation also experience compressive stress leading to skeletal
muscle hypertrophy [19]. Similarly, cardiovascular tissue undergoes cardiac
remodelling with high blood pressure [20] and even tissues like bone marrow
respond to mechanical stress inducing the differentiation of progenitor cells [21].
Similarly, the lungs also experience mechanical forces, and it is beyond doubt
that the lung is a mechanically active organ. In utero, lung development is
dependent on the presence of controlled mechanical forces, and after birth, lung
movement continues unabated until death. This ever moving and changing
nature of the lungs has been apparent since before Heraclitus, although only
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recently has it become apparent that alterations in the mechanical forces present
in the lungs can generate and propagate lung disease.

1.3.1 Impact of mechanical stress in lung development
Before birth, mechanical stress plays an essential role in lung development and
alveolar growth [23-25]. During development, the fetal lung is fluid filled, and this
fluid is secreted from epithelial cells into the luminal space to prevent lung
collapse. Fetal breathing movements generated by diaphragm contractions
induce cyclic lung enlargement, and previously reported to be essential for lung
development [26]. Wigglesworth et al. blocked breathing movements by
transecting the spinal cord nerve in rabbits and demonstrated a 70% decrease in
lung growth when compared to controls. In addition to decreased lung
development, they also reported an increase in thickness of airway walls and
poor fetal lung expansion [26].

Similarly, several other researchers reported that blocking sheep trachea during
alveolar development allowed fluid to accumulate in the lungs and stimulated lung
expansion lead to an increased lung weight, gene expression and protein content
[27-29]. Nardo et al. reported an increased proliferation of endothelial cells,
epithelial cells (type II alveolar) and fibroblasts with fetal lung expansion [30]. In
addition, an increase in lung expansion in utero caused the differentiation of typeII cells to type-I cells [31].

After birth, the fluid within the airspace clears, and air starts to pass through the
airways. This change develops surface tension between the air in the lungs and
the epithelial lining. The lungs tend to recoil due to natural elasticity, but this is
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opposed by the negative intrapleural pressure created by the lung and chest wall,
increasing the overall level of lung expansion [24]. Fleckone et al. reported that
sheep foetuses expressed more type-I alveolar cells during their gestation period,
and type-II alveolar cells after birth [32]. The absence of appropriate stretch
stimuli within the lung leads to an abnormal alveolar growth, especially type-II
alveolar epithelial cells, reducing surfactant release and impairing gas exchange
[33, 34].
For respiration to take place, the mature lung has to inflate and deflate
dynamically; these repeated cycles of inflation and deflation generate mechanical
forces, which are required for normal lung function. While maintenance of normal
physiological force is essential for respiration, abnormal or uncontrolled
mechanical forces due to bronchoconstriction can compromise normal lung
function and result in disease pathogenesis.

1.4 Uncontrolled mechanical forces in lung
pathophysiology
In asthma, as discussed above, constriction of the airway occurs due to excessive
contraction of ASM during bronchoconstriction [10]. As a result of this
bronchoconstriction, the airway wall folds and buckles, forming rosette-like
patterns in cross section, as the airway becomes substantially smaller in diameter
[15]. As the airway wall folds, the airway epithelium experiences a variety of coexistant mechanical forces, including compression (as cells at the bases of folds
push against each other), stretch (of the cells folded into the luminal space) and
shear stress (as air velocity increases as airway diameter falls) [25, 35]. Among
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these mechanical forces, compression has been the most actively studied,
following the development of in-vitro systems that mimic the compressive
mechanical forces applied to bronchial epithelial cells during bronchoconstriction
[36]. Multiple studies based on these techniques have suggested that airway
mechanical forces can contribute to asthma pathogenesis through the activation
of airway epithelial cells, even in the absence of airway inflammation [37-39].
Although asthma has long been regarded as an allergic, type 2 inflammation
mediated disease [40]; these in-vitro studies, backed up by limited in-vivo and
animal model data offered a potential alternate or parallel pathway of asthma
pathogenesis, wherein mechanical forces induced by bronchoconstriction result
in a cascade of disease-initiating or -amplifying events, which may act in concert
with, or independent of, inflammatory cells [37-39].

1.5 Modelling mechanical compression
Mechanical forces exerted on the epithelium during bronchoconstriction cannot
be directly measured, but can be modelled using a finite-element method that
integrates the material properties and geometry of the airways [35]. A bilayer
model of the airway with an inner layer representing basement membrane and
epithelium and an outer layer of ASM results in inner layer folding when the ASM
constricts (outer layer), mimicking airway constriction (Figure 1-5A). Increasing
the thickness of the inner layer, recapitulating the thickened sub-epithelial
collagen in asthmatic airways, results in larger epithelial folds and airway
occlusion [35] similar to that seen in pathological specimens of patients with fatal
asthma (Figure 1-5B) [41].
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Figure 1-5: Schematic showing buckling of airways with epithelial folding
(A). Adapted from Wiggs et al. J Appl Physiol 1997. Pathological specimen from
fatal asthma with epithelial folding and luminal closure (B). Adapted from Saetta
et al. Eur Respir J 2001.

Additional modelling estimates that the apical mechanical pressure exerted on
airway epithelial cells during bronchoconstriction is approximately 30 cm H2O
pressure, an order of magnitude higher than the transpulmonary pressure during
tidal breathing (~5 cm H2O) [42]. Similarly, the maximal transmural bronchial
pressure generated in canine epithelium following acetylcholine-induced smooth
muscle constriction was reported to be 30 - 40 cm H2O pressure in both small
and large fluid-filled airways as shown in Figure 1-6 [43], and finally apical
compression of human airway epithelial cells in-vitro shows a dose-response up
to 30 cm H2O pressure [38]. Most studies have therefore used 30 cm H2O
pressure

to

recapitulate

the

mechanical

bronchoconstriction in in-vitro models [37, 44-50].
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forces

induced

during

Figure 1-6: Maximal pressure developed in small (A) and large bronchi (B)
during passive pressure (solid circle) and acetylcholine treatment (empty
circle). Adapted from Gunst et al. J Appl Physio 1988.

Mechanical forces generated during bronchoconstriction are transmitted through
the cell via mechanotransduction, converting a mechanical signal into a
biochemical signal. There are few cellular pathways which conduct the stress
signal to the cell, including mechanosensitive integrins (cell surface receptors)
and ion channels [51-53]. Integrins are the most common stress signalling
proteins, where they transmit the external signal to the intracellular actin
cytoskeleton [51, 52]. At the same time, activation of mechanosensitive ion
channels also influences the intracellular ion concentration leading to imbalances
in the cellular ion composition [53]. These cellular changes lead to the activation
of downstream signalling pathways and may also release cellular mediators [5456].
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1.6 Models of compressive stress
1.6.1 In-vitro models: Air-liquid interface (ALI) cultures
In-vitro investigation of airway mechanical forces has primarily utilised human
primary bronchial epithelial cells (pBECs) cultured at the ALI. Here, epithelial cells
differentiate from basal cells to a goblet and ciliated cells to closely replicate the
mature bronchial epithelium [57-59]. This well-differentiated airway epithelium is
then exposed apically to a transcellular pressure gradient up to 30 cm H2O
pressure (Figure 1-7) to recapitulate the apical mechanical forces experienced at
the epithelium during bronchoconstriction [35, 39]. However, in addition to this
apical in-vitro compression model, an alternative more complex lateral strain
model was developed as shown in Figure 5-4 and demonstrated similar results
to the apical compression model [60, 61].
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Figure 1-7: Schematic of compression system (in-vitro). Adapted from Park
et al. Physiology 2015.

In addition, the application of apical compressive stress to the epithelium in-vitro
resulted in a collapse of the lateral intercellular space (LIS), as occurs in the
buckled epithelium in-vivo [45]. As the airway epithelium is pseudo-stratified, the
apical surface cells are linked by tight junctions and the basolateral cells are
separated by a LIS [62]. As a result of LIS collapse by compressive stress, the
volume in the LIS decrease with an increase in local concentration of growth
factors such as EGF and EGFR ligands, subsequently leading to the activation
of downstream signalling [45, 63]. A summary of in-vitro studies examining the
impact of mechanical forces at the epithelium following bronchoconstriction is
shown in Table 1-1.
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Table 1-1: Summary of in-vitro compression studies with compression magnitude, duration and outcomes.

Study

Cells

Compression
Compression
magnitude and
application
duration

Ressler and
colleagues,
2000

Rats pBECs

Apical

20 cm H2O pressure for
1hr & 6hr

1) Upregulated gene expression of Egr-1 (after 1hr), ET-1 (at 1hr
and 6hr), TGF-β1 (after 6hr)
2) Increased Egr-1 protein

Swartz and
colleagues,
2001

Healthy
pBECs

Apical

10, 20, 30, 40 cm H2O
pressure for 30 min, 1hr,
2hr & 4hr

1) Increased Egr-1 response (after 30 min)
2) Increased collagen synthesis (Type III), fibronectin (after 4hr)
3) Increased MMP-9/TIMP-1 (at 4hr)

Choe and
colleagues,
2003

Healthy
pBECs, HLF

Lateral

Strain applicator - 50%
for 48hrs

Remodelling via collagen deposition

Apical

30 cm H2O pressure for
8hr

1) Increased ET and TGF-β2 protein.
2) ET- significant increase at 4hr, amplified at 8hr and further
amplified at 24hr
3) TGF-β2 - significant increase at 8hr and amplified at 24hr

Apical

30 cm H2O pressure for
30 minutes

1) Decreased cell height by ~10%
2) Decreased Lateral Intracellular Space (LIS)
3) EGF ligand shedding into LIS
4) Increased EGFR phosphorylation, followed by p-ERK

30 cm H2O pressure for
0.50, 1, 2 & 8hrs.

1) Upregulation of EGF ligands viz HB-EGF, epiregulin and
amphiregulin was peaked at 2hr to 4hr and reached bassline at
8hr but not TGF-α
2) Continuous compression has increased HB-EGF gene
expression then time-limited compression

Tschumperlin
and
Healthy
colleagues,
pBECs
2003
Tschumperlin
Healthy
and
pBECs
colleagues,
2004
Chu and
colleagues,
2005

Healthy
pBECs

Apical

Outcomes
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3) Epiregulin protein expression is induced by compression via
EGFR signalling
Chu and
colleagues,
2006

Healthy
pBECs

Apical

30 cm H2O pressure for
8hr

1) Increased u-PA increased MMP-9, in turn, increased collagen
deposition
2) Genes upregulated after 8hr of compression - uPAR, uPA, ET1, ET-2, tPA, HB-EGF, epiregulin, PAI-1, Amphiregulin.

Choe and
colleagues,
2006

Healthy
pBECs, HLF

Lateral

10-30% strain @60
cycles/hour

1) Upregulated collagen deposition (III & IV)
2) Upregulated MMP-9 & 2 in co-culture with fibroblasts
3) Downregulated fibronectin

Tomei and
colleagues,
2007

Healthy
pBECs, HLF

Lateral

15% strain @ 1Hz

Increased lentivirus infection in compressive strain group

Park and
colleagues,
2009

Healthy
pBECs

Apical

30 cm H2O pressure 1hr/day/14 days

Increased epithelial MUC5AC expression linking both EGFR and
TGF-β2 are important in compression

Arold and
colleagues,
2009

Healthy
pBECs

Apical

30 cm H2O pressure for
6hr

Park and
colleagues,
2010

Healthy
pBECs

Apical

30 cm H2O pressure for
3hr

Park and
colleagues,
2012

Healthy
pBECs

Apical

30 cm H2O pressure for
3hr
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1) Compression and scrape wound - increased TGF-β2 and ET-1
secretion
2) Compression after pre-existing scrape wound augmented
TGF-β2 & ET-1.
1) Increased CHI3L1 expression by ~4-fold at the end of 3hr
compression and by 1.6 fold at 24hr after compression
2) Increased secretion of YKL-40 protein by 3.6 fold after 24hrs of
3hr compression
1) TF mRNA upregulated 2.2 fold with 3hr of 30 cm H2O
compression
2) TF protein - intracellular - 1.6 fold; extracellular - 50 fold

Apical

10, 20, 30 cm H2O
pressure - 1hr/day/7
days

1) Compression increased phosphorylation of ERK1/2.
2) ERK - tyrosine kinase - induce MUC5AC expression and
goblet cell metaplasia.
3) MUC5AC - gene and protein levels increased with
compression

Healthy &
asthmatic
pBECs

Apical

30 cm H2O pressure for
1hr

1) Increased IL-8 & VEGF in both normal & asthmatic
2) TGF-β & GM-CSF increased only in asthmatics

Healthy &
asthmatic
pBECs

Apical

0, 3, 10, 20, 30 cm H2O
pressure for 30 minutes

Compression-induced jamming in asthmatics

Na Li and
colleagues,
2012

Healthy
pBECs

Grainge and
colleagues,
2014
Park and
colleagues,
2015

Mitchel and
colleagues,
2016

Healthy
pBECs

Apical

30 cm H2O pressure for
3hr

1) IL-13 induced TF mRNA and protein expression in healthy
pBECs
2) Compressive stress increased TF mRNA expression in healthy
pBECs and TF activity in the basolateral media
3) IL-13 pre-treatment augmented compressive stress–induced
TF mRNA expression and release of TF-positive extracellular
vesicles

Lan and
colleagues,
2018

Healthy &
asthmatic
pBECs

Apically

10-30 cm H2O pressure
for 3hr

1) Increased ET-1 from pBECs
2) Increased proliferation & basal contraction of ASM with ET-1

pBECs: Primary bronchial epithelial cells; HLF: Human lung fibroblasts; ASM: Airway smooth muscle; Egr-1: Early growth response protein 1;
ET-1: Endothelin-1; TGF-β1/2: Transforming growth factor beta 1/2; MMP-9/TIMP-1: Matrix metalloproteinase-9/tissue inhibitor of
metalloproteinases-1; EGF: Epidermal growth factor; EGFR: Epidermal growth factor receptor; HB-EGF: Heparin binding-EGF; TGF-α:
Transforming growth factor alpha; uPA: Urokinase plasminogen activator; uPAR: Urokinase-type plasminogen activator receptor; tPA: Tissue
plasminogen activator; PAI-1: Plasminogen activator inhibitor-1; TF: Tissue factor; ERK: Extracellular signal-regulated kinase; IL-8:
Interleukin-8, VEGF: Vascular endothelial growth factor; GM-CSF: Granulocyte-macrophage colony-stimulating factor; IL-13: Interleukin-13.
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1.6.2 Ex-vivo models: Precision cut lung slices and whole lung
perfusion models
Although the majority of studies examining the effect of mechanical forces on the
epithelium in asthma have been performed using in-vitro models as above, some
have been performed ex-vivo using both the precision cut lung slice (PCLS)
technique and whole lung perfusion models, resulting in similar outcomes such
as EGFR phosphorylation, EGF ligand shedding and TGF-β release. In PCLS,
cell-cell communication, extracellular matrix and normal tissue architecture are
maintained, albeit in thin lung slices, which can be generated from many animals
including humans [64-71]. Isolated whole lungs, as well as PCLS, may be
stimulated with agents such as methacholine or histamine leading to airway
narrowing and buckling and downstream changes including those associated
with airway remodelling and smooth muscle hypertrophy [45, 72].

1.6.3 Clinical studies
Despite data from well-established in-vitro and ex-vivo models of airway
compressive stress the question still remains whether these models correlate with
human disease or simply reflect an epiphenomenon. It may be that as in-vitro and
ex-vivo models do not mimic bronchoconstriction with all the associated
mechanical tissue attachments within the lung, they may not be sufficiently
complex or heterogeneous to model downstream effects caused by airway
narrowing. To address this, previously Grainge et al. obtained bronchial biopsies
from mild asthmatics with before and after repeated inhalation challenges and
demonstrating that repeated bronchoconstriction in the absence of additional
17

airway inflammation induces airway remodelling [73], whilst administration of
bronchodilators during airway challenge protects against remodelling changes
[74]. These data suggest that the results from the more straightforward models
above, do in fact reflect airway changes induced by bronchoconstriction.

1.7 Mechanical compression activates diseaseassociated pathways in the airway epithelium
Application of mechanical compression that mimics the mechanical environment
of constricted airways induces pathways associated with asthmatic airway
remodelling, in addition to the activation of signalling pathways and production of
asthma-associated mediators. The pathways demonstrated to be activated
following mechanical force application are explored in more detail below.

1.7.1 EGFR activation and downstream signalling
Mechanical compression of differentiated bronchial epithelial cells results in
EGFR phosphorylation and downstream signalling pathway activation [45, 75,
76]. Using differentiated pBECs from healthy donors, Tschumperlin et al. showed
phosphorylation of extracellular-regulated kinase (ERK) following compressive
stress, which upregulates heparin-binding EGF-like growth factor (HB-EGF) gene
expression [77], and further demonstrated that the HB-EGF induction is EGFRdependent through an autocrine positive feedback mechanism [48]. In mouse
tracheal epithelial cells, activation of EGFR is mediated by ERK and protein
kinase B (Akt) phosphorylation while this activation further induces expression of
the EGFR family of ligands such as HB-EGF, TGF-α, amphiregulin, epiregulin
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and betacellulin. Mechanical activation of EGFR requires TNF-α converting
enzyme (TACE) [76], with the activation of EGFR confirmed in-vivo, following
methacholine-induced airway constriction of whole mouse lungs [45].

1.7.2 Transforming growth factor β (TGF-β) signalling
TGF-β is a multifunctional pro-fibrotic cytokine released from airway epithelial
cells following mechanical compression and plays a role in goblet cell
hyperplasia, sub-epithelial collagen deposition and fibrosis [37, 44, 73]. Initial
work in differentiated rat tracheal epithelial cells demonstrated increased TGF-β1
gene expression in response to mechanical compression in a time- and pressuredependent manner, while in well-differentiated pBECs, TGF-β2, but not TGF-β1
protein expression was increased with little effect on TGF-β2 gene expression
[44]. Bronchial epithelial cells from asthmatic donors grown at ALI cultures
demonstrated an increased release of TGF-β2 in comparison to healthy controls
following one hour of mechanical compression [50].
In guinea pig PCLS, bronchoconstriction induced airway epithelial cell TGF-β
release promoting expression of ASM contractile proteins [70]; preventing
bronchoconstriction using either phosphodiesterase-4 (PDE-4) inhibitors or longacting muscarinic receptor antagonists blocked both the TGF-β and muscle
responses [78]. Finally, in human studies, repeated bronchoconstriction of mild
asthmatic patients showed elevated epithelial TGF-β positive immunostaining
compared to saline-treated individuals, along with changes in other mediators in
bronchial biopsies [73]. Together, these studies demonstrate that TGF-β in
airway epithelial cells is responsive to mechanical compression associated with
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bronchoconstriction and as TGF-β is linked to airway remodelling and airway
hyperresponsiveness [79].

1.7.3 Procoagulant factors
Fibrin degradation products and the coagulation cascade have been shown to be
activated in the days preceding admission to hospital for an asthma exacerbation,
and that the degree of activation of the clotting cascade is associated with length
of stay for those exacerbations [80, 81]. The coagulation cascades involve the
activation of plasminogen systems, including urokinase plasminogen activator
receptor (uPAR), urokinase plasminogen activator (uPA), urokinase plasminogen
activator (PAI-1) and amphiregulin; these are all upregulated following
mechanical compression [49]. Tissue factor, a well-recognised coagulation
initiator, is expressed in control and compressed human airway epithelial cells
with mRNA expression, and both intracellular and extracellular tissue factor
proteins increased following compression. Interestingly, tissue factor protein is
released from compressed airway epithelial cells in extracellular vesicles [46] and
compression-induced tissue factor release is augmented by the presence of IL13, a potent type 2 cytokine, which is elevated in allergic asthma [82]. Increased
tissue factor concentrations have been demonstrated in bronchoalveolar lavage
(BAL) fluid from OVA-challenged mice, in asthmatics compared to healthy
controls and in asthmatics in response to allergen challenge [46, 82]. It may be
that bronchoconstriction, in combination with the underlying state of airway
inflammation, directly leads to clotting cascade activation. This data further
suggests that bronchoconstriction interacts with other disease processes in
asthma.
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1.7.4 YKL-40
Genome-wide association studies have demonstrated CHI3L1, the gene which
encodes the YKL-40 protein is involved with increased asthma prevalence or
susceptibility in multiple demographic populations [83-86]. In asthmatics, greater
lung expression of CHI3L1 correlated with higher concentrations of YKL-40 in
both serum and BAL [87]; this increase is associated with a higher risk of asthma
and reduced lung function [83]. Recent evidence suggests that YKL-40 may play
a role in airway remodelling, including airway angiogenesis [88, 89] and ASM
proliferation [90]; compression of healthy pBECs in ALI culture induces YKL-40
protein secretion, mediated via the EGFR-ERK pathway [47]. Though the
relationship between CHI3L1 as an asthma susceptibility gene and the secretion
of the YKL-40 protein from compressed airway epithelial cells is not yet clear; the
CHI3L1/YKL-40 may have a role in bronchoconstriction mediated asthma.

1.7.5 Mechanical compression induces airway remodelling
Remodelling of the airways in asthma is characterised by increased sub-epithelial
collagen deposition, mucus hypersecretion, increased density of blood vessels
and an increase in ASM mass. The driving factors behind, and clinical effect of,
these changes are not clear, but are accepted to be deleterious: mucus secretion
leads to airway plugging and closure, collagen deposition contributes to fixed
airway obstruction, and ASM hypertrophy contributes to airway narrowing and
closure [91-93].
Apical compression of healthy pBECs for only 1 hour a day for 14 days showed
an increase in MUC5AC protein secretion and goblet cell hyperplasia, while pre21

treatment with an EGFR kinase inhibitor (AG1478) attenuated the effect of
compression, which was entirely abrogated by the combination of AG1478 with
a TGF-β2 neutralising antibody [37]. In in-vivo, repeated bronchoconstriction in
naïve and allergic mice, as well as repeated bronchoconstriction in mild
asthmatics, also induced goblet cell hyperplasia [73, 94] suggesting that the
excessive mucus secretion seen in some asthmatics may contribute to poor
asthma control leading to repeated airway narrowing. In addition to mucus
production, compressive stress also stimulates sub-epithelial collagen and
fibronectin deposition [38, 60]. In-vitro compression models demonstrate
increased

synthesis

of

collagens

alongside

with

increased

matrix

metalloproteinase – 2 and - 9 production when fibroblasts are co-cultured with
compressed epithelial cells [38, 61].
In addition to goblet cell hyperplasia and collagen deposition, increased ASM
constriction also leads to airway remodelling. It is now accepted that ASM in
asthma is characterised by increased mass and increased responsiveness to
contractile stimuli, which together result in excessive contraction [95-97].
Although the mechanism via which ASM becomes more responsive to contractile
stimuli is unclear; it has been demonstrated that airway epithelial cells can
augment ASM contraction and proliferation [98-100] via mediators such as
Endothelin 1 (ET-1) and YKL-40 [90, 101, 102]. As discussed above, both ET-1
and YKL-40 have been shown to be increased following the application of apical
mechanical stress on epithelial cells in culture.
From above, there may be a possibility that airway epithelial cell compression
promotes ASM hyperplasia and hyperresponsiveness, leading to a pathogenic
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cycle of bronchoconstriction, epithelial cell compression and ASM hypertrophy
[103]. Previously, conditioned media from compressed pBECs was transferred to
human ASM cells, which were then measured for contraction and proliferation.
Contraction and histamine response were both significantly elevated in ASM cells
exposed to media from compressed epithelial cells, a phenomenon dependent
on ET-1, while ASM cell proliferation was increased through an undetermined
mechanism. This report importantly links the force generated by ASM causing
bronchoconstriction, via the responses of epithelial cells back to the ability of the
ASM to induce more powerful contractile responses. This positive within airway
feedback loop may explain the increased thickness of the ASM layer in fatal
asthma, which is again not correlated with airway inflammation [104].

1.8 Mechanical compression induces epithelial cell
unjamming
1.8.1 Collective migration
It is widely recognised that airway epithelial cells migrate during wound repair,
however, only recently it has also been demonstrated that unwounded welldifferentiated airway epithelial cells also can migrate [105]. Normally airway
epithelial cells undergo collective migration during maturation, but then become
“static” or ‘jammed’ and immobile when fully matured. After the application of
mechanical compression to well-differentiated cells, however, the epithelium
undergoes a striking phase change, wherein the cells again become motile and
begin to flow collectively, as during development. This change from the static
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and solid-like jammed state to the fluid-like unjammed state has been defined as
an unjamming transition [106].

1.8.2 Cell jamming and cell shape
Cellular jamming is a comparatively newly investigated phenomenon, with the
term traditionally referring to a physical property whereby disordered materials,
such as particulates, foams, or colloids can acquire structural rigidity without the
formation of crystal structure [107]. Jamming has been thoroughly investigated in
inert materials as a function of density [108] but recently, Manning and colleagues
sought to expand this paradigm to epithelial cellular systems where although cell
density does not change, the cells within the system could exist in a solid-like or
fluid-like state [109]. Their theory predicted that tissue behaviour would be
determined by epithelial cell shape, where a critical threshold exists in which cells
“below” this cell shape threshold (more rounded) would display solid-like
behaviour, whereas cells “above” this cell shape threshold (more elongated or
anisotropic) would display fluid-like behaviour. This prediction was verified by
Park and colleagues [105, 106] who reported that cells in the asthmatic epithelium
jammed and unjammed dependent on cell shape. It has now been shown that
cell shapes and cell shape variability in a large range of epithelial systems are
mutually constrained through a geometric relationship that is connected to
jamming [110]. They demonstrated that in the solid-like jammed state, local
rearrangements of cells do not occur due to the large energy barrier involved,
whereas, in the fluid-like unjammed state, cellular rearrangements are possible,
or even favoured [110]. Epithelial cells exist in homeostatic conditions close to a
jamming transition but can unjam, and therefore remodel, in response to many
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internal or external cues [106, 111]. Not only does the application of mechanical
apical stress induce an unjamming transition in pBECs, but cells from asthmatic
donors also showed a delayed unjammed to jammed transition during in-vitro
maturation. As epithelial cell unjamming is accompanied by noticeable cell shape
changes; these changes infer changes in mechanics within the cells or in their
local environment. Altered cellular mechanics through cell shape changes impact
many cellular functions, including secretion of proteins [112, 113], relocation or
activation of transcription factors, changes in downstream gene expression [114117], and cell fate decisions [118]. As changes in cell shape and cell mechanics
directly link to cell and tissue function [119, 120]. It is possible that compression
and disease are linked through unjamming-related changes in cell shape.

1.9 Rhinovirus (RV) infection
From above, it is evident that bronchoconstriction induces mechanical stress in
the epithelial cells which cause mechanotransduction and downstream signalling.
The other fundamental role of airway epithelium is to protect against viral
infection, including innate immune responses to viruses. Rhinoviruses (RVs),
which cause the common cold, account for 60-70% of asthma exacerbations and
induce concomitant bronchoconstriction [121] [122, 123] [124]. Patients with
more severe asthma have greater susceptibility to RV infections and [125, 126]
the airway epithelium appears key, demonstrating impaired innate immune
responses, including reduced production of interferon (IFN) beta and lambda
along with increased RV replication [127, 128] [129] [130].
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Although there appears to be an innate deficiency of IFN production from
asthmatic epithelial cells, this deficiency can be augmented by local mediators
produced from epithelial cells in response to viral infection. In monolayer epithelial
cultures generated from non-asthmatic cells infected with RV, the addition of
TGF-β2 decreased the release of IFN protein and increased viral replication;
these effects were reversed by TGF-β neutralising antibodies. In cells obtained
from asthmatics, where endogenous TGF-β concentrations are higher, similar
decreased IFN response was observed with anti-TGF-β administration [131].
These reports suggest that TGF-β may further worsen innate anti-viral immune
deficiencies in asthma, and in support of this, TGF-β1 deficiency in epithelial cells
was protective against influenza virus infection and correlated with an elevated
IFN-β response in mice [132].
During an asthma exacerbation, both viral infection and bronchoconstriction can
co-occur in the airway. Bronchoconstriction upregulates both TGF-β and EGFR
activation, each of which has been shown to decrease epithelial cell responses
to the virus. Here, it raises the possibility that bronchoconstriction during a virally
induced asthma exacerbation may further impair or alter anti-viral immunity. If this
were true, this might provide the link between asthmatics with recurring
bronchoconstriction

(termed

as

“poorly

controlled

asthma”),

and

the

demonstrated impaired anti-viral immunity in this clinical group, and also viral
induced asthma exacerbations (virus induced bronchoconstriction in asthmatics).
The tools and techniques exist to model both poorly controlled asthma and
exacerbations by applying apical compression on the cells obtained from
asthmatics with prior to and following viral infection, respectively.
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1.10 Project rationale
Previous studies have shown that mechanical stress is likely to be a fundamental
factor for both asthma pathogenesis and remodelling. Compressive stress on the
airway epithelium causes mechanotransduction and induces the release of
mediators and may worsen asthma, in-vivo, leading to exacerbations along with
concurrent viral infections.
We hypothesised that ‘airway compressive forces suppress innate immune
responses following viral infection’. In order to investigate this hypothesis, we
initially optimised airway epithelial cell lines to ALI cultures, in-vitro to mimic
airway epithelium, to model airway responses in asthma, as discussed in chapter
3. The next step was to develop a more physiologically relevant RV infection
model in cells obtained from subjects with respiratory disease such as asthma
and COPD and examine the anti-viral innate immune responses following
infection, as discussed in chapter 4. Finally, we examined the effects of apical
compression mimicking bronchoconstriction prior to and following viral infection,
as discussed in chapter 5.
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2 Chapter 2: Material and Methods
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2.1 Cell Culture
Cell culture is a process of growing cells in an artificial environment under
controlled conditions. Airway epithelial cells from different sources including cell
lines, pBECs and conditionally reprogrammed pBECs were used in the following
experiments, with the aim of modelling human disease in in-vitro.
Cell lines are immortalised cells with infinite proliferation profile with a uniform
genetic composition [133]. These are immortalised by various techniques
including adenovirus – simian virus 40 (Ad-SV40) hybrid virus, plasmid containing
a replication-defective SV40 virus genome, retroviral gene transfer mediated by
viral oncoproteins (HPV-16, E6 and E7) and over expression of human
telomerase reverse transcriptase (hTERT) and cyclin-dependent kinase 4
(CDK4) genes [134-136]. Airway epithelial cell lines such as Calu-3, HBEC 6KT
and BCi-NS1.1 were mainly used to establish air-liquid interface (ALI) cultures
(refer chapter 3 for experimental details) which mimic human airway epithelium
and to minimise the pBECs requirement for experiments.
The pBECs were obtained directly from a lung through bronchoscopy either from
a healthy subject or patients with asthma and COPD by a respiratory physician.
As these cells grow for finite passages before losing their ability to proliferate due
to senescence, they are generally used in experimental models at passage one
to two. These cells are readily able to differentiate into different airway epithelial
subtypes such as goblet cells, ciliated cells, clara cells and basal cells in ALI
culture.
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In addition, these cells were conditionally reprogrammed to proliferate indefinitely
by using Rho kinase (ROCK) inhibitor (Y27632) and irradiated 3T3 feeder cells
[137, 138]. These cells were later able to differentiate and behave normal with
the removal of ROCK inhibitor from the media in ALI cultures [139, 140].

2.1.1 Calu-3 cell line
2.1.1.1 Introduction
The Calu-3 cell line was originally derived from a lung submucosal
adenocarcinoma of a 25-year-old Caucasian male [141]. Calu-3 cells express
airway epithelial features such as mucous producing goblet cells and tight
intercellular junctions [142].
2.1.1.2 Growth media
Calu-3 cells proliferate in 10% Dulbecco’s Modified Eagle’s Medium/Nutrient
Mixture F-12 Ham (DMEM/F-12) media (Thermo Fisher Scientific, United States).
At first, serum-free DMEM/F-12 media was prepared by adding the following
supplements to 500 ml media bottle as shown in Table 2-1:
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Table 2-1: Supplements for serum-free DMEM/F-12 media
Supplements (concentration)

Volume to 500 ml media

Penicillin /Streptomycin (5000 U/ml)

10 ml

Non-essential Amino acid (10 mM)

5 ml

Sodium pyruvate (100 mM)

5 ml

HEPES (1M)

10 ml

Later, serum-supplemented DMEM/F-12 media was prepared freshly whenever
required. To prepare 100 ml of 10% DMEM/F-12 final media, 10 ml of fetal bovine
serum (FBS) was added to 90 ml of DMEM/F-12 serum-free media.
2.1.1.3 Raising Calu-3 cells from liquid nitrogen
A frozen vial (stock courtesy from K. Nichol) stored in liquid nitrogen was thawed
quickly in a bead bath until a silver layer of ice appeared on the vial. To this, 1 ml
of 10% DMEM/F-12 media was added slowly with pipette mixing. Then, the
defrosted cells were transferred to a flask with pre-warmed media (flask T25 4ml, T75 - 9ml, T175 - 19ml media) and incubated overnight at 370C. After 24
hrs, media was replaced with fresh 10% DMEM/F-12 media to remove any
floating cells.
2.1.1.4 Calu-3 cells maintenance
2.1.1.4.1 Changing culture media
Media change was performed on alternate days with fresh 10% DMEM/F-12
media; volumes as shown in Table 2-2 for different flasks.
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Table 2-2: Media change volume per flask
Flasks

Final media volume (ml)

T25

5

T75

10

T175

20

2.1.1.4.2 Sub-culturing
To sub-culture Calu-3 cells from the T175 flask, first, media was discarded from
flask and cells were washed with 10ml of Dulbecco's phosphate buffered saline
(D-PBS) to remove any traces of serum. To detach cells from the flask, trypsin
was added in 1:3 dilution with D-PBS; volume ratios for different flasks were
shown in Table 2-3.
Table 2-3: Trypsin and D-PBS (1:3) volumes used in different flasks
Flask Total Volume

Trypsin 10X ( µl )

D-PBS ( µl )

T175 = 6 ml

2000

4000

T75 = 4 ml

1340

2680

T25 = 2 ml

680

1360

The flasks were incubated for 5-10 min to detach the cells from the bottom of the
flask. Once the cells were detached, FBS was added to inactivate trypsin; volume
for different flasks shown in Table 2-4.
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Table 2-4: Volume of FBS required to inactivate trypsin in different flasks
Flask

FBS Volume (µl)

T175

2100

T75

1400

T25

700

The total volume was then transferred to a 50 ml falcon tube and again rinsed
with 10 ml D-PBS to collect all detached cells. The tube was centrifuged at 195 g
for 8 min. The supernatant was removed, and the cell pellet was resuspended in
10 ml 10% DMEM/F-12 media. A cell count was performed by adding 10µl of
Trypan Blue to 90µl of cell suspension using hemocytometer. Cells were added
to new flasks with pre-warmed media and incubated at 370C in an incubator for
cell growth.
2.1.1.5 Freezing Calu-3 cells
Freezing media contains 10% Dimethyl sulfoxide (DMSO), 10% FBS in DMEM/F12 serum-free media. For a volume of 10 ml freezing media, 1 ml DMSO and 1
ml FBS were added to 8 ml DMEM/F-12 base media.
After the treatment with trypsin, a cell count was performed as above and the
freezing media volume required to freeze the cells was calculated. The cell
suspension was centrifuged again at 195 g for 8 min, then the supernatant was
removed, and the pellet was resuspended with the calculated volume of freezing
media. Then, 1 ml of cell suspension with freezing media was transferred to each
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cryovial. The cryovials were then transferred to Mr Frosty (which contain
isopropanol) for slow freezing at -800C and then to liquid nitrogen tank for longterm storage.
2.1.1.6 Calu-3 ALI cultures
2.1.1.6.1 Seeding cells on insert
Following trypsinisation, Calu-3 cells were also seeded to ALI for differentiation,
along with sub-culturing. Initially, ALI transwells with the polyester membrane
(12mm diameter, 0.4μM pore size, Corning Costar, United States) were rinsed
with sterile D-PBS in the hood, to check for any damage or leakage to the inserts.
Following cell resuspension after trypsinisation, cells were seeded at a cell
density of 2x105 cells/500µl/insert in a 12 well plate. Fresh 1.5 ml, 10% DMEM/F12 media was added to the basolateral compartment of the ALI well. After 24
hours, the basal media was changed with fresh 10% DMEM/F-12 media.
2.1.1.6.2 Raising calu-3 cells to ALI
Calu-3 cells were allowed to reach confluence on ALI inserts with regular media
changes, both apically and basally. Once confluent, the apical media was
removed to allow cells to differentiate from regular basal media changes. The day
of apical media removal was defined as day ‘0’ of ALI.
2.1.1.6.3 Trans-epithelial electrical resistance (TEER)
From day ‘0’, the integrity of the cell tight junctions were measured using TEER
machine (EVOM (epithelial volt/ohm meter), World Precision Instruments, United
States) with a handheld “chopstick” electrode, every week [143].
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2.1.1.6.4 ALI culture harvest
Apical media
D-PBS (500 µl) was added apically to measure TEER on harvest day. After
measuring TEER, D-PBS was collected and stored at -800C for future analysis.
Basal media
Basal media was also collected at the same time and stored at -800C for future
analysis.
RNA (½ insert membrane)
A surgical scalpel blade was used to cut the membrane into half and was
transferred to a 1.5 ml round bottom tube containing 350µl RLT buffer with 2mercaptoethanol (2-ME). The membrane was removed from the tube after cell
lysis in 5 minutes and stored at -800C for future analysis.
Protein (½ insert):
The remaining half of the membrane was transferred to a 1.5 ml Eppendorf tube
containing 200 µl RIPA buffer. The tube was then placed on a Thermomixer
(Eppendorf, Germany) at 1400 rpm for 30 minutes. Then, the membrane was
removed and tube stored at -800C for future analysis.
Histology (1 insert):
Cells on the membrane were fixed with 10% Neutral buffered formalin solution
(NBF). After 24 hours, cells were embedded with 2% low gelling agarose (LGA).
A volume of 400 µl was added apically and allowed to set for 45 minutes. The
surgical blade was used to separate the embedded membrane from the insert
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and folded using a lens paper before locking it in a cassette. The cassette was
placed in NBF until further processing.

2.1.2 HBEC 6KT cell line
2.1.2.1 Introduction
The HBEC 6KT cell line was initially derived from a central lung bronchiole of a
healthy non-smoker by overexpression of cyclin-dependent kinase 4 (CDK4; K)
and human telomerase reverse transcriptase (hTERT; T) genes with retroviral
infections [96, 144-146].
2.1.2.2 Growth media
HBEC KT cells grow in keratinocyte serum-free media (KSFM) (Life
Technologies, United States) with supplements, bovine pituitary extract (BPE),
human epidermal growth factor (hEGF) and penicillin/streptomycin. For 50 ml of
KSFM, the following supplements were added as shown in Table 2-5.
Table 2-5: Supplements volume for 50 ml KSFM media
Supplements

Volume (µl) for 50 ml media

BPE

200

hEGF

5

Penicillin /Streptomycin

1000
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2.1.2.3 Raising HBEC 6KT cells from liquid nitrogen
HBEC 6KT cells were obtained from In-house stock (stock courtesy from F.
Moheimani). A frozen vial of HBEC 6KT cells, passage 6, was revived from liquid
nitrogen to a T25 flask with KSFM and supplements. Briefly, the cryovial was
quickly thawed in a 37oC bead bath. 1 ml of KSFM was added to the vial and
mixed gently. The volume was then transferred to a T25 flask with 3 ml prewarmed KSFM media and kept in an incubator at 37oC. After 24 hrs, media was
replaced with fresh KSFM media.
2.1.2.4 Maintenance and sub-culturing of 6KT cell line
HBEC 6KT cells were fed with KSFM media on alternate days. At 60%
confluence, the cells were trypsinised with trypsin. Briefly, 2 ml of trypsin was
added to a T25 flask and incubated at 37oC for 8 to 10 minutes. 3 ml of trypsin
neutralizing solution (TNS) was added to deactivate the trypsin. The total volume
was transferred to a 15 ml falcon tube and spun down at 1000 rpm for 5 minutes.
The supernatant was discarded, and the pellet was resuspended in 500 µl KSFM
media. A cell count was performed, and calculated amount of cell suspension
was added to new T25 or T75 flasks with pre-warmed media for cell line
continuation and incubated in an incubator at 37oC.
2.1.2.5 Freezing HBEC 6KT cells
HBEC 6KT cells were frozen in complete freezing media containing 15% DMSO.
At 60% confluence, complete freezing media (CFM) was prepared by adding 750
µl of DMSO to 4.25 ml pro-freeze CFM. As above, the cells were treated with
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trypsin, and a cell count was performed and frozen similar to Calu-3 cell line
(section: 2.1.1.5).
2.1.2.6 HBEC 6KT ALI cultures
Most of the experiments in the literature use HBEC 6KTs in submerged
monolayer culture, however, there was a limited published data on ALI
differentiation. Vaughan et al. used ascorbic acid as a differentiation supplement
in media to differentiate the HBEC 6KT cell line in ALI co-culture setup with
collagen gels and fibroblasts [145]. In addition, Micheline et al. showed the
differentiation of different HBEC KTs (HBEC 3KT, HBEC 6KT, HBEC 12KT and
HBEC 24KT) on collagen-coated inserts [147]. Initially, we experimented with
ascorbic acid in KSFM for HBEC 6KT differentiation, and later with and without
collagen coating on inserts to observe the role of type IV collagen on HBEC 6KT
cells. Lastly, a new composition of media was developed (Table 2-6) from inhouse resources using different sources of literature [148].
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Table 2-6: New media supplements composition and concentration for
HBEC 6KT ALI cultures
Volume(μl)

Matsui et al.

In- house SingleQuot

(1998)[148]

concentrations

Insulin

5 μg/ml

5 μg/ml

100

Hydrocortisone

0.072 μg/ml

0.072 ug/ml

14.5

EGF

25 ng/ml

0.5 ng/ml

20

T3

10-8 M

10nM (6.5 ng/ml)

100

Transferrin

10 μg/ml

10 μg/ml

100

Epinephrine

0.6 μg/ml

0.5 μg/ml

100

Ethanolamine

0.5 μM

0.5 μM

6.3

BPE

0.8% (10-30mg/ml) 0.052 mg/ml

400

BSA

0.5 mg/ml

0.5 mg/ml

1000

CaCl2

80 μM

33.294 μg/ml

1000

50 Units/ml

50 Units/ml

2000

Retinoic acid

50 nM

50 nM

5

Amphotericin B

-

250 µg/ml

1000

Supplements

/100ml

Penicillin/
Sterptomycin

Media base - Bronchial Epithelial Cell Base Medium (BEBM); EGF Epidermal growth factor; T3 - Triiodothyronine; BPE - Bovine pituitary extract;
BSA - Bovine serum albumin; CaCl2 - Calcium chloride
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2.1.2.6.1 Seeding HBEC 6KT cells on inserts
The HBEC 6KT cells in the T75 flasks were trypsinized at 60-70 % confluence as
discussed above (section: 2.1.2.4). Cells were resuspended in KSFM containing
ascorbic acid (1mM) and were seeded to ALI on insert membranes. Briefly, 500
µl of cell suspension was added apically and 1.5 ml KSFM media at the bottom
of the insert. After 24 hours, the basal media was changed using fresh KSFM. In
another experiment, a similar protocol was used with custom-made new media
as in Table 2-6.
2.1.2.6.2 Raising 6KT cells to ALI
HBEC 6KT cells were allowed to reach confluence on ALI inserts with regular
media changes, both apically and basally with fresh KSFM + ascorbic acid. Once
confluent, the apical media was removed to allow cells to differentiate from
regular basal media changes. The day of apical media removal was defined as
day ‘0’ of ALI. TEER measurement (section: 2.1.1.6.3) and cell harvest including
media collection, RNA extraction, protein and histology (section: 2.1.1.6.4) were
performed as described above.
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2.1.3 BCi-NS1.1 Cell line
BCi-NS1.1 (basal cell immortalised – non-smoker 1 clonal population1) cells are
primary basal cells initially derived from a 42-year-old Hispanic male, healthy nonsmoker by Professor Ronald Crystal (Weill Cornell Medical College, New York)
[149]. These cells were immortalised by overexpression of the hTERT gene using
retrovirus. The original BCi-NS1 (basal cell immortalised – non-smoker 1) was
prepared, and a clonal population of BCi-NS1 was generated from a serial dilution
of the parental cells with subsequent expansion of isolated single cell colonies.
This clonal population was named “BCi-NS1.1”.
2.1.3.1 Growth media
BCi-NS1.1 cells were grown in Bronchial Epithelial Cell Growth Medium (BEGM)
complete media. BEGM was prepared by adding the supplements (SingleQuot,
Lonza, Switzerland) provided with Bronchial Epithelial Basal Medium (BEBM)
along with Penicillin/streptomycin (1%) and Amphotericin B (0.5%).
2.1.3.2 Raising BCi-NS1.1 cells from liquid nitrogen
Frozen stocks were revived as previously described from liquid nitrogen. The
cells were centrifuged at 250 g for 5 min and resuspended in 1 ml of BEGM
complete. The cell suspension was added to the T25 flask with 4 ml pre-warmed
BEGM complete media and incubated overnight at 370C. After 24 hrs, media was
replaced with fresh BCi-NS1.1 growth media.
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2.1.3.3 BCi-NS1.1 cells maintenance
2.1.3.3.1 Changing culture media
Media change was performed on alternate days with fresh growth media (BEGM
complete). Different volumes of media were used for different flasks as specified
in Table 2-3.
2.1.3.3.2 Sub-culturing
At 60-70% confluence, the BCi-NS1.1 cells were trypsinised by treating with
trypsin in 1:10 dilution (Table 2-7).
Table 2-7: 1:10 dilution of trypsin and D-PBS volume to different flasks
Flask (Volume)

Trypsin 10X ( µl )

D-PBS ( µl )

T175 (6 ml)

600

5400

T75 (4 ml)

400

3600

T25 (2 ml)

200

1800

Cells were incubated for at least 5 min to detach from the flask. Once detached,
FBS was added to inactivate trypsin; volumes as shown in Table 2-4. Following
centrifugation, the cell count was performed and seeded in a new flask, as
described above.
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2.1.3.4 Freezing BCi-NS1.1 cells
BCi-NS1.1 cells were frozen in 10% DMSO and 10% FBS in BEGM complete
without hydrocortisone supplement. For 10 ml freezing media, 1 ml of each
DMSO and FBS were added to 8 ml BEGM complete without hydrocortisone. The
cells were frozen as described above in section 2.1.1.5 with BCI-NS1.1 freezing
media.
2.1.3.5 BCi-NS1.1 ALI cultures
2.1.3.5.1 Seeding cells
At 60-70% confluence, the cells were treated with trypsin to detach from the
flasks. The cells were spun down and resuspended in 5% DMEM/F-12. Following,
a cell count was performed and seeded on a collagen polymerised insert at a cell
density of 4X105 cells/500µl/insert. Before seeding, the ALI inserts were
inspected for any leakage by adding sterile D-PBS on inserts. Later, the inserts
were polymerised with human type IV collagen (Sigma, United States) in 1:100
dilution at 37ºC for 30 min. Following, fresh 5% DMEM/F-12 media (1.5 ml) was
added to basolateral compartment of the wells. After 24 hours, the basal media
was changed with fresh 10% DMEM/F-12 media.
2.1.3.5.2 Raising BCi-NS1.1 cells to ALI
BCi-NS1.1 cells were grown on ALI membranes with regular media changes, both
apically and basally with fresh 10% DMEM/F-12 media. Once confluent, the
apical media was removed to allow cells to differentiate. The day of apical media
removal was defined as day ‘0’ of ALI.
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This procedure has a few modifications to the published protocol (Walters et al.,
2013). Previously, Walters et al. used 2% of the serum substitute, Ultroser G
instead of 5% FBS in seeding media (5% DMEM/F-12). From the literature, it was
apparent that Ultroser G is 5X concentrated than FBS (2% Ultroser G is
equivalent to 10% FBS). So, therefore, we continued to use FBS, but at a higher
concentration (10%). Walters et al. also increased the incubator CO2 to 8%
instead of 5% (general tissue culture incubator CO2 percentage) for the first five
days of ALI, then reduced back to 5%. In deviation from this published protocol,
we continued to use the same 5% CO2, so not to comprise the conditions for
other cells in the incubator
TEER measurement (section: 2.1.1.6.3) and cell harvest including media
collection, RNA extraction, protein and histology (section: 2.1.1.6.4) were
performed as previously described.

2.1.4 Primary Bronchial epithelial cells (pBECs)
2.1.4.1 Collection of pBECs, ethics and safety:
The pBECs were collected from lung using bronchial brushings either from a
healthy subject or patients with asthma and COPD during bronchoscopy (patient
demographics are shown in Table 7-1, Table 7-2 and Table 7-3) . Patients were
provided with informed consent written before each procedure. Procedures
involving human subjects were approved by Hunter New England Area Health
Service and the University of Newcastle Safety Committee (Approval Reference
Number: H-163-1205) and research plans involving hazardous materials or
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organisms were also been approved (Approval Reference Number: R5/2017).
The cells were transferred from the bronchial brush to 5 ml of serum-free
Dulbecco's Modified Eagle Medium (DMEM) (Lonza, Switzerland). These cells
were immediately transferred to the lab for further processing.
2.1.4.2 Processing of pBECs:
Patient pBECs from multiple (3-5) bronchial brushing were pooled and spun
down, and resuspended in BEGM complete media with antibiotics. The pBECs
were added to placental collagen coated T25 flasks with pre-warmed media for
cell adherence. Collagen coated flasks were prepared by adding diluted (1:500)
placental collagen (1mg/ml) and polymerised by overnight incubation. After 24
hours, BEGM complete media was replaced to remove any blood cells from the
flask and a media change was performed every alternate day until cell
confluence.
2.1.4.3 pBECs storage in liquid nitrogen
The pBECs were frozen in BEGM base media containing 10% DMSO and 10%
FBS. For 10 ml freezing media, 1 ml each, DMSO and FBS were added to 8 ml
BEGM base media. The pBECs were trypsinised using trypsin to detach from the
flasks. Briefly, media was discarded and 1:10 dilution of trypsin: D-PBS was
added to the flasks, as shown in Table 2-7 and incubated at 37oC for 5 minutes.
Once detached, FBS was added to the flasks to inactivate the trypsin and spun
down for a pellet. The cell pellet was resuspended in BEGM base media.
Following cell count, the volume of freezing media was calculated to store the
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cells for future use. The resuspended cell suspension was loaded into cryovials
as described above.
2.1.4.4 pBEC ALI cultures
2.1.4.4.1 ALI growth media
To differentiate pBECs at ALI, differentiation base media was used with various
supplements as shown in Table 2-8. Initially, pBECs were grown on the
membrane until confluence using ALI initial media (Table 2-9) which consists of
retinoic acid and rhEGF. After confluence, the cells were exposed to air for
differentiation with ALI final media (Table 2-10) which consists of a lower rhEGF
concentration in comparison to ALI initial media.
2.1.4.4.2 Seeding cells
At 85-90% confluence, the cells were treated with trypsin to detach from the flasks
and spun down and resuspended in ALI initial media (Table 2-9). A cell count was
performed and seeded on an insert at a cell density of 2X105 cells/500µl/insert in
a 12 well plate. Before seeding, ALI inserts were inspected for any leakage by
rinsing with sterile D-PBS in the biohazard hood. A fresh 1.5ml ALI initial media
was added to the basolateral compartment of the wells. Later, the next day, basal
media change was performed with fresh ALI initial media.
2.1.4.4.3 Raising PBECs to ALI
The pBECs were allowed to grow to confluence on ALI inserts with regular media
changes, both apically and basally with fresh ALI initial media. Once confluent,
the apical media was removed to allow cells to differentiate with ALI final media
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(Table 2-10). The day of apical media removal was defined as day ‘0’. TEER
(section: 2.1.1.6.3) and cell harvest including media collection, RNA extraction,
protein and histology (section: 2.1.1.6.4) were performed as described above.
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Table 2-8: ALI differentiation base media composition
Media components

Company

Catalogue

Volume (62.5 ml)

BEBM

Lonza

CC-3171

31.25 ml

DMEM low glucose

Sigma

D6046

31.25 ml

Hydrocortisone

Lonza

CC-4031F

62.5 μl

Insulin, Bovine

Lonza

CC-4021F

62.5 μl

Epinephrine

Lonza

CC-4221F

62.5 μl

Bovine Pituitary Extract

Lonza

CC-4009F

250 μl

Transferrin

Lonza

CC-4205F

62.5 μl

Ethanolamine

Sigma

E0135

62.5 μl

MgCl2

Sigma

M8266

62.5 μl

MgSO4

Sigma

M2643

62.5 μl

BSA

Sigma

A8806

625 μl

Penicillin/streptomycin

Gibco

15070063

1.25 ml

Amphotericin B

Sigma

A2942

624 μl

BEBM - Bronchial Epithelial Cell Base Medium ; DMEM - Dulbecco's Modified
Eagle Medium ; MgCl2 - Magnesium Chloride; MgSO4 - Magnesium Sulphate;
BSA - Bovine Serum Albumin
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Table 2-9: ALI initial media prepared by adding supplements to ALI
differentiation base media
Media components

Company

Catalogue

Volume (62.5 ml)

all-trans-Retinoic acid

Sigma

R2625

62.5 μl

rh EGF

Bioscientific

236-EG-200 250 μl

rhEGF - recombinant human epidermal growth factor

Table 2-10: ALI final media prepared by adding supplements to ALI
differentiation base media
Media components

Company

Catalogue

Volume (62.5 ml)

all-trans-Retinoic acid

Sigma

R2625

62.5 μl

rh EGF

Bioscientific

236-EG-200 12.5 μl

rhEGF - recombinant human epidermal growth factor

2.1.5 Conditionally reprogrammed (CR) pBECs
2.1.5.1 Introduction
Patient pBECs were conditionally reprogrammed to proliferate indefinitely by
using ROCK inhibitor (Y27632) and irradiated 3T3 feeder cells. Later, these cells
were able to differentiate following the removal of ROCK inhibitor from the media.
Previously, it was reported that CR cells maintain the same characteristics as of
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parent cells, however, with no reports on anti-viral responses following viral
infections [140].
2.1.5.2 3T3 fibroblasts growth, maintenance and irradiation
2.1.5.2.1 3T3 fibroblasts growth media
3T3 fibroblasts were grown in 10% DMEM media. To prepare 100 ml DMEM
media, 10 ml FBS and 1 ml Penicillin/streptomycin were added to 89 ml DMEM
as shown in Table 2-11. The media was filter sterilised and stored at 4ºC for later
usage.
Table 2-11: Volume to prepare 10% DMEM for 3T3 fibroblasts
Reagents

Volume (100ml)

DMEM

89 ml

FBS

10 ml

Penicillin /Streptomycin

1 ml

2.1.5.2.2 3T3 fibroblast maintenance, sub-culturing and freezing.
Raising 3T3 fibroblasts from liquid nitrogen
A frozen vial was revived from liquid nitrogen (stock courtesy by Anthony Kicic,
Telethon Kids Institute, Perth) as discussed above (section: 2.1.1.3) with 10%
DMEM media.
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Maintaining 3T3 fibroblasts
Media change was performed on alternate days with fresh 10% DMEM media;
volumes for different flasks are shown in Table 2-2.
Sub-culturing 3T3 fibroblasts
Once confluent, 3T3 cells were subcultured. At first, the media was discarded
from flasks and cells were washed with 10ml of D-PBS to remove any traces of
FBS. To detach cells from the flasks, trypsin and D-PBS in 1:10 dilution were
added as shown in Table 2-7. Following, the flasks were incubated for 1-3 min at
37ºC to detach the cells from the bottom of the flask. Once the cells detached,
10% DMEM was added to inactivate the trypsin; volumes for different flasks are
shown in Table 2-12.
Table 2-12: Volume of 10% DMEM required to inactivate trypsin in different
flasks.
Flask

10% DMEM (ml)

T175

14

T75

6

T25

2

Following inactivation, cells were spun down, counted and seeded to a new flask
as described above (section: 2.1.1.4.2) except centrifugation speed, 625 g for 5
min.
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Freezing 3T3 fibroblasts
Freezing media was prepared by adding a volume equivalent to 10% DMSO and
20% FBS to 70% DMEM media. To prepare 10 ml freezing media, 1 ml DMSO
and 2 ml FBS was added to 7 ml DMEM media.
After trypsin treatment, a cell count was performed, and the volume required to
freeze 5x105 cells/ml/cryovial was also calculated. The cell suspension was spun
down again at 625 g for 8 min and resuspended with the calculated volume of
freezing media. The cells were frozen as described above in section 2.1.1.5 in
cryovials for future use.
2.1.5.2.3 3T3 fibroblast irradiation
The 3T3 fibroblasts were irradiated for co-culture, following trypsin treatment
during sub-culturing or freezing. The cells were resuspended in 10% DMEM
media as per the required cell number for co-culture. The cells were irradiated in
an irradiator, RS2000 (Rad source Technologies, United States) by exposing the
cells to 3000 cGy (30Gy = 3000 rad) gamma radiation for 6 minutes 55 seconds
on level 5 shelf. The settings for operation and exposure of gamma radiation at
different levels with different times were as shown in Figure 2-1.
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Figure 2-1: RS2000 irradiator (Rad Source Technologies, USA) showing
irradiation strength at different levels with their exposure time.
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2.1.5.3 Co-culture seeding, maintenance, sub-culturing and storage
DMEM/Ham’s F12 media was used to grow the pBECs and irradiated 3T3
fibroblasts with different supplements as shown in Table 2-13.
Table 2-13: Co-culture media composition
Media reagents/

Volume

Stock

(500 ml)

concentration

156.7

F12

Company

Catalogue

-

Sigma

D5796

313.3

-

Sigma

51651C

FBS

25

5% (v/v)

Sigma

12003

Hydrocortisone

55.56 µl

3.6 mg/ml

Sigma

H0888

Insulin

1250 µl

2.0 mg/ml

Sigma

I2643

EGF

500 µl

25 µg/ml

Sigma

E9644

Cholera toxin

21 µl

200 µg/ml

Sigma

C8052

Adenine

1,200 µl

10 mg/ml

Sigma

A2786

500 µl

10 mM

Enzo Life

ALX-270-

Sciences

333

500 µl

0.1% (v/v)

Invitrogen

15140-122

supplements
DMEM (High Glucose
+ L-glutamine)

ROCK Inhibitor (Y27632)
Penicillin/
Streptomycin
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2.1.5.3.1 Seeding and maintenance
The second passage patient pBECs were conditionally reprogrammed using 3T3
fibroblast and ROCK inhibitor in a co-culture setup. After trypsin treatment and
cell count as discussed above (section: 2.1.4.4.1), the cells were added to a flask
along with irradiated 3T3 fibroblasts in 1:1 ratio with co-culture media. The cell
numbers for different flasks are shown in Table 2-14.
Table 2-14: pBEC and 3T3 fibroblast cell number for seeding
Flask

pBECs

Irradiated 3T3

T75

375000

375000

T25

125000

125000

Media changes were performed on alternate days with fresh co-culture media;
volumes for different flasks are shown in Table 2-2.
2.1.5.3.2 Sub-culturing
CR cells were differentially trypsinised once confluent in flasks. First, the media
was discarded from flasks and cells were washed with D-PBS to remove any
traces of FBS. Differential trypsinisation was performed by adding trypsin and DPBS to the flask in 1:100 dilution (volumes for different flasks were shown in Table
2-15), to detach the feeder cells, not affecting the CR epithelial colonies.
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Once discarded and washed with D-PBS, the flasks were re-trypsinised to detach
CR pBECs using a higher trypsin concentration (1:10 dilution, as shown in Table
2-7). The trypsin was inactivated by adding FBS as shown in Table 2-4. The CR
pBECs were collected into a tube and spun down at 500 g for 7 minutes and
resuspended in co-culture media for further sub-culture or freeze or seeded to
ALI.
Table 2-15: differential trypsinisation (1:100) to remove feeder cells from
flasks
Flask

Trypsin (µl)

D-PBS (µl)

T75

40

3960

T25

20

1980

2.1.5.3.3 CR pBECs Storage
Freezing media was prepared by adding DMSO (10%) and FBS (20%) to DMEM
media (70%). So, to prepare a volume of 10 ml freezing media, 1 ml DMSO and
2 ml FBS was added to 7 ml DMEM media.
After treatment with trypsin, a cell count was performed as above, and freezing
media volume required to freeze 5x105 cells/ml/cryovial was calculated. The cell
suspension was spun down again at 625 g for 8 min and resuspended with the
calculated volumes of freezing media then, as described in the above sections
the cryovials were stored in liquid nitrogen for future use.
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2.1.5.4 CR pBEC ALI optimisation and culture establishment
2.1.5.4.1 CR pBEC ALI optimisation
After trypsinisation, cells were seeded on ALI membranes similar to pBECs as
described above (section: 2.1.4.4). Cells were grown on ALI membranes for
confluence and later exposed to air, apically, for cell differentiation. In contrast to
pBEC ALI cultures, CR pBEC started to detach cells from the membrane after
exposure to air. This was rectified by the removal of ROCK inhibitor from the coculture media, a day before cells trypsinisation
2.1.5.4.2 CR pBEC ALI culture establishment
Following removal of the ROCK inhibitor from the flasks one day prior to
trypsinisation the cells then similarly established to ALI as parent pBECs. Once
established, apical media was removed and defined as day ‘0’. Regular media
changes were performed over four weeks before experimentation. TEER
measurement (section: 2.1.1.6.3) and cell harvest including media collection,
RNA extraction, protein and histology (section: 2.1.1.6.4) were performed as
above.
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2.2 Cell compression system
Following previous work from Tschumperlin and colleagues, we developed a
similar system to induce compressive stress on ALI cultures [37-39, 44, 45, 150].
The compression system was modernised to deliver the pressurised air (5% CO2
in air) on pBECs at regular intervals to mimic regular bronchoconstriction events
with a custom designed programmable logic controller (PLC) unit by Mr Jason
Harris, University of Newcastle. This PLC unit was equipped with electrically
functioned valves (The Lee Company, Essex, CT, USA) and was operated with
preloaded commands to open and close the valves at regular intervals. We chose
10 minute compression interval for every hour to mimic a poorly controlled
asthma patient. The complete design and workflow of the system are shown as
a schematic form in Figure 2-2 and an actual lab system as a photograph in
Figure 2-3.
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Figure 2-2: Schematic work flow of cell compression system. Arrows
indicate the flow of air in the system through silicon tubes. A) Gas cylinder
(sterile 5%CO2 in air), B) Gas cylinder regulator, C) Low pressure regulator,
D) Magnahelic pressure gauge, E) Incubator F) Humidifier, G) PLC unit, H)
Manifolds, I) Digital manometer and J) Computer to record the pressure
exerted on the cells. Dotted line, connection of digital manometer to
computer.
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Figure 2-3: Photograph of custom designed compression system in lab

2.2.1 System components
A gas cylinder (Figure 2-4A) containing 5% CO2 in air was obtained from Coregas
(Australia) and stepped down to 1 bar pressure using a 2 stage regulator (Figure
2-4B) near the gas cylinder outlet. Air was then passed to a high precision lowpressure regulator (Figure 2-5A; Tescom, Germany) which enables a pressure
control between 0 – 60 cm H2O pressure. The gas was then piped to a Tconnector to Magnehelic pressure gauge (Figure 2-5B; Dwyer Instruments,
Wycombe, UK) and to a three-way stopcock (Discofix, B. Braun, Germany) for
operation, as required. From this point, all other parts were autoclaved to avoid
any contamination. The gas was passed through sterile silicon tube of width
1.6mm ID X 3.2mm OD X 0.8mm Wall (Pacific Laboratory products, Australia),
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which was connected to a three-way stopcock and a humidifier (Leica, Germany)
(Figure 2-6) in the incubator (Sanyo MCO-20AIC, Panasonic). From humidifier, a
tube was connected to the PLC unit (Figure 2-7) outside the incubator and then
connected to manifolds of sequential 3-way taps (Discofix, B. Braun, Germany)
(Figure 2-8) in the incubator. From the manifolds, gas was piped to 18G
hypodermic needles (BD PrecisionGlide Needles, Australia), whose sharp ends
were trimmed and fitted into the 15mm rubber bungs (00 size, Sigma, Australia)
(Figure 2-9) whose bases were cut-off to avoid contact with cells in a transwell.
The rubber bungs were fitted into the transwells to establish a pressure tight seal
when applied with a 30 cm H2O pressure (Figure 2-10). Later, the rubber bungs
were replaced with silicon stoppers (15mm size, John Morris, Australia) to avoid
contamination by rubber particles from the trimmed bases of the bungs. All the
above tube connections with manifolds and needles were secured with sterile
Luer locks (John Morris Scientific Pty Ltd, Australia) (Figure 2-11).
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B

A
Figure 2-4: 5% CO2 in synthetic air balance gas used for compression. A)
Gas cylinder B) two stage regulator
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A

B

Figure 2-5: Air flow pressure regulators. A) High precision low-pressure
regulator B) Magnehelic pressure gauge
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Outlet

Inlet

Figure 2-6: Humidifier bottle
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Figure 2-7: Programmable logic controller (PLC) unit

Figure 2-8: Manifolds of sequential 3 way taps
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Figure 2-9: Rubber bung with a needle

Figure 2-10: ALI transwell tight sealed with a rubber bung
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Figure 2-11: Luer locks were used to connect the tubes with manifolds and
needles with rubber bungs.

2.2.2 System Calibration
The system was calibrated initially using a measuring cylinder with water, a
column of 30 cm height. The tube from a pressure outlet was immersed in water
up to a column height of 30 cm, and air pressure was adjusted in such a way that
the air bubble was just present at the tip of the tube (Figure 2-12). Later, the same
system was calibrated using a digital manometer (Gas tools, Australia) (Figure
2-13). The outlet tube was connected to the manometer which records the
pressure and displays it on the connected computer screen. An image of 96 hours
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recording with 10 minute apical compression every hour from the study was
shown in Figure 2-14 .

Figure 2-12: Air bubble from pressure outlet tube immersed in a measuring
cylinder of 30 cm column height for compression system calibration.
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Figure 2-13: Digital manometer displaying the terminal pressure.
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Figure 2-14: Compressive stress pressure recorded using a digital manometer over 96 hour time period with 10 min interval.
Compressive stress was applied 10 minutes an hour for up to 96 hours.
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2.2.3 Cell compression
Well-differentiated pBEC ALI cultures were used for the compression
experiments on day 25. A day before compression, ALI final media was replaced
with minimal media. On the day of the experiment, TEER was measured, and
cells were loaded with rubber bungs to induce compression (Figure 2-15).
Detailed compression experimental plans are discussed in chapter 5 along with
viral infections. The experimental ALI wells were harvested at regular intervals
for apical washes, basal media and cell lysates for RNA (RLT buffer) and protein
(RIPA buffer) analysis.

Figure 2-15: ALI inserts fitted with rubber bungs to induce compression
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2.3 Virus infection
2.3.1 Introduction
Rhinovirus (RV) is the most common virus found in human airways and primary
cause of the common cold. There are over 100 serotypes, of which RV1B, a minor
group was selected for the experiments. RV1B stocks were generated by
infecting RD-ICAM1 cell line (a gift from Darren Shaffren, Viralytics group, HMRI)
and the viral titre was measured to infect the experimental cells for any specified
infection. Aliquots of working viral stocks were prepared and preserved at -80oC
for future use.

2.3.2 Preparation of RV1B viral stocks:
RV1B was propagated in the RD-ICAM1 cell-line, which grew in 5% DMEM media
(5% FBS in DMEM). Briefly, RD-ICAM1 cells were seeded in two T175 flasks with
1X107 cells/flask for viral stock. Additionally, eleven T175 flasks were seeded with
100 µl of RD-ICAM1 cells (10 flasks for viral working stock and one flask for
continuation).
At 80% confluence (approximately 24 hours after seeding with 1X107 cells/flask)
the cells in the two T175 flasks were infected with 1 ml of RV1B virus (stocks
grown from clinical isolates obtained by C/Prof Peter Wark, 2005, at the John
Hunter Hospital, NSW, Australia, and sequenced to confirm identity) and 5ml of
1% DMEM media in each flask. These flasks were kept on a plate shaker
(Eppendorf, United States) at 1100 rpm for one hour to spread the virus evenly
on the cells. After one hour, an additional 19 ml of 1% DMEM media was added
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to each flask and kept in an incubator for 24 hours at 33oC for virus replication.
After 24 hours, flasks were frozen at -80oC and thawed in an incubator at 35oC
(repeated twice). The media solution (50 ml, 25ml from each flask) with the virus
was collected and centrifuged (2000 rpm for 10min). The supernatant was
separated from the pellet. 40 ml of supernatant was labelled and stored at -80oC
and remaining 10ml was used to prepare working viral stock.

2.3.3 Preparation of working virus stock:
Ten T175 flasks seeded with RD-ICAM1 cells were used to prepare working virus
stock solution. Similar to virus stock preparation, after attaining 80% confluence,
the cells were infected with 1ml of virus stock (from above), and 5ml of 1% DMEM
was added to the flasks. These flasks were kept on a plate shaker for one hour,
and then the remaining 19 ml of 1% DMEM was added. Ten flasks were kept in
an incubator at 33oC for 24 hours. After 24 hours, cells were observed for
cytopathic effect (CPE) and freeze-thawed twice. The cell suspension (250ml)
from 10 flasks were collected and centrifuged (2000 rpm for 10min). The
supernatant was collected in 50 ml falcon tubes, leaving the pellet. 15 ml
supernatant was pooled (3 ml from each tube) for UV treatment and another 10
ml (2 ml from each tube) for virus TCID50 assay. Remaining volume was aliquoted
and labelled, and stored at -80oC for future use.

2.3.4 UV inactivation
Fifteen (15) ml working virus stock solution was poured on a petri plate with the
lid open and exposed to UV (1200 mJ/cm2) in the biohazard cabinet for 2 hours.
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After 2 hours, UV treated working virus solution was tested for inactivation using
TCID50 assay.

2.3.5 TCID50 Assay (Virus titre):
A T175 flask with 80% confluent RD-ICAM1 cells was treated with trypsin for cell
detachment. Following, cells were spun down and resuspended in 40 ml media
with a final cell concentration of 1X106 cells/10 ml (10 ml was sufficient for one
96 well plate). Four 96 well plates were seeded for TCID50 assay, three plates of
the virus and one plate for UV treatment. Plates were loaded with 100 µl of cell
suspension into each well (1X103 cells/100ul/well) and was incubated in an
incubator at 37oC overnight. At 30-40% confluence, these cells were infected with
different serial dilutions of working virus stock as below.
Virus serial dilutions were prepared in 1% DMEM from working virus stock. 100
µl of virus stock was added to 900 µl of 1% DMEM and thoroughly mixed to get
10-1 dilution and continued to make serial dilutions up to 10-12. 100 µl of diluted
virus solutions were loaded in a 96 well plate. Seven replicates were done for
each dilution along with media control, and the procedure was repeated in
another two plates.
The UV-inactivated virus was also diluted similarly and loaded in a 96 well plate.
Following, plates were incubated at 33oC for five days, and plates were examined
for CPE as shown in Figure 2-16. TCID50/ml was calculated using Excel
Worksheet (Karber method) [151]. After readout, the viral titre was measured to
be 2.97x108 TCID50/ml.
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Figure 2-16: RV1B induced CPE in TCID50 assay. RD-ICAM1 cells were
infected with different dilutions of RV1B working virus stock in a 96 well plate. A)
Media control B) RV1B infected cells showing CPE. Scale bar: 100 µm.

2.3.6 Virus infection to ALI wells
Fully differentiated ALI cultures were infected with RV1B virus, multiplicity of
infection (MOI) – 0.001, apically with 250 µl media with virus. To infect 1x106 cells
in ALI, 1x103 TCIDs were required. To prepare MOI 0.001, 13.5 µl of working
virus stock was added to 10 ml media to get MOI 1 and was then diluted 1000x
by adding 100 µl of MOI 1 to 10 media to get MOI 0.001.
ALI cells were infected with MOI (0.001) RV1B virus, by adding 250 µl on the
apical side and considered as “-6 hours” time point. The ALI wells were kept in
an incubator for 6 hours incubation; then apical media was refreshed with fresh
starvation media to collect virus release and other mediators from cells and
considered as “0-hour” time point.
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2.4 Measuring protein release from pBECs
Protein release from pBECs following viral infection or with compression were
quantified from apical and basal supernatants using ELISA or cytometric bead
array (CBA).

2.4.1 ELISA
ELISA is an enzyme-linked immunosorbent assay. It is a quantitative analytical
method used to identify the concentration of molecules in biological samples. It
develops a colour change for an antigen-antibody reaction by using an enzymelinked conjugate and enzyme substrate [152, 153]. There are different types of
ELISAs such as direct ELISA, indirect ELISA, sandwich ELISA and competitive
ELISA. Direct ELISA is also known as antigen screening, where the plates are
coated with antigen and detected with enzyme tagged antibodies.
Similarly, in indirect ELISA, two antibodies are used to screen antigen; a primary
antibody which attaches to antigen and then a secondary enzyme labelled
antibody attaches to the primary antibody. Sandwich ELISA is also known as
antibody screening, where the sample antigens are sandwiched between capture
antibody coated on a plate and enzyme tagged antibodies, and detected with
enzyme substrate colour change. Finally, competitive ELISA works similar to
sandwich ELISA but screens antigen-specific antibodies. For this project, indirect
and sandwich ELISAs were used.
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2.4.1.1 Indirect ELISA (MUC5AC)
MUC5AC is polymeric gel-forming mucin and is a major constituent of mucus.
Using previously published reports, we developed a semi-quantitative MUC5AC
ELISA [154]. Briefly, ALI apical samples were diluted (1:10) in PBS and were
added to a 96 well plate, and incubated overnight at 37°C to dry. Following day,
wells were washed three times with PBS and a 1:200 dilution of MUC5AC mouse
MAb (Abcam, Cambridge, UK) was added. Following 1-hour incubation at room
temperature, plates were washed with PBS and a 1:10,000 dilution of goat
polyclonal anti-mouse IgG antibody conjugated to HRP (Novus Biologicals,
Littleton) was added. Following another 1 hour incubation, plates were washed
again with PBS and 3,3’,5,5’-trimethylbenzoate (TMB) was added to each well for
colour development in the dark. The reaction was stopped by adding 1M H2SO4
solution and absorbance was measured at 450 nm on a plate reader.
2.4.1.1.1 Standard preparation
MUC5AC standards were prepared from Calu-3 cells ALI apical supernatants.
Briefly, 500 μl PBS was added apically to day 28 calu-3 ALIs. After 24 hours, the
apical fluid was collected and stored at -80oC. 500 μl of apical fluid was serially
diluted up to 16 dilutions and to identify the top and bottom standards. Based on
the results, the apical washes were diluted 100 times (1:100) in PBS, and the top
standard was considered as 1000 arbitrary units. The top standard was serially
diluted to provide lower standards as shown in Figure 3-5.
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2.4.1.1.2 Optimisation:
Following standard preparation, we optimised the quantity of primary monoclonal
MUC5AC antibody in order to minimise the cost. From the literature, Takeyama
et al. used 1:200 dilution and Hewson et al. used 1:500 dilution of MUC5AC
monoclonal antibody was used, we further extended the dilution to 1:1000 along
with 1:200 and 1:500 [154, 155]. We found no difference in detection of standards
with all the dilutions as shown in Figure 3-6.
2.4.1.1.3 Optimised MUC5AC ELISA method
Following standard preparation and antibody optimisation, the study samples
were estimated for MUC5AC ELISA using the above mentioned procedure.
Briefly, 100 µl of samples and standards were added to a 96 well plate and
incubated at 37oC overnight in an incubator without a plate sealer, to allow the
samples to dry onto a plate. After incubation, plates were washed three times
with 300μl of PBS, and 2% BSA in PBS (250μl) was added to block the plate for
2 hours at room temperature. The plate was then washed three times with 300μl
of wash buffer which contains 0.1% Tween 20 in PBS (PBS-T) and incubated
with 100 μl of MUC5AC antibody (1:1000) for 1 hour (antibody diluent: PBS-T,
0.2% BSA). The plate was washed (3X) again with 300μl of PBS-T and incubated
with 100μl of HRP conjugate (1:5,000 in antibody diluent) for 20 minutes. The
plate was washed again with 300μl of PBS-T and 100μl of HRP conjugate
(1:10,000 in antibody diluent) was added and incubated for 20 minutes. The plate
was washed again with 300μl of PBS-T and incubated with 100μl of TMB
peroxidase solution to initiate a reaction with HRP (which develops blue colour)
for 15 minutes at room temperature in the dark. Following, 50μl of 1 M H2SO4
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was added to stop the reaction (develops yellow colour) and optical density was
determined using a spectrophotometer, FLUOstar OPTIMA Multi-Detection Plate
Reader (BMG Labtech, Germany), with a wavelength of 450 nm and correction
at 540/570nm.
2.4.1.2 Sandwich ELISAs (total TGF-β2, IFN-λ1/3, IL-8 and IFN-β):
Total TGF-β2, IL-29/IL-28B (IFN-λ1/3) and IL-8 mediators were measured using
Human Duoset ELISAs and were obtained from R&D Systems, United States.
These ELISAs were performed following manufacturer instructions; briefly, 96
well plates were coated with 100 µl of diluted capture antibody and incubated
overnight at room temperature. Following day, plates were washed three times
with wash buffer and blocked with 300 µl reagent diluent for 1 hour at room
temperature. After washing, 100 µl of standards or samples were added to each
well and again incubated at room temperature for 2 hours. For total TGF-β2
ELISA, the samples were acid activated before loading onto the plate, as TGF-β2
is present in active and latent forms; acid activation converts the latent TGF-β2 to
active TGF-β2. After 2 hours, plates were washed again, and then 100 µl of diluted
detection antibody was added and incubated for 2 hours at room temperature.
Following, plates were washed again, and 100 µl of streptavidin-HRP was added
and incubated for 20 minutes at room temperature in the dark. After 20 minutes,
100 µl of substrate solution was added to each well and incubated for another 20
minutes at room temperature in the dark. Following, the reaction was stopped by
the addition of 50 µl stop solution. The optical density of each well was
determined using the FLUOstar OPTIMA Plate Reader (BMG Labtech, Germany)
at 450 nm and correction wavelength at 540 nm.
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Similarly, IFN-β protein was measured using Human Verikine IFN-β ELISA Kit
(PBL Assay Science, United States) following manufacturer instructions. Briefly,
50 µl of sample was diluted with 50 µl of sample diluent in each well (which were
pre-coated with IFN-β capture antibody) and incubated at room temperature for
1 hour. The plates were then washed with wash buffer, followed by the addition
of 100 µl of diluted detection antibody and incubated at room temperature for 1
hour. After washing, 100 µl of diluted HRP was added to the plates and incubated
at room temperature for one more hour. Following, the plates were washed and
of TMB (100 µl) was added to initiate a reaction with HRP in the dark for 15
minutes which develop a blue colour. After 15 minutes, the reaction was stopped
by adding 100 µl of stop solution (which develops yellow colour) and the optical
density of each well was determined using a spectrophotometer, FLUOstar
OPTIMA Multi-Detection Plate Reader (BMG Labtech, Germany) at 450nm and
correction wavelength at 540 nm.

2.4.2 Cytometric bead array
Similar to ELISA, cytometric bead array (CBA) (BD Biosciences, United States)
measure different proteins including cytokines, chemokines and growth factors
using beads coated with antibodies through flow cytometry, FACS Canto II (BD
Biosciences, United States). Multiple target proteins (up to 30) can be measured
by using CBA with a minimum sample volume of 25 to 50 µl. We measured IL-6,
CXCL10 (IP-10) and CCL5 (RANTES) proteins at the same time following
manufacturer instructions. Briefly, lyophilised standards from different targets
were reconstituted with 4 ml assay diluent and incubated at room temperature for
15 minutes. A serial dilution of standards was prepared from top standard using
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assay diluent. Following, cell supernatants were added to each assay tube with
calculated volumes of capture beads and incubated for 1 hour at room
temperature. After 1 hour, calculated volumes of detection beads were added
and incubated at room temperature for 2 hours in the dark. After washing,
samples were resuspended and loaded into a 96 well plate to measure proteins
of interest through flow cytometry (FACS Canto II), and results analysed using
FCAP array software.

2.5 Measuring gene expression from pBECs
2.5.1 RNA extraction
RNA extraction was performed from RLT samples persevered during cell harvest
(as discussed above, 2.1.1.6.4) using the miRNeasy mini kit (Qiagen,
Netherlands) through Qiacube machine (Qiagen, Netherlands). This machine
automatically extracts RNA from samples using spin column kit, without manual
processing. Briefly, equal volumes of 100% ethanol were added to the samples
through a robotic arm. The samples were passed through spin columns with
subsequent washing with RWT, RPE and RNase-free water with intermittent
spins. Finally, the extracted RNA is collected from the bottom of the column and
quantified using Nanodrop (below), and stored at -80oC for future gene
expression analysis.

2.5.2 Nanodrop – RNA quantification
The quality and quantity of RNA were measured using Nanodrop (Thermo Fisher
Scientific, United States). The absorbance ratio of 260 and 280 nm determines
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the concentration and purity of RNA; pure RNA absorbance ratio range from 1.8
to 2.1. Briefly, 2µl of nuclease-free water was pipetted onto the lower pedestal
and closed to obtain a blank reading. Subsequently, RNA samples (2 µl) were
added in sequence, cleaning the pedestal in between the samples.

2.5.3 Reverse Transcriptase - Polymerase Chain Reaction (RTPCR)
2.5.3.1 Introduction
RT-PCR is a process of synthesising complementary deoxyribonucleic acids
(cDNA) from single-stranded ribonucleic acid (RNA) templates. This process is
catalysed by the reverse transcriptase enzyme, which is the replicating enzyme
of retroviruses. In the presence of all four deoxynucleotides (dNTP: dATP, dCTP,
dGTP and dTTP), the reverse transcriptase extends a primer complementary to
RNA to produce a cDNA for the RNA template [156].
2.5.3.2 Method
Briefly, RNA samples were thawed on ice, along with RT-PCR components from
high capacity cDNA reverse transcription kit (Applied Biosystems, United States).
A volume equivalent to 200 ng RNA was calculated as per the Equation 2-1 and
separated, and made up to 10 µl volume with RNase/DNase free water.

Equation 2-1: 𝑹𝑹𝑹𝑹𝑹𝑹 𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗 𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 = 𝟐𝟐𝟐𝟐𝟐𝟐𝒏𝒏𝒏𝒏/𝑹𝑹𝑹𝑹𝑹𝑹 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 (𝒏𝒏𝒏𝒏/µ𝒍𝒍)

Following, a 2x master mix containing reaction components were prepared for a
required number of samples or reactions as shown in Table 2-16.
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Table 2-16: Master mix reaction components volume per reaction
Reaction components

Volume (μl)/ reaction

10x RT Buffer

2.0

25x dNTP Mix (100mM)

0.8

10x RT Random Primers

2.0

MultiScribe™ Reverse Transcriptase

1.0

RNase Inhibitor

1.0

Nuclease-free H2O

3.2

The master mix volume and 10 µl RNA samples were briefly vortexed and
centrifuged. Then, 10 µl of master mix was added to each RNA samples to make
a total volume of 20 µl in a tube. The tubes were then loaded on to a T100
Thermocycler (BioRad, United States) and programmed to run as shown in Table
2-17. After the completion of the cycles, the cDNA samples were stored at -20oC
for future analysis.
Table 2-17: Cycling conditions of RT-PCR
Step 1

Step 2

Step 3

Step 4

Temperature

25ºC

37ºC

85ºC

4ºC

Time

10 min

120 min

5 min

∞
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2.5.4 Quantitative polymerase chain reaction (qPCR)
2.5.4.1 Introduction
The quantitative polymerase chain reaction (qPCR) is an important and widely
used tool for amplifying lengths of DNA; it works using a temperature stable
polymerase enzyme (Taq polymerase) which synthesise a complementary
sequence of bases to any single-stranded strand of DNA that has a doublestranded starting point. By adding complementary primers to a sequence of
interest in the DNA, a target gene may be selected which is then amplified by the
polymerase enzyme. Changes in temperature are used to control the activity of
the polymerase enzyme, and the binding of the primers to the target gene during
the PCR reaction. Initially, the temperature is raised to 95°C to denature the
double-stranded DNA into individual strands. The reaction is then cooled to 55°C
to allow primer annealing to the regions of interest. This allows polymerase
binding and initiation of amplification. The temperature is then raised to 72°C,
optimal for polymerase activity. This single cycle of temperature change is then
repeated 45 times to give an exponential amplification of the DNA of interest.
2.5.4.2 Method
All qPCR analysis was performed using the ABI 7500 Real-Time PCR system
(Applied Biosystems, United States). Briefly, the qPCR reaction mix was
prepared by adding QuantiTect Probe 1000 Mastermix (Qiagen) to diluted
Taqman primers (both forward and reverse) and probes of 5 µM concentration.
The list of target genes primers and probes were listed in Table 2-18. The above
reaction mix (11.5 µl) was added to a qPCR plate along with 1 µl cDNA (10 ng/µl
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concentration) and amplified through repeated heat cycles as shown in Table
2-19.
Table 2-18: List of qPCR primers and probes
Gene

Sequence (5'-3')
Forward : 5'-GTGAAGAGCCsCrTGTGCT-3'

Rhinovirus

Reverse: 5'-GCTsCAGGGTTAAGGTTAGCC-3'
Probe: 5'-FAM-TGAGTCCTCCGGCCCCTGAATG-TAMRA-3'
Forward : 5'-CGCCGCTAGAGGTGAAATTCT-3'

18S

Reverse: 5'-CATTCTTGGCAAATGCTTTCG-3'
Probe: 5'-FAM-ACCGGCGCAAGACGGACCAGA-TAMRA-3'
Forward : 5'-CGCCGCATTGACCATCTA-3'

IFN-β

Reverse: 5'-TTAGCCAGGAGGTTCTCAACAATAGTCTCA-3'
Probe: 5'-FAM-TCAGACAAGATTCATCTAGCACTGGCTGGA-TAMRA-3'
Forward : 5'-CTGCCACATAGCCCAGTTCA-3'

IFN-λ 2/3

Reverse: 5'-AGAAGCGACTCTTCTAAGGCATCTT-3'
Probe: 5'-FAM-TCTCCACAGGAGCTGCAGGCCTTTA-TAMRA-3'
Forward : 5'-CTGACFCTGACCTGGTTGTCT-3'

OAS1

Reverse: 5'-CCCCGGCGATTTAACTGAT-3'
Probe: 5'-FAM-CCTCAGTCCTCTCACCACTTTTCA-TAMRA-3'
Forward: 5'-AAGGGAACTTTGCGATACATGAG-3'

PKR

Reverse: 5'-GCGTAGAGGTCCACTTCCTTTC-3'
Probe: 5'-FAM-CCAGAACAGATTTCTTCGCAAGACTAT-TAMRA-3'
Forward : 5'-CACAAAGAAGTGTCCTGCTTGGT-3'

Viperin

Reverse: 5'-AAGCGCATATATTTCATCCAGAATAAG-3'
Probe: 5'-FAM-CCTGAATCTAACCAGAAGATGAAAGACTCC-TAMRA-3'
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Table 2-19: Cycling parameters for TaqMan qPCR
Initial Steps

Each 45 cycles

Stage

Hold

Hold

Melt

Anneal/Extend

Temperature

50.0 ºC

95.0 ºC

95.0 ºC

60.0 ºC

Time (min)

2:00

10:00

00:15

1:00

2.5.5 RNA sequencing (RNA seq)
2.5.5.1 Transcriptomic Profiling – RNA seq
Sequencing libraries were constructed using 500 ng of total RNA with a TruSeq
Stranded mRNA Sample Prep Kit (Illumina Inc.) following the manufacturer's
instructions. The amplified libraries were pooled in equimolar amount and
assessed by loading a 1 μl aliquot on a Bioanalyzer 1000 DNA chip according to
the manufacturer’s instructions. Library quantification was performed using the
KAPA library quantification kit (KAPA Biosystems). Libraries were sent to
Australian Genome Research Facility for sequencing (50bp single‐end reads,
Illumina HiSeq 2000). The RNA seq data was processed and analysed as below.
2.5.5.2 RNA seq data preprocessing
The sequencing reads were aligned to the reference human genome (hg19) using
HISAT2 and summarised as gene-level counts with summarising overlaps [157].
Pre- and post-alignment QC were performed with FASTQC and SAMStat
respectively. Genes without an official HUGO Gene Nomenclature Committee
(HGCN) symbol was filtered out of the analysis. The EDASeq package was
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employed to check the data for outliers using a series of quality control plots
(boxplots, relative log- expression (RLE), principal component analysis (PCA)).
2.5.5.3 Differential Gene Expression
Differentially expressed genes (DEGs) were identified with EdgeR, which
employs a negative binomial distribution to model the count data [158]. Genes
with very low counts (less than 0.5 counts per million) were filtered out of the
analysis. Paired comparisons were performed with negative binomial generalised
linear models to identify differentially expressed genes over the time course. The
non-differentially expressed genes were used as negative control genes to
estimate factors of unwanted variation in the data using RUV Seq [159], and the
statistical models were adjusted for these factors. The Benjamini-Hochberg False
Discovery Rate (FDR) method was employed to control for multiple testing.
2.5.5.4 Upstream regulator analysis
Upstream regulator analysis was performed to infer the molecular drivers of the
differentially expressed genes [160]. Two statistical metrics were calculated; the
overlap p-value measures the enrichment of the differential expression signature
for known targets of a given regulator. The p-values were adjusted for multiple
testing with the multtest R package employing the FDR method. The activation
Z-score measures the agreement between the direction of the observed gene
expression changes (up/down regulation) and the predicted pattern based on
prior experimental evidence. Regulators with an absolute activation Z-score
greater than 2.0 and an FDR less than 0.001 were deemed significant. The 20
most significant drivers are presented for each time-point.
87

2.5.6 Nanostring
Nanostring nCounter human Immunology panel was used to identify DEGs from
samples following compression. This panel consists of 594 genes including 15
internal reference genes. Samples were prepared and loaded in cartridges for
processing as per the manufacturer’s instructions. Briefly, 10 ng of RNA was
added to calculated volumes of capture and reporter probeset which contain
barcodes along with hybridisation buffer and master mix [161]. The above mixture
was loaded in a thermocycler for 16 hours at 65oC for hybridisation process,
where the reporter and capture probesets bind to the RNA. Following
hybridisation, the mixture was loaded on to the cartridges and digitally scanned
using Nanostring Sprint (Nanostring, Unites States) which contain an automated
fluorescence microscope. The scanned data was collected and analysed using
nSolver software (Nanostring, United States) with Advanced analysis tool.

2.6 Cell morphology and protein estimation by staining
2.6.1 ALI Membrane processing and embedding
The ALI membrane cassettes stored in NBF (section: 2.1.1.6.4) were processed
using an automatic tissue processor. This machine transfers samples from one
reagent to another reagent with the time specified in the program along with
temperatures as shown in Table 2-20.
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Table 2-20: Automatic tissue processor program for ALI membrane
processing
Reagents

Time

Temperature

70% ethanol

1 hour

37oC

80% ethanol

1 hour

37oC

90% ethanol

1 hour

37oC

100% ethanol

3 hour

37oC

Xylene

3 hour

37oC

Histowax

3 hour

65oC

After processing, the membranes were embedded in paraffin, oriented
perpendicular to a cutting plane. Following embedding, the membranes were
sectioned with a thickness of 5 µm and mounted onto slides. These slides were
later used for haematoxylin and eosin, periodic acid schiff (PAS) and alcian blue
(AB),

immunohistochemistry

staining

and

immunofluorescence

antibody

labelling.

2.6.2 Haematoxylin and eosin staining
2.6.2.1 Rehydration
Membranes on the slides were deparaffinised using xylene in a fume hood and
rehydrated using a series of ethanol with short incubation times to remove
paraffin and xylene as shown in Table 2-21.
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Table 2-21: Rehydration reagents and incubation time
Reagents

Incubation time

Xylene

2x 3 minutes

100% ethanol

2x 3 minutes

95% ethanol

1x 3 minutes

70% ethanol

1x 3 minutes

50% ethanol

1x 3 minutes

MilliQ water

1x 3 minutes

2.6.2.2 H&E staining
Following rehydration, the membranes were stained with haematoxylin solution
for 5 minutes and thoroughly washed in running water for 10 minutes. The slides
were then washed with 1% acid alcohol for 1 second to remove excess
haematoxylin from the membrane followed by tap water for 5 minutes; then the
membranes were incubated in Scott’s tap water for 2 minutes and tap water for
additional 5 minutes. The slides containing membranes were then counterstained
with eosin for 8 seconds and washed thoroughly in running water for 5 minutes.
2.6.2.3 Dehydration and mounting
Following staining, the membranes on slides were dehydrated by using ethanol
and xylene with short incubation periods as shown in Table 2-22. Dehydrated
membranes on the slides were mounted with a coverslip using an Entellan
mounting medium and allowed to air dry overnight in a fume hood.
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Table 2-22: Dehydration reagents with incubation time
Reagents

Incubation time

100% ethanol

2x 3 minutes

Xylene

2x 3 minutes

2.6.3 Periodic Acid Schiff (PAS) and Alcian Blue (AB) staining
For PAS/AB staining, the slides were rehydrated as discussed above (section:
2.6.2.1). Following rehydration, slides were treated with 3% acetic acid solution
for 3 minutes and 1% alcian blue solution for 30 minutes and washed in running
tap water for 5 minutes. These slides were then treated with 0.5% periodic acid
for 10 minutes followed by 5-minute washing under running tap water and rinsed
in distilled water. Sections were then treated with Schiff's reagent for 10 minutes,
following warm tap water for 5 minutes. The sections were then stained with
haematoxylin for 5 minutes and incubated with Scott's tap water for 2 minutes
before rinsing under running tap water. The sections were then quickly dipped in
3% acetic acid and returned to warm tap water and washed thoroughly. Following
this, the slides were dehydrated as discussed above (section: 2.6.2.3), before
mounting with a coverslip.

2.6.4 Immunohistochemistry (IHC)
IHC staining visualises proteins of interest using specific antibodies. An enzyme
conjugated to the antibody cleaves a substrate to produce a coloured precipitate
at the location of the protein. Briefly, the membranes on the slides were
rehydrated as discussed above (section: 2.6.2.1). Following, antigen retrieval
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was performed by keeping the slides in sodium citrate solution in a steamer for
25 minutes and then allowed to sit at room temperature for 20 minutes. The slides
were then washed 5 minutes, 2x with Tris-buffered saline –tween 20 (TBS-T).
The slides were incubated with 3% hydrogen peroxide for 10 minutes at room
temperature for quenching, and again TBS-T wash was performed. The slides
were dried around the section to mark with PAP-pen and sections were blocked
with casein in PBS for 60 minutes in a humidified chamber. Primary antibody
dilutions (Table 2-23) were prepared before removing the blocking solution from
sections. Immediately after removing the blocking solution, the primary antibody
was added to the sections and incubated overnight at 4oC in a humidified
chamber. Next day, 3x 10-minute TBS-T wash was performed, and diluted
secondary antibody tagged with HRP (Table 2-23) was added to the sections and
incubated for 1 hour at room temperature in a humidified chamber. After
incubation, TBS-T wash was performed for 3x 10 minutes, and 3,3′diaminobenzidine (DAB) stain (Cytotoxic) (1 drop chromogen: 50-100 µl DAB)
was added to the sections in a fume hood in the dark for 1-3 minutes at room
temperature. The slides were then washed for 10 minutes in milliQ water and
counterstained with a drop of hematoxylin on each section for 5 sec and then to
Scott’s tap water for 1 minute in a fume hood. The slides were dehydrated as
discussed above (section: 2.6.2.3) and were air dried, and a coverslip was
mounted with Entellan mounting medium.
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Table 2-23: Primary & secondary antibodies used for MUC5AC IHC staining.

Antibody
MUC5AC (1o)
IgG - H&L (HRP)
(2o)

Supplier

Type

Dilution

Abcam (#ab3649)

Mouse mono

1:200

Abcam (#ab6728)

Rabbit poly Anti-Mouse 1:1000

(#Catalogue)

mono = monoclonal antibody; poly = polyclonal antibody.

2.6.5 Immunofluorescence (IF) labelling
Immunofluorescence (IF) relies on the use of antibodies to label a specific target
antigen with a fluorescent dye (also called fluorophores or fluorochromes) such
as fluorescein isothiocyanate (FITC). The fluorophores allow visualisation of the
target protein distribution in the sample under a fluorescent microscope (e.g.
epifluorescence and confocal microscopes).
2.6.5.1 ALI Immunofluorescence methodology
2.6.5.1.1 Methanol fixing
Transwells containing ALI cultures were washed with Hank's balanced salt
solution (HBSS). Wells were then filled with 100% methanol at 4°C and incubated
at 4°C for 10 minutes. The methanol was removed and discarded, and the wells
filled with PBS containing 0.05% sodium azide. The transwells were then stained
immediately or stored at 4°C in the dark until required.
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2.6.5.1.2 IF antibody labelling
Methanol-fixed transwells were washed with PBS three times with a five-minute
gap between each wash. The cells were then permeabilised for 15 minutes at
room temperature using 0.1% Triton X-100 (Sigma, Australia) in PBS. Transwells
were then filled with 1% BSA, 0.1% Tween 20 in PBS for 1 hour at room
temperature to block non-specific protein binding. The membranes were then
removed from the transwell insert using a scalpel and placed initially onto a filter
paper; then silane coated microscope slides. The membranes were then divided
into four sections as required. Primary antibodies (Table 2-24) were diluted at
appropriate concentrations in 1% BSA, 0.1% Tween 20 in PBS and added to
membranes for 1 hour at room temperature; the membranes were then washed
3x with 0.1% Tween 20 in PBS. Secondary fluorescent labelled antibodies (Table
2-25) were similarly diluted and were added to membranes and incubated in the
dark for 1 hour at room temperature and washed as above. Membranes were
counterstained and mounted using Prolong Gold with DAPI (Sigma, Australia) in
the dark at room temperature. Membranes were stored in the dark at 4°C until
imaged using a fluorescent microscope.
For RV capsid VP2 immunofluorescence, paraffin-embedded membranes were
used, instead of whole mount membranes, with initial deparaffinisation and
rehydration step, as discussed above (section: 2.6.2.1).

94

Table 2-24: Primary antibodies used in immunofluorescence.
Antibody

Supplier

Species

Type

Dilution

β-tubulin

ThermoFisher

Mouse

Monoclonal

1:500

ZO-1

ThermoFisher

Mouse

Monoclonal

1:200

RV-VP2

QED Bioscience Inc.

Mouse

Monoclonal

1:1000

Table 2-25: Secondary antibodies used in immunofluorescence
Antibody Supplier
β-tubulin

ZO-1

RV-VP2

Species

Chromogen

Cell Signalling

Donkey anti-

Alexa Fluor

Technology

mouse

488

Cell Signalling

Goat anti-

Alexa Fluor

Technology

mouse

555

Cell Signalling

Goat anti-

Alexa Fluor

Technology

mouse

488

Dilution
1:500

1:1000

1:1000
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2.7 Statistical analysis
Data were analysed using GraphPad Prism version 8.0 for Windows (GraphPad
Software, La Jolla California USA). Non-parametric analysis was performed in
this project, as most of the studies had a smaller sample size. Data from two or
more groups at a time point was analysed using Kruskal-Wallis test (for example
healthy, asthma and COPD virus groups at 24 hours). Data from only two groups
at a time point were analysed using Mann-Whitney U test (for example healthy
and asthma infected groups) and matched data points were analysed using
Wilcoxon signed rank test. In addition, data from individual groups were analysed
using Friedman test to determine the difference in response from baseline at
t=0h. Also, paired data at a given time point was analysed using Wilcoxson
signed-rank test (for example healthy group with and without virus infection or in
compression study with two virus-infected groups for IFN response). Gene data
from RNA seq was analysed using paired EdgeR analysis for DEGs, and
Benjamini-Hochberg procedure was employed to reduce type-I errors during
multiple comparisons. Similarly, for Nanostring gene data, nSolver Advanced
analysis tool was used. P values < 0.05 were considered statistically significant.
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3 Chapter 3: Cell line optimisation for ALI
culture and viral infection
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3.1 Introduction
In medical research, in-vitro cell cultures are primarily used as a preliminary
screening tool to address specific research questions in a short time without the
involvement of animals (pre-clinical) or human subjects (clinical) [162]. In-vitro
models are reasonably easy to set up as most cell cultures are from a single cell
type when compared to the complexity of using whole organs or organisms in
pre-clinical and clinical models. Despite their simplicity, in-vitro models developed
from human cells are considered the best models to investigate aberrant
pathways in medical conditions or diseases [163]. This is because they retain a
direct translational impact to a condition in comparison to pre-clinical animal
models and they have fewer limitations with regards to interventions and
experimental costs, compared to clinical models [164-166]. Historically, in-vitro
models mostly comprised of a submerged monolayer of cells of only one
particular cell type derived from either primary cells or genetically modified cells.
Monolayer cultures are heavily used to explore unknown mechanisms of disease
as these cultures maintain their cell phenotype (especially airway epithelial cells)
and are usually assumed to reflect diseased conditions [167]. However,
monolayer cultures do not reflect “real life” cell morphology as they are not fully
differentiated and therefore express only some of the cell characteristics seen invivo [168]. In respiratory research, most of the in-vitro work has previously been
conducted on monolayer epithelial cells either primaries or cell lines. The in-vivo
airway epithelium is a pseudostratified structure with ciliated and goblet cells
expressing functional cilia and mucus secretion, respectively. Generally,
monolayer cultures are not suitable to investigate physiological responses from
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certain airway conditions such as airway mechanical stress and physiological
viral infections as these studies rely on the presence of a fully differentiated
epithelium to either respond to mechanical stress or mount a normal anti-viral
response. However, primary monolayer cultures of airway basal cells have been
successfully used to discover pathways dysregulated in airway diseases and
have also been used for intervention studies [169, 170]. In the recent past, with
the advancement of air-liquid interface (ALI) cultures which closely mimic human
airway epithelium, it has been made possible to investigate naturally occurring
airway conditions [171, 172]. The main advantage of ALI culture is mucociliary
differentiation from monolayer basal cells, which resembles a normal airway
epithelial cell structure, i.e., multi-layered pseudostratified cells with motile cilia
and mucus secretion [171]. Traditionally these ALI cultures were grown only from
pBECs obtained from donor airways during bronchoscopy. The main limitations
of ALI culture are the pBECs, which have a limited number of population
doublings (passages). These cells often do not grow following passage 2, after
cell collection and take substantial time to differentiate from monolayers when
exposed to air. Considering the above facts that pBEC collection is difficult and
often invasive as well as expensive to maintain, we wanted to establish ALI
cultures from an alternative source of epithelial cells, i.e., cell lines, which have
similar genetic makeup over an extended number of passages in monolayer. Cell
lines provide a more appropriate alternative to pBECs for some studies as they
have the same basal phenotype as primary cells and are less expensive
compared to pBECs. However, there are limited data available on the raising of
individual commercial cell lines to ALI. This is often times due to non-reproducible
methodology or due to the difficulties in getting cell lines to switch from a highly
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proliferative phenotype to a fully differentiated phenotype as is needed for ALI
culture. By using the previously published methodology for a small number of cell
lines as a basis for optimisation, we aimed to establish ALI cultures of these cell
lines. In addition to optimising the differentiation of these cell lines our alternative
aim was to develop a technique to massively expand cultures of primary cells and
hence exponentially increase the number of experiments we could attempt using
these usually limited cells. By achieving differentiated ALI cultures of commercial
epithelial cell lines (Clau-3, HBEC-6kT, BCi-NS1.1), we could observe the effect
of virus infection on a genetically ‘stable’ background. We hypothesise that cell
lines established at ALI respond to viral infections similar to pBECs. Our
alternative aim for this study was to explore the conditional reprogramming (CR)
of pBECs, which would allow us to generate much larger numbers of these highly
valuable cells. This increase of pBECs would then allow us to use these cultures
for physiological model development and optimisation of experimental conditions
which has been previously impossible due to the limited availability of cells from
each donor.
By using these models, we aimed to develop a robust method of culturing cells
that would result in an abundant source of genetically identical cells. This would
establish a fundamental baseline to test ALI cultures for anti-viral responses and
allow us to compare these responses to pBECs following rhinovirus (RV)
infections.
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3.2 Calu-3 cell line
The Calu-3 cell line was originally derived from a lung submucosal
adenocarcinoma of a 25-year-old Caucasian male [141]. This cell line expresses
airway epithelial features such as mucus-producing mucus cells, tight intercellular
junctions and epithelial markers when exposed to air [142, 173]. We aimed to
raise the Calu-3 cell line in ALI culture and after establishment, use this model for
initial optimisation of mechanical stress and viral infections in place of pBECs.
This would enable us to avoid the use of pBECs for these initial optimisation
experiments as these cells are a limited resource.
Calu-3 cells were revived, subcultured and seeded on to ALI membranes as
described in Chapter 2. After the removal of apical media, TEERs were measured
every week, for three weeks. Cells were also observed for changes in apical
morphology after TEER measurement.

3.2.1 Calu-3 ALI cultures barrier function
The ability to form a discriminating barrier is a fundamental feature of the
respiratory epithelium and hence this needed to be reproduced in physiologically
relevant cultures. Calu-3 cells were found to develop tight intercellular junctions
and showed effective barrier function which was measured using TEER. TEERs
were high on day 0, with a mean average TEER value of 817.8 Ω x cm2 and
gradually decreased over the following three weeks. This was measured as a
reduction of 17% on day 7, 42% on day 14 and 55% on day 21 and day 14 and
day 21 TEER values were significantly lower in comparison to day 0 as shown in
Figure 3-1.
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Figure 3-1: Transepithelial resistance of Calu-3 ALI cultures. Calu-3 cells
were seeded on transwell membranes; after confluent, apical media was
removed and measured for TEER, weekly. Data are shown as individual biotechnical replicates (N=10) and analysed using Kruskal-Wallis test, *p<0.05
compared to day 0 TEER value.
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3.2.2 Calu-3 ALI cultures cell morphology
The Calu-3 cells were observed by light microscopy for apical cell morphology,
cilia formation and mucus secretion. At the same time, images were captured on
day 7, 14 and 21. As expected, cells were confluent over the membrane without
any empty spaces as shown in Figure 3-2 and mucus secretion was observed
from day 10.
To further assess cell morphology, day 21 ALI culture transwells were formalin
fixed and paraffin embedded for sectioning. The membranes were stained with
hematoxylin and eosin (H&E) for cell morphology (Figure 3-3B). Calu-3 cells
grown at ALI showed a multilayered morphology. However, this differed from
pBECs (Figure 3-3A) as there was no visible cilia or evidence of a
pseudostratified structure (Figure 3-3B).
Despite obvious morphological differences between Calu-3 cells and pBECs, cell
barrier function was maintained. Day 21 Calu-3 cells were labelled for β-tubulin
and zonula occludens-1 (ZO-1) proteins using immunofluorescence to visualise
the presence of ciliated cells and tight junctions, respectively. The staining was
not visualised or effective, as there was a thick mucus layer over the cells, which
potentially blocked the entry of antibodies into the cells (Figure 3-4). The thick
mucus was adherent to the cells even after repeated phosphate-buffered saline
(PBS) washes. Calu-3 cells failed to show cell differentiation reminiscent of
pBECs and were determined to be of no use for experiments. Serendipitously,
however, we used this thick adherent mucus produced by Calu-3 cells to develop
a semi-quantitative MUC5AC ELISA, as there are no commercially available
MUC5AC ELISA kits.
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Figure 3-2: Representative microscopic images (apical view) of Calu-3 cells
on day 7, day 14 and day 21. Scale bar: 40 µm.
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Figure 3-3: H&E image of paraffin-embedded pBEC (A) and Calu-3 (B) ALI
section. The difference in colour between the pictures was due to microscope
settings. The pBEC image was captured with bright light intensity, and Calu-3
cells image was captured with reduced intensity. On day 21, pBEC and Calu-3
ALI inserts were formalin fixed, processed and paraffin embedded before
sectioning. The sections were deparaffinised with xylene and rehydrated with
different ratios of ethanol before staining with H&E as described in chapter 2.
Scale bar: 40 µm.
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Figure 3-4: Immunofluorescence staining of Calu-3 cells β-tubulin and ZO1. Calu-3 cells were methanol fixed and treated with β -tubulin (red) (A), ZO-1
(green) (B) and DAPI (blue) (C) for ciliated cells, tight junctions and cell nucleus
respectively. D) Composite/merged image. Scale bar: 50 µm
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3.2.3 MUC5AC ELISA standards:
As Calu-3 ALI cultures were only able to secrete mucus when exposed to air at
ALI without any cilia (which lack the differentiation as primary cells), we were not
able to use these cells for future studies. However, as mentioned above, we used
the thick adherent mucus to generate MUC5AC ELISA standards for semiquantitative MUC5AC ELISA, as there were no commercial kits available to
measure MUC5AC protein [154, 174]. Following the development of ELISA
standards, we also optimised the use of the biotinylated-MUC5AC monoclonal
antibody for this ELISA.
Briefly, Calu-3 ALI culture apical mucus was collected for MUC5AC ELISA
standards. The standards were serially diluted to create a standard curve (Figure
3-5). Further, the biotinylated antibody was also optimised to lower dilutions
(Figure 3-6), to use minimal antibody without losing signal.
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Figure 3-5: MUC5AC ELISA standard curve. Calu-3 ALI culture apical mucus
was collected and serially diluted and was treated with MUC5AC biotinylated
antibody to get a standard curve.
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Figure 3-6: Biotinylated MUC5AC antibody optimisation for MUC5AC
ELISA. The biotinylated MUC5AC antibody was further diluted to 500x and 1000x
without loss of signal.
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3.2.4 The implication of Calu-3 results (discussion)
Previously, differentiated Calu-3 cells grown using ALI culture exhibit high TEER
(measurement for barrier function/ tight cell junctions) and positive MUC5AC
staining for mucus-producing goblet cells [142, 175]. A number of these studies
indicated a TEER of 400 Ω x cm2 by day 10 of culture, which was gradually
increased from day 0 [142, 173]. In contrast, we observed a high TEER on day 0
which declined over time (Figure 3-1). We also observed mucus secretion from
the cells as previously documented [175]. We confidently demonstrated mucus
secretion by our ability to develop ELISA standards that were positive for
MUC5AC. However, we did not specifically quantify the presence of goblet cells
by staining. We failed to identify any ciliated cells in our Calu-3 cultures in contrast
to previous data [142, 176]. These studies demonstrated the presence of sparse
cilia in Calu-3 cultures [142]. However, recent studies have contradicted these
original findings and concluded apical cell projections were microvilli and not cilia
[173, 175]. We also tried to visualise cilia using a ciliated cell marker (β-tubulin)
and

junctional

protein

(ZO-1)

through

immunofluorescence

but

were

unsuccessful. This was likely due to the inability of antibodies to breach the
mucus layer covering the cells.
In summary, Calu-3 cells have been determined as not ideal as a model of
pBECs in ALI culture, as they do not resemble normal human airway epithelium.
Calu-3 cells differentiate solely into cells reminiscent of goblet cells and secrete
excessive amounts of mucus. Furthermore, these cells fail to develop cilia when
exposed to air in ALI cultures. As Calu-3 cells failed to mimic differentiated
pBECs, we next investigated the HBEC-6KT cell line in a similar approach.
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3.3 HBEC-6KT cell line
The HBEC-6KT cell line was initially derived from a central lung bronchiole of a
healthy non-smoker by overexpression of cyclin-dependent kinase 4 (CDK4 (K))
and human telomerase reverse transcriptase (hTERT (T)) genes with retroviral
infection [96, 144-146]. These cell lines were named 1KT, 2KT, 3KT and so on,
referring to the patient’s number followed by overexpressed genes [144]. It has
been reported in the literature that ALI cultures can be grown from these cells by
using co-culture conditions including fibroblasts, collagen gels and ascorbic acid
in media (as a differentiating supplement). However, these conditions (fibroblasts
and collagen gels) were not used in our pBEC ALI cultures, and we were unable
to use a co-culture setup in our early or initial experimental models as we wanted
to investigate the role of mechanical stress and anti-viral responses following RV
infections on epithelial cells alone. Later, once optimising the contribution of
epithelial cells in response to viral infection, we may use co-culture models for
deeper investigation. As such, we aimed to optimise differentiation of these cells
in ALI culture with ascorbic acid in media and compare these to differentiated
pBECs.
Briefly, HBEC-6KT cells were revived, subcultured and seeded on to ALI
membranes as described in Chapter 2. In initial experiments, ascorbic acid was
used as a differentiating supplement in keratinocyte serum-free media (KSFM),
and in the later experiments, custom designed media was used along with PBS
and collagen (type IV) coated ALI inserts.
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3.3.1 Investigation of the role of ascorbic acid in HBEC-6KT ALI
culture
HBEC-6KT cells were grown at ALI using ascorbic acid as a pro-differentiation
factor. One group of cells were fed with ascorbic acid, another group without
ascorbic acid and third group seeded with KSFM and raised to ALI with ascorbic
acid in KSFM. Cells were observed for cell morphology and TEER for next three
weeks.
3.3.1.1 HBEC-6KT cell morphology in ALI cultures
The HBEC-6KT cells were observed by light microscopy for apical cell
morphology, motile cilia and mucus secretion. At the same time, images were
captured on day 0, 7, 14 and 21. As expected, on day 0, the cells were confluent
over the membrane without any empty spaces as shown in Figure 3-7. From day
seven onwards, the cells started to pile up at random places on the membrane
(Figure 3-7), and there were no signs of cell differentiation, such as mucus
secretion or cilia movement.
3.3.1.2 HBEC-6KT ALI cultures TEER
In addition to cell morphology, HBEC-6KT ALI cultures were also investigated for
TEER, a fundamental marker for respiratory epithelium integrity. TEER was
measured every week; on day 0, TEER was low with a mean average value of
154 Ω x cm2 across all the media conditions. Over the next three weeks, there
was no change in TEER values in all the media conditions as shown in Figure
3-8 (pBECs generally achieve a TEER of between 500 and 1200 by day 21).
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Interestingly, the cells remained confluent on the membrane when visualised
under the microscope.

Figure 3-7: Representative images (apical view) of HBEC-6KT cells on day
0 (A), 7 (B), 14 (C) and 21 (D). KSFM+A, after ALI: seeding cells with KSFM
and once confluent, at ALI day 0 fed them with KSFM + ascorbic acid (1mM).
KSFM: KSFM media alone. KSFM+A: KSFM + ascorbic acid (1mM). White
arrows are showing cell piling. Scale bar – 40 µm.
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Figure 3-8: HBEC-6KT ALI cultures TEER. Cells were seeded on transwell
membranes; once confluent, apical media was removed, and TEERs were
measured every week. Data are shown as an average and error (Mean±SD) of
duplicate wells in each media condition and analysed using Kruskal-Wallis test,
non-significant.
This study confirmed the use of ascorbic acid with KSFM did not influence HBEC6KT cell ALI differentiation. Considering the role of fibroblasts and collagen gels
in differentiating these cells as stated in the literature [145], we wanted to
investigate the role of collagen coating on inserts instead of collagen gels whilst
remaining fibroblast-free, as we intended to develop only epithelial cell ALI
cultures, not co-cultures. In addition, it was necessary to develop a new medium
composition for HBEC-6KT cells (detail description in chapter 2) similar to pBEC
ALI medium. This was prepared with various supplements to use for HBEC-6KT
cell differentiation instead of KSFM alone.
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3.3.2 Investigating the role of collagen (type IV) coating and
HBEC-6KT differentiating medium in ALI culture
Vaughan et al. demonstrated that HBEC-KT cells differentiate at ALI on collagen
gels, generated by adding fibroblasts to collagen (type IV). The collagen gels
were contracted for ten days before seeding HBEC-KT cells. After confluence,
cells were exposed to air for differentiation [145]. Instead of collagen gels, we
decided to use collagen (type IV) to coat ALI membranes. In addition, as media
composition plays an essential role in differentiation, based on previous literature,
we developed a HBEC-6KT differentiating medium consisting of Dulbecco's
modified eagle medium (DMEM) and bronchial epithelial cell growth basal
medium (BEBM) in 50:50 ratio with supplements used for HBEC-6KT ALI
differentiation as described in Chapter 2 [148] [177] [178]. Here, we hypothesised
that HBEC-6KT ALI cultures would grow and differentiate on collagen (type IV)
coated inserts supplemented with differentiation media.
ALI membranes were polymerised with 500 µl of 100x diluted type IV collagen
(30 µg/ml) for half an hour in an incubator at 37ºC before seeding of HBEC-6KT
cells. After cells reached confluence, the apical media was removed, and TEERs
were measured along with observation of cell morphology over time.
3.3.2.1 HBEC-6KT ALI cultures cell morphology
Similar to the Calu-3 cells, HBEC-6KT cell morphology was observed by light
microscopy and images were captured on day 7, 14 and 21. Initially, the cells
were confluent on the membrane and later started to accumulate randomly,
apically. These cells failed to show signs of differentiation over three weeks as
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shown in Figure 3-9. To confirm this, we performed H&E staining on paraffinembedded sections (Figure 3-10) which showed cell accumulation without any
pseudostratified mucociliary differentiation (goblet cells and ciliated cells) as in
pBECs (Figure 3-3A).
3.3.2.2 HBEC-6KT ALI cultures TEER
In addition to cell morphology, the HBEC-6KT ALI cultures were also measured
for TEER. Similar to Calu-3 cells, the TEER was low (approximately 140 Ω x cm2)
in both PBS and collagen-coated ALI cultures as shown in Figure 3-11. There
was no increase in TEER values, despite cells remaining confluent on the
membrane.
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Figure 3-9: Representative microscopic images (apical view) of HBEC-6KT
cells. A) PBS and B) collagen (type IV) coated membranes on day 7, 14 and 21.
White arrows are showing cell accumulation. Scale bar – 40 µm.
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Figure 3-10: Representative paraffin-embedded HBEC-6KT ALI sections
stained with H&E. A) PBS coated, B) Collagen IV coated membranes on day 7,
14 and 21. The cells were formalin fixed, processed and paraffin embedded
before sectioning. The sections were deparaffinised in xylene, rehydrated
through decreasing ethanol and were then stained with H&E as described in
chapter 2. Scale bar – 8 µm.
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Figure 3-11: TEER of HBEC-6KT ALI cultures grown at PBS and collagen
(type IV) coated membranes and with HBEC-6KT differentiation medium.
Data are shown as an average and error (Mean±SD) of duplicate wells from each
condition and analysed using Wilcoxon signed rank test, non-significant.

3.3.3 The implication of HBEC-6KT results (discussion)
Our results have demonstrated that HBEC-6KT cells do not differentiate to
ciliated and mucus-secreting goblet cells when exposed to air. As mentioned
above, Vaughan et al. established HBEC-KT cells to ALI culture by using coculture conditions. Through this technique, they were able to differentiate cells
into a goblet and ciliated cells [145], however, due to interest in growing HBEC6KT ALIs similar to our pBECs, we opted to grow the cells in pBEC ALI growth
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media by adopting the supplement concentrations from literature [148], but were
unsuccessful.
HBEC-6KT cell ALI cultures may have succeeded with extended optimisation
using collagen gels or novel media combinations; however, due to time
constraints, we decided to cease pursuing this angle. Perhaps with additional
time and a suppression regime targeting CDK4 and hTERT genes to limit cell
proliferation, future attempts may succeed.
In summary, HBEC-6KT cells had good proliferation profile but lacked
differentiation potential during ALI phase. These cells did not produce any mucus
or show visible cilia after extended time in ALI culture. Therefore we next opted
to attempt differentiation of a third cell type, immortalised BCi-NS1.1 cells.

3.4 BCi-NS1.1 cell line
BCi-NS1.1 cells are basal cells derived from a 42-year-old healthy non-smoking
Hispanic male, [149]. These cells were immortalised by overexpression of the
hTERT gene using retrovirus. The original BCi-NS1 (basal cell immortalised –
non-smoker1) cells were grown, and clonal populations were generated with
subsequent expansion of isolated single cell colonies from parent cells through
serial dilutions. This clonal population was named as “BCi-NS1.1” [149].
Recently, Walters et al. demonstrated a complete characterisation of BCi-NS1.1
cells in ALI culture [149]. We adopted the same method to establish ALI cultures
in our lab, however again, we were forced to compromise on a number of
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conditions including incubator CO2 input and serum substitute (Ultroser G). In the
interest of maintaining other cells growing in our incubators, we did not change
incubator CO2 input. Furthermore, we did not replace our standard serum type,
namely fetal bovine serum (FBS) with Ultroser G as Ultroser G is an FBS
substitute and thus should not differ in composition.Notably, however, Ultroser G
is 5x more potent than FBS [179]. Therefore, we hypothesised that we would be
able to establish ALI cultures from BCi.NS1.1 cell using Walters et al.
methodology with the exception of incubator CO2 input and the replacement of
Ultroser G. Our primary aim was to establish BCi.NS1.1 ALI cultures to use in
optimization experiments for this project and to grow these ALI cultures in a
manner as closely related to pBEC methods as possible.
BCi-NS1.1 cells were revived, subcultured and seeded on to ALI membranes as
described in Chapter 2. For the initial ALI establishment, Dulbecco's modified
eagle medium/nutrient mixture F-12 (DMEM/F12) media was used as specified
in literature [149] and later on we moved to pBECs ALI final media for
differentiation.

3.4.1 BCi-NS1.1 ALI cultures with DMEM/F12 and ALI final
media
BCi-NS1.1 cells were seeded on to collagen-coated ALI membranes with
DMEM/F12 media as specified in the literature. Once confluent, the apical media
was removed and cells observed under a microscope for cell morphology. On
day 0, the cells were confluent and appeared similar to pBECs until day 14. From
this point on there were no signs of differentiation over time. By day 21, cells
started to detach from the membrane as shown in Figure 3-12.
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In a second experiment, BCi-NS1.1 cells were fed with ALI final media instead of
DMEM/F12, which contain DMEM and bronchial epithelial growth medium
(BEGM), a base media for airway epithelial cells. The cells initially resembled
pBECs with good proliferation profile and multilayers. However, by day 14, cells
in some wells started to accumulate randomly resembling honeycomb-like
structures apically (Figure 3-13), elsewhere on the membrane they were
differentiated to ciliated cells and goblet cells. These ALI membranes were
formalin fixed and stained with H&E, and the staining revealed the presence of
cilia, apically on the cells (Figure 3-14).
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Figure 3-12: Representative microscopic images (apical view) of BCi-NS1.1
cells seeded on collagen-coated membranes with DMEM/F12 media on day
0, 7, 14 and 21. Scale bar: 40 µm
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Figure 3-13: Representative microscopic images (apical view) of BCi-NS1.1
cells on day 14, 21 and 28, fed with ALI final media. White arrows are showing
honeycomb-like structure on cells. Scale bar: 40 µm.
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Figure 3-14: Representative H&E image of a paraffin-embedded day 21 BCiNS1.1 ALI section showing cilia on apical sides (black arrows). The cells
were formalin fixed, processed and paraffin embedded before sectioning. The
section was treated with different ratios of xylene in water for deparaffinisation
and was then stained with H&E as described in chapter 2 (section: 2.6.2.2). Scale
bar – 10 µm.

3.4.2 The implication of BCi-NS1.1 results (discussion)
Walters et al. established and characterised BCi-NS1.1 cells in ALI culture [149].
We adopted the method to grow cells at ALI cultures in our lab. However, there
were few aspects where we compromised in the published methodology. The first
and likely most important was our incubator CO2 level which was unable to be
increased to 8% for the first 5 days, as per protocol, due to compromising other
ongoing cell work. An increased CO2 concentration is hypothesized to maintain
elevated bicarbonate (HCO3-) ions as the reaction described in Equation 1-1
becomes more heavily weighted to the right-hand side and thus limits the
conversion of HCO3- to CO2. This would then prevent utilization of HCO3- which
acts to buffer media pH. Growing cells utilise HCO3- ions in the media and release
CO2, which makes media alkaline with Na+ and CO3-2 ions (Equation 3-1) which
slows cell growth and may lead to cell death [180].
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Equation 3-1: 2NaHCO3 2Na+ + 2HCO3-  2Na+ + CO3-2 + CO2 (gas) + H2O
The media pH depends on dissolved CO2 and bicarbonate (HCO3-) ions; it’s an
equilibrium reaction. When the incubator CO2 levels are increased, it converts the
CO2 to bicarbonate and maintains pH, thereby facilitates rapid cell growth [181].
The second change to the published protocol was our replacement of Ultroser G
with a similar strength of FBS; Ultroser G is 5x the potency of FBS [179]. The
primary purpose of FBS in the medium is cell growth, however, in pBEC ALI final
media, FBS is substituted with other supplements and has a limited role in
differentiation.
Overall, DMEM/F12 media did not influence cell differentiation; this may be due
to the switch in media from BEGM when the cells were expanded in the
monolayer to DMEM/F12 (ALI) for differentiation. To investigate whether this may
be the case, ALI cultures in later experiments were treated with pBEC ALI final
media, which consists of BEGM and DMEM in 50:50 ratio to avoid culture shock.
With media change, BCi-NS1.1 cells differentiated at ALI by day 21 with mucus
secretion and cilia movement on the apical side of cultures. Despite clear cell
differentiation in most of the ALI cultures, at some random places on the
membrane, cells that appeared as basal cells started to accumulate and
appeared as honeycomb-like structures. These formations may be due to the
immortalisation process, once cells are immortalized via overexpression of
hTERT or CDK4 gene or both, some cells may lose their natural differentiating
phenotype and remain in the proliferative state. Regardless, these cells were
better suited than Calu-3 and HBEC-6KT cell lines for our purposes in maintaining
a genetically consistent cell-line capable of differentiation, but a clear caveat was
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that these cells did not closely resemble differentiated pBECs. Although we were
successful in differentiating BCi-NS1.1 cells, we did not feel confident in their use
as a ‘workhorse’ cell for optimization experiments that would later be applied to
pBECs. As such we aimed to pursue alternate methods to expand monolayer
cells and then differentiate in the same manner as pBECs. Therefore, we decided
to adopt another technique, called conditional reprogramming (CR) of epithelial
cells to proliferate pBECs indefinitely by partial immortalisation using Rhoassociated, coiled-coil containing protein kinase (ROCK) inhibitor (Y-27632) and
irradiated 3T3 fibroblasts and thereby growing them to ALI for differentiation with
normal pBEC ALI conditions. This technique has direct relevance to the patient
pBECs, and the responses may be similar, as this technique does not alter any
gene expression profiles [140, 182].
In summary, BCi-NS1.1 cells showed promising signs of cell differentiation with
ALI final media with the exception of some wells forming honeycomb-like
structures randomly. Because of this, we were interested in developing ALIs from
immortalised pBECs themselves which can be generated using a technique
called conditional reprogramming.
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3.5 Conditionally reprogrammed (CR) epithelial cells
Conditionally reprogramming of epithelial cells is a technique used to proliferate
pBECs in monolayers for extended passages, by using ROCK inhibitor (Y27632)
and irradiated 3T3 feeder cells [137, 139, 140, 183]. ROCK inhibitor conditionally
reprograms epithelial cells by dysregulating the cytoskeleton, p16/Rb pathways
and by suppression of transforming growth factor-beta (TGF-β) signalling to
induce proliferation. Whereas irradiated 3T3 feeder cells release diffusible factors
that promote cell reprograming [138] [183] [137, 184]. This technique of cell
proliferation is entirely different from that of cell lines and does not involve any
changes in gene expression. The major benefits of this technique are high cell
yield, phenotype maintenance over extended passages and cellular redifferentiation at ALI culture after the removal of ROCK and irradiated feeder cells
[139, 140]. Also, recently in early 2018, Martinovich et al. demonstrated high cell
yield with this technique along with expression of pBEC markers such as
cytokeratin 5 (CK5), cytokeratin 19 (CK19) and vimentin. These cells further
differentiate to pseudostratified mucociliary epithelium similar to pBEC ALI
cultures, after the removal of ROCK inhibitor from cultures [139, 140]. There
remains limited information on anti-viral responses following viral infection of CR
ALI cultures, with two recent studies published, one in December 2017 [185] and
another in May 2018 [186]. Of these two, Wolf et al. used dsRNA (poly I:C) on
fully differentiated CR pBECs from children and demonstrated an increase in antiviral and innate immune responses [185]. On the other hand, Roberts et al. used
RV16, a major group virus, and infected cells on day 14 after raising to ALI
culture, rather than day 21 or later with full differentiation; day 14 may represent
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an earlier ALI developing phase [186]. Therefore, we hypothesised that CR cells
differentiate at ALI and respond to viral infections similar to pBEC ALI cultures.
We aimed to expand CR cells in monolayers and later to ALI cultures with the
removal of ROCK inhibitor from media intending to use these cultures for airway
mechanical stress and physiologically relevant rhinovirus infections.

3.5.1 CR co-cultures and ALI establishment
Initially, pBECs from healthy controls (HC160, “HC” in-house notation of cells
obtained from healthy control) and mild asthmatic (AS131; “AS” in-house notation
for asthmatics) donors were conditionally reprogrammed in monolayers by
seeding equal cell number of pBECs and irradiated fibroblasts in the same flask
with co-culture media. At first, the cells were sparingly distributed in flasks
followed by formation of CR cell colonies over time, as shown in Figure 3-15. The
CR cell morphology was found similar to pBECs in micrographs. The cell
expansion potential is much higher when compared to pBECs. At CR passage 2,
HC160 CR cells had almost double the number of parent pBECs at the same
passage and similarly, AS131 CR cells had four times the parent cell number.
After confluence, the cells were differentially trypsinised, first to remove irradiated
feeder cells and later to detach the CR pBECs. The cells were then either used
for sub-culture or ALI culture or frozen down in liquid nitrogen for future use.
CR cells from the HC160 donor were seeded on ALI membranes for
differentiation with ALI differentiation media with ROCK inhibitor. Unlike pBECs,
these cells started to peel off from the membrane, maybe due to a sudden change
in media from co-culture to ALI final media or the presence of a ROCK inhibitor.
So, we hypothesised that the presence of a ROCK inhibitor in the media was
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maintaining the proliferation phenotype. Therefore, we decided to remove ROCK
inhibitor from co-culture media a day prior to trypsinisation to limit this proliferative
cell phenotype. We implemented this method for AS131 CR cells and established
ALI cultures that were similar to pBEC ALIs. The cells were observed through a
light microscope for apical cell morphology, and barrier integrity was visualised
by staining the membranes with ZO-1 antibody on day 15 (Figure 3-16) and day
22, and for ciliated cells on day 22 with β-tubulin as shown in Figure 3-17.
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Figure 3-15: Microscopic images of CR cells obtained from healthy and mild
asthmatic patients in co-culture media. The cells were seeded along with
irradiated feeder cells in 1:1 ratio in a flask. Day 1 panel is showing the irradiated
feeder cells (white arrows) with CR cells. Day 4 panel is showing the CR cells
expansion in colonies (blue arrows). Scale bar – 80 µm
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Figure 3-16: CR_AS131 ALI culture immunofluorescence image of ZO-1
staining. Day 15 ALI insert (whole mount) was methanol fixed and labelled for
ZO-1 (Red) and counterstained with DAPI (Blue). Scale bar: 20 µm

Figure 3-17: CR_AS131 ALI culture immunofluorescence images of ZO-1 (A)
and β-tubulin (B) staining. Day 22 ALI inserts were methanol fixed and labelled
for ZO-1 (red) or β-tubulin (green) and counterstained with DAPI (blue). Scale
bar: 50 µm.
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3.5.2 Starvation media optimisation for viral infections
The removal of ROCK inhibitor a day before trypsinisation retrieved the normal
pBECs phenotype. By day 21, CR cells fully differentiated with mucus secretion
and cilia movement. However, our ultimate goal was to use these cultures for
viral infections and measure the antiviral responses. So we hypothesised that the
differentiated CR cultures behave similarly to pBEC ALI cultures following viral
infection. To address this, we aimed to starve the CR cells a day before viral
infection similar to pBECs and to measure the viral RNA, virus release and antiviral responses from CR cells.
CR cells were starved similar to pBECs with starvation media, which contains
BEBM supplemented with insulin-transferrin-selenium (ITS) and linoleic acid
(LA). These supplements provide minimum serum sufficient for cell growth [187]
and prepares cells to respond to experimental challenges. However, with the
media switch from ALI final to starvation, CR cells started to die and peel off from
the membrane, which is not common in pBEC cultures.
Having seen cell death with standard starvation media, we hypothesised that
different media combinations might work. The ultimate goal is to starve the cells
for experiments, and we explored this with different approaches. We used a few
starvation media combinations including 1) minimal media, 2) with a 0.01%
bovine serum albumin (BSA) in minimal media [188], 3) ALI base media without
steroids (hydrocortisone (HC), BSA and bovine pituitary extract (BPE)) that
induce cell growth instead of differentiation and 4) ALI base media without BPE.
The above combinations were used on day 23 CR ALI cultures and observed for
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apical cell morphology for the next four days. Microscopic images were captured
every day as shown in Figure 3-18.
Out of the four different minimal media combinations, only ALI media without
steroids (HC, BSA and BPE) had good cell morphology. The minimal starvation
media and with 0.01% BSA had detached cells with empty spaces on the
membrane within one day of media change. ALI base media without BPE showed
promising intact cell morphology. However, considering the potential of steroid
influence on future experiments, ALI media without steroids was chosen for viral
infection.
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Figure 3-18: Microscopic images of CR ALI cultures with different starvation
media combinations. Starvation media combinations including starvation media
(panel 1), starvation media with 0.01% BSA (panel 2), ALI base media without
HC, BSA, BPE (panel 3) and ALI media without BPE (panel 4). Scale bar 200
µm.
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3.5.3 Rhinovirus infection to CR ALI cultures
After optimising the starvation media, asthmatic CR ALI cells were infected with
physiologically relevant RV1B infection (MOI 0.001); full details of methodology
and responses from pBEC ALI cultures are described in the following chapter
(chapter 4). Briefly, the CR cells were grouped as control (uninfected) and virus
(infected) with n=5 biotechnical replicates in each group. The CR cells were
starved with new starvation media, i.e., ALI base media without steroids. The
virus group cultures were incubated with RV1B virus in new starvation media for
6 hours and the control group with new starvation media alone. After incubation,
in the virus group, apical media was refreshed with new starvation media to
collect the virus release, post infection. The CR cells were harvested for apical
supernatant, basal media and half membrane cell lysate for RNA and another
half membrane for histology. The above collection was performed at 24-hour
intervals from 0 hr to 96 hours. CR cells were also observed for apical cell
morphology and barrier function during the infection phase.
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Figure 3-19: Microscopic images of CR-AS131 ALI wells with (panel1) and
without RV1B infection (panel 2) at different time points. Scale bar – 80 µm.
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3.5.3.1 CR ALI cell morphology and barrier function
The CR ALIs were observed through a light microscope for cell morphology, and
images were captured (Figure 3-19) before harvest. The cell apical morphology
was similar to pBECs and showed no signs of cytopathic effect (CPE) with
ultralow MOI RV1B infection. Despite having similar cell apical morphology,
TEERs were maintained up to 48 hours and increased at 72 and 96 hours post
infection. Before infection, both groups had the same TEER, approximately 500
Ω x cm2, which were maintained up to 48 hours. The TEERs were doubled at 72
hours in both groups and still increased in the virus group by 96 hours, but
declined in the control group Figure 3-20.
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Figure 3-20: TEER of CR ALI cultures following a viral infection (n=1
well/time point). CR ALI wells TEER was measured before infection (-6 hr) and
after infection (0, 24, 48, 72, 96 hr).
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3.5.3.2 RV1B RNA and TCID50 assay
Following analysis of cell morphology and TEER, the CR cells were quantified for
viral RNA from cell lysates. The RNA was extracted and further reverse
transcribed to complementary DNA (cDNA) for amplification with known Taqman
primers and probe as described in chapter 2. Also, the CR ALI culture viral RNA,
viral release and anti-viral responses were compared to parent pBEC ALI
responses.
The initial viral RNA in the system was found to be similar in both parent and CR
cells with six hours of incubation. However, the parent cell viral RNA peaked at
24 hours and declined after that until 96 hours, post infection. In contrast, CR cell
viral RNA peaked much later, at 72 hours and declined at 96 hours as shown in
Figure 3-21.
The active virus release from the system was also measured using 50% tissue
culture infective dose (TCID50) assay. The apical supernatants from the virus
group were serially diluted and added to RDICAM1 cells to measure viral
infectivity. The virus release pattern was similar to the viral RNA expression. In
parent cells, the peak virus release was observed at 48 hours post infection
before declining to basal at 96 hours. In CR cells, virus release was minimal at
24 and 48 hours and the peak virus release was observed at 72 hours post
infection using quantitative polymerase chain reaction (qPCR) as shown in Figure
3-21.
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Figure 3-21: RV1B RNA expression and viral titre in CR ALI cultures in comparison to their parent pBECs. CR cells were lysed
for RNA, reverse transcribed into cDNA and measured for viral RNA using qPCR, and the apical supernatant was collected to measure
viral titre by the TCID50 assay. A) The viral entry into the cells with 6 hours of incubation had similar RNA quants in both the groups,
parent cells peaking at 24 hours and CR cells at 72 hours. B) The viral titre followed the RNA kinetics, peak viral release was observed
in parent cells at 48 hours and CR cells at 72 hours post infection. Data represented as individual points.
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3.5.3.3 Antiviral innate immune responses from CR ALI wells following
RV1B infection
Following comparatively lower RV1B RNA expression and virus release from CR
cells vs parent cells at 24 and 48 hours post infection from only one patient; we
further wanted to investigate anti-viral innate immune responses following RV
infection from CR cells. We measured both interferon-beta (IFN-β) and interferonlambda (IFN-λ) gene expression and protein release from cell lysates and apical
supernatant using qPCR and ELISA respectively from CR and parent cells.
The basal IFN-β gene expression was the same in both parent and CR cells with
six hours of RV1B incubation. RV1B infection induced IFN-β gene expression in
both CR and parent cells, however, the induction of gene expression in CR cells
was delayed compared to parent cells. Peak IFN-β gene expression was
observed at 48 hours post infection in parent cells and 72 hours post-infection in
CR cells. The gene induction in parent cells at 24 and 48 hours were log fold
higher than CR cells and at 72 and 96 hours had the same amount of gene
expression as shown in Figure 3-22A.
The IFN-β protein release from the cells was also measured from apical
supernatants following RV1B infection. In parent cells, the protein release
followed the gene expression with peak IFN-β protein release at 72 hours postinfection. In contrast, CR cells had no comparable induction of protein release at
any time point with parent cells. The protein release was somewhat similar to
uninfected CR controls as shown in Figure 3-22B.
In addition to the IFN-β gene and protein expression, we also investigated IFN-λ
expression, which was found to be a crucial antiviral innate immune molecule
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[129, 189, 190]. Similar to IFN-β, IFN-λ gene expression was found to be
approximately the same at 0 hours post infection (six hours of RV1B infection) in
both the parent and CR cells. IFN-λ gene expression was induced in parent cells
with a peak IFN-λ gene expression at 48 hours and slower induction in CR cells
with a peak expression at 72 hours post-infection. There was a log fold difference
at 24 hours and 2-log-fold difference at 48 hours gene expression in between
parent and CR cells (Figure 3-23A). Also, IFN-λ protein release behaved similarly
to IFN-β release. There was no detectable IFN-λ protein release from CR cells at
0, 24 and 48 hours post infection. The detectable protein release at 72 and 96
hours post infection was much lower compared to parent cells (Figure 3-23B).
From the above IFN responses, it was clear that IFN gene expression was
induced following RV1B infection with no induction of protein release from CR
cells. The lack of protein may be due to different starvation media used in parent
and CR cells. Therefore, considering the role of starvation media and disease
phenotype in IFN protein release, we decided to repeat the experiment in healthy
CR cells (HC188), whose parent cells were used in Low MOI study (chapter 4)
for comparison. Also, we wanted to check the use of starvation media in CR cells
derived from healthy donors, as one possibility for the failure of induction of
antiviral responses in the CR cells from the asthmatic donors, was the asthma
disease phenotype might not have responded as expected to the CR process.
We wished to remove the disease phenotype as a possible confounder at this
stage; this is discussed further below.
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Figure 3-22: RV1B infection readily induced IFN-β gene expression and protein release from parent cells and with delayed
gene induction and no protein release from CR cells. Parent and CR cell lysates were used to measure IFN-β gene expression
by qPCR (A) and apical supernatant for protein release by ELISA (B). Data represented as individual points.
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Figure 3-23: RV1B infection readily induced IFN-λ gene expression and protein release from parent cells and with slower
gene induction and no protein release from CR cells. Parent and CR cell lysates were used to measure IFN-λ gene expression
by qPCR (A) and apical supernatant for protein release by ELISA (B). Data represented as individual points.
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3.5.4 Healthy CR cells starvation media trial
Cells conditionally reprogrammed from healthy donors were grown at ALI culture
for differentiation as per earlier methodology. These cultures were treated with
different starvation media combinations as below to identify the potential cause
of cell detachment with media changes.
1) Parent starvation media (BEBM+ITS+LA) both basal and apical.
2) CR starvation media (ALI base media without steroids) both basal and apical.
3) Mix - CR starvation media basally and parent starvation media apically.
The starvation media treatments were continued for four days, to mimic viral
infections. The cells were monitored for apical cell morphology and images were
captured on a regular basis as shown in Figure 3-24.
Surprisingly, healthy CR cells were found to be intact with all the starvation media
combinations following RV1B infection. Therefore, we hypothesised that all the
starvation media combinations allow the generation of the same antiviral innate
immune and inflammatory responses form healthy CR cells. However, the
responses were different in one asthmatic CR cell population. To address this,
we aimed to measure anti-viral innate immune and inflammatory responses from
CR cells with different starvation media combinations following RV1B infection
(MOI 0.001) and compared these responses to parent HC188 cells from the same
donor. Due to the utilisation of CR ALI cultures for starvation trial, we cut short
the timeline by removing 72-hour time point in the following experiment.
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Figure 3-24: Microscopic images of HC188_CR ALI cultures treated with a different combination of starvation media over 96
hour time points (columns). First row images represent parent starvation media on both apical and basal sides. Second-row images
represent CR starvation media, and the third row represents CR starvation media (basal) and parent starvation media (apical). Scale
bar: 50 µm.
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3.5.5 Healthy CR cell barrier integrity
Fully differentiated healthy CR cells were measured for barrier integrity using
TEER following viral infections. Parent cell TEERs from chapter 4 were used to
compare the CR cell TEERs. On the day of starvation, TEER from parent and CR
cells are approximately the same as shown in Figure 3-25 (A-D). The TEERs in
parent cells were decreased irrespective of infection at 24 hours and recovered
to basal levels by 48 hours; virus-infected wells maintained basal TEER until 96
hours, and control wells increased TEER at 72 and 96 hours to more than double
the value of control wells Figure 3-25A. In contrast to parent cells, CR cells with
parent starvation media had no change in TEER with virus infection (Figure
3-25B). Also, CR cells with other combinations of starvation media had increased
TEER with a viral infection, almost double to the basal TEER at 96 hours postinfection (Figure 3-25 (C, D)).
With a change in TEER at later time points in all the conditions, except CR cells
with parent starvation media, we wanted to measure anti-viral and inflammatory
responses from CR cells and compare the responses with parent cells following
RV1B infection.

3.5.6 Antiviral innate immune and inflammatory responses in
healthy CR cells following RV1B infection
Similar to earlier asthmatic CR ALI culture experiments, the healthy CR cells were
infected with RV1B of MOI 0.001. RV1B infection induced the release of IFN-λ
protein from CR cells; however, the protein release was lower compared to parent
cells (Figure 3-26). In parent cells, peak IFN-λ protein release was observed at
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72 hours post infection with a little decline at 96 hours. In contrast, CR cells had
only detectable IFN-λ protein at 96 hours post-infection, which is less than half
the value of parent cells. In the different media, parent starvation media had a
higher IFN-λ protein compared to others, with the lowest response in mixed
starvation media Figure 3-26 (B-D).
Similar to IFN-λ protein, IFN-γ-Inducible Protein 10 (IP-10) protein release was
also measured from apical supernatants using cytometric bead array (CBA).
RV1B infection induced the release of IP-10 protein from parent cells. Peak IP10 protein was observed at 48 hours post infection, which is much higher
compared to other starvation media combination in CR cells (Figure 3-27(A-D)).
All CR cells with different media combinations had the same IP-10 protein release
at 96 hours post-infection (Figure 3-27 (B-D)).
Similarly, interleukin-6 (IL-6) protein release was measured using CBA. Parent
cells had minimal IL-6 protein expression compared to CR cells. RV1B infection
induced a little induction in IL-6 protein release compared to basal parent cells
(Figure 3-28A). In contrast, CR cells had higher basal IL-6 protein expression,
and only the mix of starvation media had a higher IL-6 induction with RV1B
infection (Figure 3-28 (B-D)). In addition to IL-6, interleukin-8 (IL-8) chemokine
was also measured using ELISA from apical supernatants. Similar to IL-6, parent
cells had minimal IL-8 protein expression compared to CR cells. Also, RV1B
induced IL-8 protein release from parent cells (Figure 3-29A). In CR cells, the
basal expression of IL-8 in control wells was much higher, and RV1B did not
influence IL-8 protein release in comparison to respective controls (Figure 3-29
(B-D).
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Healthy parent and CR cells TEER with different starvation media following viral infection
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Figure 3-25: TEER measurement of HC188 parent and CR cells. A) Parent cells in starvation media (BEBM+ITS+LA). B) CR cells
in parent starvation media (BEBM+ITS+LA). C) CR cells in CR starvation media (ALI base without steroids) and D) CR cells with
basal CR starvation media and with apical parent starvation media. Data represents individual biotechnical replicates.
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Figure 3-26: HC188 parent and CR cells IFN-λ protein release were quantified by ELISA from apical cell supernatants. A)
Parent cells in starvation media (BEBM+ITS+LA). B) CR cells in parent starvation media (BEBM+ITS+LA). C) CR cells in CR
starvation media (ALI base without steroids) and D) CR cells with basal CR starvation media. Data represents individual biotechnical
replicates.
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Figure 3-27: IP-10 protein release from HC188 parent and CR cells were quantified using cytometric bead array (CBA) from
apical cell supernatants. A) Parent cells in starvation media (BEBM+ITS+LA). B) CR cells in parent starvation media
(BEBM+ITS+LA). C) CR cells in CR starvation media (ALI base without steroids) and D) CR cells with basal CR starvation media.
Data represents individual biotechnical replicates.
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Figure 3-28: IL-6 protein release from HC188 parent and CR cells were quantified using cytometric bead array (CBA) from
apical cell supernatants. A) Parent cells in starvation media (BEBM+ITS+LA). B) CR cells in parent starvation media
(BEBM+ITS+LA). C) CR cells in CR starvation media (ALI base without steroids) and D) CR cells with basal CR starvation media.
Data represents individual biotechnical replicates.
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Figure 3-29: IL-8 protein release from HC188 parent and CR cells were quantified ELISA from apical cell supernatants. A)
Parent cells in starvation media (BEBM+ITS+LA). B) CR cells in parent starvation media (BEBM+ITS+LA). C) CR cells in CR
starvation media (ALI base without steroids) and D) CR cells with basal CR starvation media. Data represents individual biotechnical
replicates.
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3.5.7 Implications of CR results (Discussion)
Our results demonstrate a successful expansion of primary epithelial cells over
several passages in monolayers, similar to other publications [137, 138, 140].
The CR cell yield at passage two was approximately four times higher compared
to parent pBECs (2 million cells from a T75 flask) at the same passage.
Previously, Martinovich et al. expanded paediatric pBECs up to 20 passages
without any difficulties and with an expansion of 540x within a week with one
passage [140]. Despite an enormous expansion in cell number, the CR cells
maintained their natural phenotype and morphology with extended passages to
the extent of the limited investigations performed [140]. The main advantage of
these CR cells over cell lines is their ability to differentiate into ALI cultures
relatively easily. We demonstrated the establishment of CR cell ALI cultures using
a similar methodology to others, however, some modifications. Previously, ALI
cultures were established by the removal of ROCK inhibitor from media during
ALI initial phase. We tried using the same methodology, and we were not able to
replicate the same results due to cell death at ALI. The reason for cells not being
able to differentiate in ALI cultures may be due to the presence of ROCK inhibitor
in the media, which would perpetuate the proliferative cell profile; by the removal
of ROCK inhibitor from media a day before cell trypsinisation, we established ALI
cultures without any further issues.
Unlike cell lines, the CR ALI cultures resembled pBEC ALI cultures in barrier
function, mucus secretion and motile cilia. However, there was some
inconsistency in CR ALI cultures with a few having empty spaces on the
membrane, the same being reported previously [140]. We also localised ZO-1
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and β-tubulin in CR ALI cultures indicating markers for tight junctions and ciliated
cells similar to pBEC ALI cultures.
With the successful development of CR ALI cultures, we next investigated antiviral responses following ultra-low MOI RV1B infection. Prior to this, there has
been limited information on anti-viral responses following viral infections in CR
cells, with only two recent publications [185, 186]. Wolf et al. demonstrated a
robust anti-viral response following dsRNA treatment in fully differentiated CR ALI
cultures obtained from young children [185]. On the other hand, Robert et al. used
infection with rhinovirus (RV16) with MOI 1 on 14-day old CR ALI cultures and
reported increased IP-10 from cells but did not report standard measures of viral
infection or anti-viral responses. There have been no published reports of antiviral
responses in CR cells from adult donors at a fully differentiated state.
Our initial experiments to infect CR cells were not successful because, at the
point of switching to parent starvation media (BEBM+ITS+LA) from ALI final
media, cells became compromised and started to peel off from the membrane.
To overcome this issue, we optimised different starvation media conditions as
above, and selected CR starvation media (ALI base media without steroids) for
these experiments based on cell morphology. Following RV infection in the
presence of starvation media, the CR ALI cultures exhibited lower anti-viral
protein responses compared to parent cells, despite having nearly similar gene
expression at later time points. Also, the CR cells showed similar viral RNA and
virus release at later time points in comparison to parent cells, albeit that these
data were from a single asthmatic donor. A lower anti-viral protein response from
CR cells may be due to several possible reasons. Firstly, the difference in
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starvation media from parent starvation media to CR starvation media may have
impeded the ability of the cells to produce anti-viral proteins. Another possibility
is that the CR process itself alters the cellular responses to viral infection and that
this may be disease phenotype specific, i.e., asthmatics may have varied innate
immune responses when compared to non-asthmatics. To address this
possibility, we repeated our initial investigations performed on CR from an
asthmatic donor with healthy CR cells to eliminate disease phenotype factor and
in addition repeated the starvation media trial (to eliminate the possibility that the
starvation media was unduly affecting asthmatic cells over healthy). For this
experiment, we used parent starvation media, CR starvation media and a mix of
each (CR media basally and parent media apically). The starvation media trial
experiment indicated that the healthy CR cells showed similar cell morphology
without any cell death. Subsequent viral infection studies also demonstrated
similar anti-viral responses to that of earlier asthmatic CR cells. Cells that had
been conditionally reprogrammed from both healthy and asthmatic donors
exhibited lower anti-viral responses (IFN-λ and IP-10) compared to parent cells
in same starvation media (BEBM+ ITS+LA) and further lower responses with
alternative starvation media (ALI base without steroids and “mix”). This had two
implications; firstly, these cells could not be used further in our modelling of
mechanical forces and viral infection without further validation work, and secondly
raises the question of why the CR cells responded differently. In addition, we also
investigated inflammatory responses from CR cells; these were inversely
proportional to anti-viral responses; the lower the anti-viral, the higher the
inflammatory response, which is rarely seen in pBECs [191].
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One possibility that would explain the lower anti-viral responses witnessed in the
CR cell cultures may be by the use of ROCK in the monolayer phase. One
possible way to retain these standard pBEC responses would be severely limiting
the amount of ROCK used during the expansion of cells. If responses remain low,
then there may be a chance that the ROCK inhibitor has induced epigenetic
changes within the cells [192-194].

If necessary, these changes could be

examined in the future by investigating DNA methylation, histone modifications
and microRNA profiles.
In Guinea pig airways, ROCK inhibitor has been shown to dysregulate
cytoskeleton and p16/Rb pathways in the cells, thereby attenuating the majority
of airway disease outcomes such as cytokine infiltration (inflammation),
remodelling responses and TGF-β, IFN-γ and NF-κB signalling [195]. These
effects were prominent and still worsen in combination with corticosteroids [196].
It is unclear about the cell response towards viral infections with the removal of a
ROCK inhibitor. We speculate that, by removal of ROCK inhibitor, may reverse
the conditions by activating inflammation and anti-viral responses. In future, the
CR cells should be optimised with minimal use of ROCK inhibitor for proliferation
and to eliminate post removal effects of ROCK.
In addition to the use of ROCK inhibitor to boost cell proliferation, there are other
pathways which have been reported allowing similar degrees of cell expansion
including inhibition of SMAD signalling [197] and TGF-β signalling [198]. Inhibition
of SMAD signalling leads to basal cell proliferation in monolayers but without the
potential to differentiate to ALI over time [197] whereas inhibition of TGF-β
signalling showed expansion of basal cells up to 16 passages without any change
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in karyotype and resulted in differentiation when cells were cultured at ALI using
a commercially available media (“EpiX” media, Propagenix, Maryland, USA)
[198]. At present, we are investigating EpiX media in our laboratory and have had
much greater cell proliferation in monolayers using the feeder cell-free and
serum-free culture media [198]. In future, we would like to repeat similar CR
experiments with EpiX media grown cells to investigate antiviral responses and
later on perform model optimisation.
Despite its potential drawbacks, the CR technique is a better way of expanding
precious primary cells with maintained cobblestone morphology and epithelial
markers compared to cell lines. The reduced anti-viral responses may be due to
chance; we need to increase patient numbers to confirm these responses. If all
CR cells show lower anti-viral responses, then these cells could be used in
models which do not involve virus infection. These cells can be used to
investigate possible interventions and treatment which could be ratified in pBECs
in smaller numbers, before translation to human exposures.
The main limitation of this CR ALI optimisation is the number of patient cells. Our
varying results may be due to disease phenotype or by chance especially
considering the small numbers concerned. Our data are the first examining antiviral responses from fully differentiated adult-derived CR cells, and further work
is planned before large-scale experiments using these cells, and viral infection is
submitted for publication. In summary, we were able to differentiate CR cells at
ALI cultures and demonstrated mixed results with starvation media for viral
infection. We have also found that CR cells exhibit reduced anti-viral responses
compared to parent cells.
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This CR technique of generating ALI cultures opens a new avenue for
investigating multiple interventions in a more representative in-vitro model of
human airway epithelium. However, as above, there are details that need to be
addressed especially with regard to viral infection. Specific hypotheses and
expected outcomes of each study that plans to use CR cells should be considered
and tested for preliminary results prior to basing entire projects on the use of CR
cells. Furthermore, results from non-reprogrammed parent cells should be used
to confirm any conclusions. Despite these caveats, this CR cell ALI cultures
present opportunities to model areas of disease previously reliant on large
numbers of primary airway cells. Indeed, studies investigating airway
bronchoconstriction and airway mechanical forces in possible conjunction with
viral infections, are planned by our laboratory in the future, providing viral
responses can be normalised.

3.6 Final discussion
Primary cell based in-vitro models are useful representative models of human
disease, as there should not, at least in theory, be substantial issues with the
translation of bench result to the clinic. Due to the lack of availability of primary
cells, much of the previous research was conducted on cell lines derived from
primary cells with specific gene modifications aiming to represent the same
phenotype over extended passages. Most of the earlier research had been done
on monolayer cultures exploring various mechanisms to either further basic
understanding or to find a treatment for specific disease conditions, especially
those with a single protein abnormality, for example in cystic fibrosis. However,
these monolayer cultures are not the best models to investigate physiological
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conditions like mechanical stress and naturally occurring virus infections due to
lack of cell differentiation similar to human airway epithelium. To address these,
fully differentiated ALI cultures were established from pBECs; due to the limited
availability of pBECs, we attempted to use cell lines as an alternative source of
epithelial cells for differentiated cultures.
Here, we demonstrated a little success in establishing ALI cultures from cell lines.
We used Calu-3, HBEC-6KT and BCi-NS1.1 cell lines for ALI cultures and
concluded that these cultures do not easily different at ALI culture, except BCiNS1.1 with some limitations. The dominant proliferative phenotype in these cells
may be the reason for their inability to differentiate when exposed to air. On the
other hand, pBEC expansion using the CR technique is a compelling alternative
to cell lines. These CR cells resemble pBECs during expansion and develop to
ALI. These CR ALI cultures can be used to investigate various physiological
models such as airway mechanical stress and other allergen exposure studies.
However, there is a need to optimise these cultures for viral infections further, as
we found lower anti-viral responses from CR ALI cultures compared to pBECs.
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4 Chapter 4: An in-vitro model of
physiologically relevant RV1B infection in
differentiated pBECs obtained from
healthy, asthmatic and COPD donors
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The human airway epithelium is continually exposed to the outside environment
during respiration. Over time, the airway is exposed to differing levels of viral
insult, and this can result in viral infection [199]. Airway epithelial cells act as a
barrier to invading viruses and limit infection by activating the host’s innate
immune responses. The proportion of the epithelium exposed to viral infectious
particles is tiny compared to the total airway epithelial surface (estimated as
120cm2) [200, 201]. In the clinical setting, experimental viral-infection models use
approximately 10-3250 TCID50 doses to induce active clinical infection in human
subjects to mimic naturally occurring viral infections [202, 203]. For some context,
in-vitro, a tissue culture growth area of 1.12 cm2 contains 106 epithelial cells (from
our laboratory cell counts). If extrapolated to 120 cm2 nasal mucosa surface area,
the human airway should contain approximately 107x106 or 1x108 epithelial cells,
giving a multiplicity of infection (MOI) with the above human experimental viral
infection protocols of 0.0000001 (10 TCID50 dose) to 0.00003 (3250 TCID50
dose). Obviously, there would not be a uniform distribution of virus throughout the
airway, and there are likely to be areas of higher MOI at some random places
within the airway. Even considering this, however, in-vitro models have
traditionally used much larger doses of virus (such as MOI up to 20, two hundred
million times the dose calculated above, with 10 TCID50) to guarantee definite
infection to all cells and to investigate altered molecular mechanisms triggered
by viral infections. This huge dosing may induce responses not seen in the
airways under physiological conditions.
Furthermore, these in-vitro models were traditionally conducted using
undifferentiated monolayer cultures, which do not mimic the pseudostratified
human airway. Also, monolayers are of only one single cell type, namely basal
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cells but in the actual epithelium, a mixture of common epithelial cell subtypes
including goblet cells, ciliated cells and club cells as well as other rare cellular
subtypes are present. In order to accurately model a more physiological level of
virus exposure and infection in human airway epithelial cells, it was necessary to
establish an in-vitro model of viral infection with an ultra-low MOI in pBEC ALI
cultures. The low MOI virus model in ALI cultures may provide an opportunity to
investigate the natural behaviour of virus in epithelial cells in regard to replication
and release pattern and at the same time to investigate the decreased, deficient
or delayed innate immune responses sometimes observed in asthma and COPD.
This ultra-low MOI viral infection model may address the potential differences
between diseased and healthy cells. When using high MOI viral infection models,
cells may respond with their maximum possible anti-viral output, and it is possible
that the maximal absolute anti-viral response is not different between disease
conditions; rather it may be that the responses to a submaximal viral stimulus are
different between disease types. In such a situation, using an ultra-low MOI model
may identify between disease differences that are obscured by very high MOI
infections. An analogy would be a high MOI infection model is like finding out
what the maximum volume of a stereo system is, but a low MOI model asks how
much an individual turns that volume knob to listen to a particular piece of music.
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4.1 Background
4.1.1 Rhinovirus
Rhinovirus (RV), the main common cold virus, is a major cause of asthma and
COPD exacerbations [204]; RV induces approximately 70 -80% and between 22
– 64% of asthma and COPD exacerbations respectively [123, 205-209]. A
number of human experimental RV infection models have been developed to
investigate clinical symptoms in response to RV infection [201]. However, these
models have often been plagued by practical difficulties such as ethical issues,
cost-effectiveness and the challenge of getting good manufacturing practice
(GMP) grade virus stock. In addition, there are limitations in the translation of
historical in-vitro results to in-vivo models, especially with regards to dosing of
interventions such as molecular inhibitors [210, 211]. To overcome these
difficulties and limitations, cellular in-vitro models were developed to investigate
the mechanisms of RV infections in undifferentiated pBECs (monolayers); these
studies have used MOI doses ranging from 1 to 20 to achieve adequate levels of
infection and explore the RV related mechanisms in pBECs [129, 212-219].
Clearly, these doses of virus were not physiological when compared to human
airway epithelium, as discussed above. Certainly, these high MOI studies did
demonstrate the viral-induced responses from the host cells and were used to
explore novel mechanisms of therapeutic interest [216, 217, 220-225]. Despite
the mathematical calculations above, this is probably not useful as the majority
of any viral exposure occurs in the proximal airways [226]. Regardless, this
remains a tiny proportion of the total area of the airway. Some researchers might
have assumed that viral infection occurred in a small area rather than the entire
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surface area for choosing higher doses of MOI, despite this it is very probable
that previously used MOIs of one or above in viral infection in-vitro were not
physiologically relevant models of airway infection in-vivo. Moreover, the original
research on virus infection using high doses of MOI was based on the theoretical
approach demonstrated by Ellis et al. in 1939 [227, 228]. Using Poisson
distribution and formula (Equation 4-1), Ellis et al. described the probability of
cells that adopted one of three different states following infection: uninfected P(0),
infected with one viral infectious unit P(1), or infected with multiple viral infectious
units P(>1). This was calculated on the same number of cells with different MOIs
as shown in Table 4-1 below. A viral infectious unit is defined as a minimum
number of viral particles required to achieve infection of a single cell [229].
Equation 4-1:

P(r) = e-mmr/r!

Where P(r) is the probability of cells infected with r infectious units, m is MOI, r is
a number of infectious units that enter the target cell and “!” is factorial, which
means a positive number.
An analogy that was commonly used to describe Ellis’ equation is as follows.
Imagine a closed room with 100 buckets, and we throw an equal number of balls
(100), all at the same time into the room. Definitely, there will be some buckets
that receive more balls; some a single ball and some buckets will not receive any
balls. Using Ellis’ equation, the probability of any particular bucket receiving at
least a single ball can be calculated.
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Table 4-1: Probability of cells infected with “r” infectious units at different
MOIs.
Infected cells MOI 0.001 MOI 0.1
MOI 1
MOI 2
MOI 5
r=0
99.9
90.5
36.8
13.5
0.7
r=1
0.1
9.0
36.8
27.1
3.4
r>1
0.0
0.5
26.4
59.4
96.0
r=probability of cells infected with “r” infectious units

MOI 10
0.0
0.0
100.0

From the equation, using an MOI of 10 would result in infection of almost all the
cells with more than one viral infectious unit, at an MOI of 1 around 63% of cells
become infected with either one or more infectious units. However, using this
same formula, MOIs less than or equal to 0.1 results in a negligible chance of
infection; although MOI 0.1 infect 9% cells with single virion as shown Table 4-1,
this might not sufficient to induce infection as multiple virions are requried to infect
a cell [230]. As Ellis’ equation was held in high regard amongst virologists, this
meant that most viral infection studies conducted at the time were restricted to
using MOIs of 1 or greater, and this tradition continues today. In reality, a lower
virus MOI is much more representative of physiological exposure in the lungs
[200, 201]. Moreover, in previous studies, there was a large dependency on the
use of monolayer cultures, which fail to represent the differentiated human airway
epithelium accurately. With the advance of ALI cultures that more closely
resemble the pseudostratified structure of the human airway epithelium,
modelling of the differentiated airway epithelium is now possible. Demonstration
that just a tiny amount of virus can cause infection to induce clinical symptoms
suggest that although correct mathematically, Ellis’ equations may not be
relevant biologically. Earlier researchers used a high infective threshold to infect
all the cells to get a superinfection which is self-propagating; however, the clinical
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situations are different. Therefore, we decided to refute the mathematical
suggestion that there would be little or no infection with MOI less than 0.1 and try
a more clinical/naturally occurring/physiologically based approach. This
dichotomy between the use of high MOIs driven by dogma/mathematical
modelling and low MOI supported by clinical evidence leads us to attempt to
establish a more physiologically relevant RV infection model. This model aims to
infect pBECs grown to ALI with MOI 0.001 (using RV1B) and in so doing,
challenge the currently established dogma regarding the lower limits of virus
infection.

4.1.2 RV induced innate immune and inflammatory responses
RV entry into epithelial cells triggers antiviral innate immune and inflammatory
responses to limit viral replication and prevent viral propagation. Antiviral innate
immune responses include the activation of pattern recognition receptors such as
retinoic acid inducible gene 1 (RIG-1), melanoma differentiation associated
protein 5 (MDA5), protein kinase R (PKR) and Toll-like receptors (TLRs; TLR-3,
TLR-7, TLR-8) [220, 223, 231, 232]. This activation further leads to the activation
of transcription factors such as interferon regulatory transcription factor 3, 7 (IRF3, IRF-7), nuclear factor kappa light chain enhancer of activated B cells (NF-κB),
p65/p60 and c–Jun [233, 234]. These activated transcription factors translocate
to the nucleus to upregulate gene expression of type I and type III Interferons
(IFN-β, IFN-λ) and also pro-inflammatory cytokines and chemokines including
interleukin – 6 (IL-6), CXCL8 (IL-8), CCL5 (RANTES) and CXCL-10 (interferon
gamma-induced protein 10 (IP-10)) [225, 235-237]. IFN-β is the primary antiviral
innate immune protein released from the epithelium, which directly inhibits viral
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replication by blocking viral entry and also controls viral transcription by inducing
cellular apoptosis [238]. IFN-β also activates the induction of cytokines and
chemokines, indirectly [239]. IFNs further initiate a cascade of innate immune
responses by activating Interferon stimulatory genes (ISGs) such as viperin and
OAS1 via a JAK-STAT pathway to heighten immunity of adjacent cells [190, 240]
as shown in Figure 4-1 below.

Figure 4-1: Schematic image of pathways activated following RV infection
in epithelial cells. LDL: Low-density lipoprotein, ICAM-1: Intercellular adhesion
molecule 1, dsRNA: Double-stranded RNA, RIG-1: Retinoic acid-inducible gene
I, MDA5: Melanoma differentiation - associated protein 5, TLR3: Toll-like receptor
3, NFkB: Nuclear factor kappa – light – chain - enhancer of activated B cells,
IRF3: Interferon regulatory transcription factor – 3, IFNAR: Interferon-alpha/beta
receptor, JAK-1/TYK-2: Janus kinase 1/tyrosine kinase 2, STAT-1/2: Signal
transducer and activator of transcription 1/2, IRF9: Interferon regulatory
transcription factor – 9, ISGs: Interferon stimulatory genes. Image redrawn from
Hallar et al. Virology 2006.
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However, the classical protective role of the IFN response appears to be skewed
in diseased phenotypes when compared to healthy subjects. In 2005, Wark and
colleagues demonstrated a delayed and deficient IFN-β response from pBEC
monolayers, obtained from asthmatic donors in comparison with healthy controls,
following RV16 infection. In addition, with the administration of exogenous IFN-β,
they showed a reduction in viral replication and induction of apoptosis
demonstrating a link between deficient IFN-β and increased viral replication [127].
These observations were validated in a subsequent study by Cakebread et al.
They used minor group rhinovirus (RV1B) instead of the major group (RV16) used
by Wark et al. (2005) and showed a similar reduction of viral replication with the
addition of exogenous IFN-β to asthmatic monolayer pBEC cultures [241].
Several other researchers also demonstrated similar IFN deficiency either with
RV16 or RV1B in asthmatic pBEC in-vitro (monolayers) cultures [126, 129, 216,
242]. These studies are contentious however as other groups have reported no
IFN deficiency in asthmatics [125, 128, 215]. This may be due to a variety of
possible

confounders

including

variable

experimental

conditions,

cell

differentiation status, donor selection, disease severity and MOI of virus used;
even though most studies appear to have similar MOI, there was a lack of
information on TCID50 or cell number. With these variations, it remains
contentious whether there is an innate antiviral immune deficiency in asthma.
However, these days this is more widely accepted. Similar to asthmatics, COPD
patients infected with experimental human RV also showed a deficiency in IFN
response [202]. The story remains unclear however as there have also been
reports illustrating increased IFN responses following RV infection in pBECs
(monolayers) obtained from COPD donors compared to controls [219, 243]. It is
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unclear whether results from these in-vitro monolayer experiments are able to
replicate what is seen in the clinical setting regarding interferon responses. This
may, of course, be due to the massive over-representation of the virus at high
MOIs and lack of a functional epithelium in these in-vitro models.
In order to address the above discrepancies, we aimed to use differentiated pBEC
cultures coupled with ultra low MOI RV infection. Our overarching hypothesis was
that fully differentiated pBEC ALI cultures obtained from asthmatic and COPD
donors display a deficient and delayed innate immune responses following
physiologically relevant rhinovirus infection (MOI 0.001) compared to those from
healthy donors.
Testable hypotheses:
RV1B infection at an MOI of 0.001 will:
1. be sufficient to establish infection of ALI pBECs.
2. demonstrate faster viral replication kinetics in pBECs from asthmatic and
COPD donors compared to non-disease controls.
3. allow identification of delayed host IFN and other antiviral responses in
pBECs from asthmatic and COPD donors compared to non-disease
controls.
4. demonstrate stronger inflammatory responses in pBECs from asthmatic
and COPD donors compared to non-disease controls.
5. induce increased MUC5AC gene expression and protein secretion in
pBECs from asthmatic and COPD donors compared to non-disease
controls.
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6. induce a higher number of differentially expressed genes in pBECs from
asthmatic and COPD donors compared to non-disease controls.
Aims
1. To develop a model of physiologically relevant RV infection in
differentiated pBEC cultures.
We then aimed to use our model of more physiologically relevant RV infection
to:
2. measure viral replication kinetics in healthy, asthmatic and COPD ALI
cultures.
3. quantify host innate immune responses in healthy, asthmatic and COPD
ALI cultures.
4. measure host inflammatory responses in healthy, asthmatic and COPD
ALI cultures.
5. measure RV induced mucus secretion from healthy, asthmatic and COPD
ALI cultures.
6. use RNA seq to investigate altered gene expression profiles in healthy,
asthmatic and COPD ALI cultures.
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4.2 Results
To take the first step towards challenging the prevailing dogma that very low MOI
RV infection will not result in sufficient viral infection, we performed a dose
titration of RV1B in pBEC ALI cultures. As there were no detailed experiments
suggesting infection was possible with MOIs less than 0.1 we chose to investigate
a lower limit of 0.001 MOI, 2 orders of magnitude lower than previously shown.
This was in addition to MOIs of 1, 0.1 and 0.01. We then characterised RV1B
RNA, cellular virus release and innate immune responses.

4.2.1 Preliminary RV1B MOI dose titration: RV1B RNA and viral
titre
Fully differentiated ALI cultures from a single healthy donor were infected with the
RV1B virus at a range of MOIs for six hours. After incubation, individual culture
transwells were lysed, and the apical supernatant was collected every 24 hours
as shown in Figure 4-2 (experimental timeline). Cell lysates were used to
measure RV1B RNA by quantitative PCR whilst viral titres were quantified from
the apical supernatant using the TCID50 assay.

Figure 4-2: Experimental timeline of RV1B infection for MOI dose titration.
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The virus was removed six hours after incubation, and this was considered time
“0” hour. As anticipated, at time 0hr, viral RNA in the cells showed a step-wise
increase with increasing MOIs. All MOIs resulted in detectable viral RNA from cell
lysates following incubation, with the highest viral RNA copies (1.75x104) in MOI
1 compared to other lower MOIs. There was an approximate 10 fold difference in
MOI 0.1 (1.8x103) compared to MOI 1 and a 3.5 fold difference in viral RNA
between MOI 0.1 and MOI 0.01 (5.6x102). The viral RNA copy numbers were less
in MOI 0.001 with (2.9x102), which is approximately half that seen in MOI 0.01
(Figure 4-3A). However, irrespective of time 0h values which are indicative of
initial viral entry into the cells, all groups had similar peak viral RNA copy
numbers. Cells infected with MOI 0.001, 0.01 and 0.1 had peak viral RNA at
similar levels (between ~2 - 4 x 106 viral RNA copies) at 48 hours post-infection,
in comparison to MOI 1 where peak viral RNA copies was observed at 24 hours.
The viral copy numbers in all groups declined slowly from their respective peaks
for the remaining time points showing a similar trend in replication kinetics (Figure
4-3A).
In addition to viral RNA, virus release from the cells was measured by the TCID50
assay. Apical supernatant collected from the cells during each time point was
serially diluted and added to RDICAM1 cells to measure viral infectivity through
routine observation of cytopathic effect (CPE). Lower MOIs 0.01 and 0.001
generated a low viral titre of 1.4x103 TCID50/ml at t=0 hour post-infection (6 hours
incubation) when compared to higher MOIs; MOI 0.1 with a log fold increase from
low MOIs (1.4x104 TCID50/ml) and more than a log fold with MOI 1 (6.8x106
TCID50/ml) (Figure 4-3B). The lowest MOI (MOI 0.001) generated a peak viral
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titre (~1010 TCID50/ml) at 72-hours post-infection, in comparison to 24 hours for
all other MOIs. By day 7, the viral titre generated by all MOIs declined to ~105
TCID50/ml, irrespective of initial viral load (Figure 4-3B). It was clear from these
data that infecting cells with an MOI of 0.001 resulted in slow virus release from
the cells when compared to other MOIs.
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Figure 4-3: RV1B MOI dose titration and viral titre. Fully differentiated ALI cultures from one healthy donor were infected with
different doses of RV1B (MOI) followed by a collection of cell lysates and supernatants on day 0, 1, 2, 3, 4 and 7. Cell lysates were
used to measure RV1B RNA by qPCR while supernatants were used to measure TCID50/ml. A) The viral entry into the cells with 6
hours of infection (t=0h) reflected the step-wise increase in initial virus dose. RV1B RNA, peaked at 24 hours post-infection for MOI
1 as opposed to 48 hours post-infection for all other MOIs. There were no differences in RV1B RNA replication kinetics from 24 hours,
post-infection, irrespective of the initial cell-bound virus. B) The peak virus release was observed at 24 hours in MOI 1, 0.1 and 0.01
and 72 hours for MOI 0.001. The virus release pattern is similar in all the groups but slower in MOI 0.001. Statistics were not performed
as data was limited to a single healthy donor.
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4.2.2 RV1B induces altered interferon gene expression at
different MOIs
The next step after our preliminary titration was to examine antiviral gene
expression in pBECs following RV1B infection with different MOIs. We measured
both IFN-β and IFN-λ2/3 gene expression over time from cell lysates using
quantitative polymerase chain reaction (qPCR). RV1B infection induced the
expression of IFN genes, both IFN-β and IFN-λ2/3 in ALI pBECs. Peak IFN-β
gene expression was observed at 48 hours post-infection in MOI 0.001, 0.01 and
0.1 groups with 8.1, 6.1 and 4.8 x103 copies respectively and at 24 hours postinfection in MOI 1 with 7.8x103 copies (Figure 4-4A). Following its peak at each
MOI, IFN-β gene expression declined until 96 hours post-infection after which it
plateaued.
IFN-λ2/3 gene expression was also induced following RV1B infection with all
MOIs tested and had a similar induction to IFN-β. Peak IFN-λ2/3 gene expression
was observed in MOI 0.001 at 48 hours post-infection compared to 24 hours in
all other MOIs. IFN-λ2/3 gene expression peaked at similar levels for all MOIs
tested (~1-2 x 104). IFN-λ2/3 gene expression declined to basal levels after seven
days of infection in all groups (Figure 4-4B).
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Figure 4-4: Induction of interferon gene expression following infection of RV1B at different MOIs in ALI pBEC cultures. Fully
differentiated ALI cultures from one healthy donor were infected with different doses of RV1B (MOI) followed by a collection of cell
lysates on day 0, 1, 2, 3, 4 and 7. IFN-β and IFN-λ mRNA was quantified using qPCR from cell lysates. All infections using RV1B at
MOIs between 1 and 0.001 induced increased expression IFN-β (A) and IFN-λ (B). IFN-β expression peaked at 24 hours post-infection
with MOI 1, followed by peaks at 48 hours for all subsequent MOIs. IFN-λ expression peaked at 24 hours for cells infected with MOIs
1, 0.1 and 0.01. However, MOI 0.001 exhibited a delay and peak expression was observed at 48 hours post-infection.
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The above results highlighted that levels of viral RNA replication and viral titre,
as well as induction of IFN gene expression, were consistently observed following
RV1B infection at a range of MOIs. Interestingly, although the group with the
lowest viral dose (MOI 0.001) reached similar levels for each of the results
analysed, these peaks were often delayed by 24-48 hours. Notably, the IFN gene
expression was delayed in low MOI group in comparison to other MOIs (Figure
4-4) which might be representing the natural viral infection scenario in humans.
As we were able to confirm virus replication in the MOI 0.001 group, our next aim
was to expand our study and test the functional significance of this dose in pBECs
obtained from asthmatic and COPD donors.
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4.2.3 Low MOI experimental timeline
Considering the above results and numbers of primary cells available, we
shortened our experimental timeline to 96 hours following infection (Figure 4-5),
as most of the outcomes such as viral replication, virus release and IFN gene
expression declined by 96 hours.

Figure 4-5: Low MOI RV1B infection experimental timeline.

4.2.4 Sample size
In order to test the functional significance of ultra-low MOI 0.001 RV1B infection
in airway diseases, we needed to obtain pBECs from asthmatic and COPD
donors as well as healthy controls. The sample size was increased to five in each
healthy, asthmatic and COPD group based on earlier antiviral response (IFN-λ
protein) from healthy and asthmatic monolayer cultures from our lab, previously
published data [216]. IFN-λ protein release data from healthy and asthmatic cells
indicate that the difference in the response of matched pairs of infected and
uninfected cells is normally distributed. The mean (SD) difference was 1428 (821)
pg/ml in healthy cells and 417 (254) pg/ml in cells from asthmatic donors.
Assuming these differences remain the same in ALI using ultra low MOI infection,
an assumption which is likely incorrect but useful for powering pilot studies, we
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determined it necessary to study five pairs of subjects to be able to reject the null
hypothesis that this response difference is zero with probability (power) 0.8. The
Type I error probability associated with this test of this null hypothesis is 0.05.
The above calculations were performed using the Power and Sample Size
Program (version 3.1.2, by William D. Dupont and Walton D. Plummer) [244].
Patient characteristics
Healthy, asthmatic and COPD patients were recruited and provided informed
consent before each bronchoscopy procedure. The pBECs were collected from
the patient’s lungs using bronchial brushings as described in chapter 2. Healthy
cells were obtained from non-smoking patients (n=5) with no evidence of airflow
obstruction or chronic respiratory symptoms. Asthmatic and COPD cells were
obtained from patients diagnosed with moderate to severe persistent asthma and
GOLD stage 3B to 4D COPD, respectively (n=5, each). Detailed individual patient
demographics are listed in Table 7-1 and summary data in Table 4-2.
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Table 4-2: Clinical characteristics of subjects

Healthy

Asthmatic

COPD

5

5

5

61 (8.9)

57.2 (10.5)

66.4 (4.5)

0 (0)

1 (20)

2 (40)

5 (100)

4 (80)

3 (60)

FEV1, % predicted (SD)

90 (11.2)

62.4 (22.5)

35.4 (9.1)**

FVC, % predicted (SD)

97.6 (12.9)

87.4 (12.6)

59 (16)*

FEV1/FVC (SD)

0.73 (0.05)

0.57 (0.2)

0.5 (0.23)

NA

460 (49)**

352 (209.5)

Number, n
Age, year (SD)
Male, n (%)
Female, n (%)

ICS dose, BDP†
equivalent, mg (SD)

† ICS dose was adjusted to beclomethasone (BDP) equivalent
ICS: Inhaled corticosteroid
FVC: Forced vital capacity
FEV1: Forced expiratory volume in one second
*p<0.05, **p<0.01, significantly different in comparison with healthy donors
using Kruskal-Wallis test with Dunn’s multiple comparisons.
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4.2.5 TEER measurement for barrier function
The pBECs from healthy, asthmatic and COPD donors were cultured at ALI as
described in Chapter 2. Trans-epithelial electrical resistance (TEER) was
measured weekly for each transwell from day 0 of ALI to day 25 as shown in
Figure 4-6. Following infection, TEER measurements continued every 24 hours
as shown in Figure 4-7. TEER measurement from day 0 to day 25 contained ten
bio-technical replicates per patient in each group and one well per condition
during infection. On day 0, all the cultures had comparatively low TEERs with
median (IQR) value of 165.5 (153.5-205), 180.5 (171.8-234.5) and 185 (167.5219.8) ohms x cm2 in cells obtained from healthy, asthmatic and COPD donors,
respectively. The TEER gradually increased from day 0 and at day 25 (RV1B
infection day) and were 632.1 (407.3-679.3) ohms x cm2 in cells from healthy
controls, 346.5 (193.4-656.2) ohms x cm2 in cells from asthma donors and 449.8
(404.5-550.6) ohms x cm2 in cells from COPD donors. On day 25, the TEER
values were highest in healthy cells in comparison to asthmatic and COPD cells
(Figure 4-6). However, there was high interpatient variability in the groups, likely
due morphology of cells in culture. In addition, six hours of RV1B incubation
(t=0h) with low MOI (0.001) had no influence on TEERs statistically. However,
RV1B infected groups had a trend toward lower TEER values in comparison to
their respective controls (Figure 4-7).
There was no significant change in TEER following ultra-low RV1B infection, we
expanded our investigation to explore cell infectivity by measuring viral RNA, titre
and staining viral capsid protein (VP2).
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ALI cultures TEER during differentiation phase
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Figure 4-6: TEER of healthy, asthmatic and COPD ALI cultures. pBECs from
different donors (n=5, each group with ten biotechnical replicates) were grown at
ALI cultures, and TEER was measured on day 0, 7, 14, 21 and 25. Data are
shown as median (IQR).
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Figure 4-7: RV1B infection did not change TEER in different donor groups. pBECs from healthy (n=5) (A), asthmatic (n=5) (B)
and COPD (n=5) (C) donors were grown at ALI cultures and TEER was measured following RV1B infection at 0, 24, 48, 72 and 96
hours (one well/ group/patient). Data are shown in median (IQR).

184

4.2.6 Ultra-low MOI RV1B infection
From our preliminary findings, it was clear that incubation with RV1B at ultra-low
MOI leads to infection in ALI pBECs (n=1). It was, therefore, necessary to confirm
infection of these cultures on a larger scale as well as to investigate whether the
phenomenon is the same or different in pBEC ALIs from asthmatic and COPD
donors. To address this, healthy, asthmatic and COPD pBECs (n=5 each) were
obtained and grown at ALI for 25 days. Cells were starved with minimal media a
day prior to infection as described in Chapter 2. Cells were incubated with the
RV1B virus, MOI (0.001) for 6 hours to ensure viral entry. Post incubation, the
apical infection media was replaced with fresh minimal media to collect secreted
proteins and virus from cells. Cells were harvested after incubation and at the 24hour regular interval for RNA, protein and histology from cell lysates, apical
supernatant and cell membranes, respectively.
4.2.6.1 RV1B RNA replication
To confirm active infection in different donors, cell lysates were collected for
RV1B RNA measurement using qPCR as described in Chapter 2. Following six
hours of viral incubation (t=0h), all three donor groups showed equivalent viral
entry with nearly the same amount of viral RNA in the cells with median (IQR)
values of 5.28 (5.25–10.5) x102 copies/µl/cDNA in healthy, 4.47 (1.2–5.3) x102 in
asthmatics and 3.51 (2.44–3.86) x102 in COPD cells (Figure 4-8). In healthy
pBEC cultures, RV1B RNA replication reached a maximum at 24 hours postinfection with a median (IQR) viral RNA copies of 3.71 (0.96-7.11)x106 and was
significantly different (p=0.005) from t=0 hour viral RNA quants (using Friedman
test). Following peak viral RNA at 24 hours in the healthy group, viral quants
declined to 6.64 (0.23-10) x105 copies/µl/cDNA at 96 hours. Similarly, in
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asthmatic and COPD donors viral RNA peaked at 48 hours with median (IQR) of
6.43 (2.19-16.9) x105 and 1.98 (0.45-3.39) x106 respectively, and this was
significantly different from their t=0 hours viral RNA quants (p=0.0003 (asthma);
p=0.0027 (COPD) by Friedman test). Similar to the healthy group, asthmatic and
COPD group RV1B RNA copy numbers trended downward following their
respective maximums (Figure 4-8). Moreover, when compared across the groups
at any individual time point, there was no significant difference in RV1B RNA
replication (by Kruskal-Wallis test). In addition, when the area under the viral
replication curves were considered, there was also no difference in RV
replication.
4.2.6.2 RV1B viral titre
Following the findings of similar viral RNA quants in all the groups at each time
point, irrespective of disease group, we further wanted to investigate active virus
release from the cells following RV1B infection. The infectivity of released virus
from the cells was measured using TCID50 assay. Following six hours of
incubation (t=0h), the apical virus was removed from inserts and washed twice
with PBS to remove any adherent virus, and refreshed with new minimal media
to collect the released virus from epithelial cells. After collection, the apical
supernatant from t=24 hr to t=96 hr was serially diluted and added to RDICAM1
cells to measure viral infectivity through observations of CPE. In all the groups,
the peak virus release was observed at 48 hours post-infection and trended
downward to 96 hours following that peak (Figure 4-9). None of the TCID50 data
was statistically different across the groups at any time point, within the group or
the area under the curves (AUC); indicating similar viral release from all the
donors, irrespective of the disease condition. With no difference in viral release
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among the groups at any time point, we then wanted to investigate the viral capsid
protein 2 (VP2) to confirm the presence of virus in the cells at t=0 hours (bound
virus) and 24 hours post-infection.
4.2.6.3 RV1B capsid protein immunofluorescence
Following RV1B RNA and viral titre measurements, we measured capsid VP2
immunofluorescence to investigate the presence of virus in all the infected groups
at 0 and 24 hours post-infection. Both uninfected and infected ALI cells were
formalin fixed and paraffin embedded before sectioning as described in Chapter
2. Following six hours of viral incubation, at t=0 hour, most of the virus (green
fluorescence) was present on the apical side of the cells, possibly indicating virus
trapped in the mucus. Although not formally measured, the highest capsid signal
appeared to be on the apical surface of asthmatic cells in comparison to COPD
and healthy cells. By 24 hours post-infection, the labelling revealed that the virus
had penetrated the cells (Figure 4-10). Therefore, it was clear that incubation with
RV1B virus at ultra-low MOI successfully infected pBECs from healthy and
diseased donors with only a marginal difference in immunofluorescence at
specified time points.
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Figure 4-8: RV1B RNA quantification following ultra-low MOI RV1B infection. Fully differentiated ALI cultures from healthy,
asthmatic and COPD donors were infected with RV1B MOI (0.001). Cell lysates were collected on 0, 24, 48, 72 and 96 hours, postinfection. Cell lysates were used to measure RV1B RNA by qPCR. At t=0h, the viral entry into the cells had similar levels of viral RNA
in all the groups, healthy cells peaking at 24 hours, asthmatic and COPD cells at 48 hours post-infection. Viral RNA data represented
in median (IQR) and analysed using Kruskal-Wallis test at a given time point (not significant) and within the group using Friedman
test to compare with respect to their zero hour time point. * p<0.05, ** p<0.01 and *** p<0.001 compared to healthy t=0h time point;
### p<0.001 compared to asthmatic t=0h time point; $$ p<0.01 compared to COPD t=0h time point.
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Figure 4-9: RV1B viral titre quantification following ultra-low MOI RV1B infection. Fully differentiated ALI cultures from healthy,
asthmatic and COPD donors were infected with RV1B MOI (0.001). Cell supernatants were collected on 24, 48, 72 and 96 hours,
post-infection. Cell supernatants were used to measure cell infectivity through TCID50 assay. The viral titre followed the viral RNA
kinetics, peak viral release was observed at 48 hours post-infection in all the groups. Data represented in Median (IQR) and analysed
using Kruskal-Wallis test at a given time point; there was no statistical difference between the groups.
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Figure 4-10: Representative images of viral capsid protein (VP2) labelling
using immunofluorescence. ALI wells were formalin fixed and paraffin
embedded before labelling. Human RV monoclonal antibody (green) was used to
localise the capsid proteins and DAPI (blue) for nuclei. A) Representative images
of uninfected and infected cell membrane at t=0 hour post-infection (p.i.) and B)
24-hours post-infection. Scale bar: 50 µm
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4.2.7 Epithelial innate immune responses
Having demonstrated viral replication and virus release in asthmatic, COPD and
healthy pBECs, we further wanted to investigate epithelial anti-viral responses
following RV1B infection. Antiviral responses investigated include gene
expression of IFN-β, IFN-λ and ISGs (Viperin, PKR and OAS1) from cell lysates
and IFN-β and IFN-λ protein release from pBECs.
4.2.7.1 IFN-β gene expression and protein release from pBECs
To investigate the primary anti-viral innate immune response following RV1B
infection, we measured IFN-β gene expression and protein release from pBECs
using cell lysates and apical supernatant, respectively. Gene expression was
quantified using qPCR and protein release was measured using ELISA.
4.2.7.1.1 RV1B induced IFN-β gene expression
IFN-β mRNA expression was unchanged over the time course in uninfected
groups (line graphs, Figure 4-11). In virus-infected groups, at t=0h, with 6 hours
of viral incubation, IFN-β gene expression was found to be similar to that of
uninfected cells, with median (IQR) values of 1.6 (1.1 - 2)x103, 0.98 (0.086 –
1.5)x103 and 1.6 (1.3 – 1.7) x103 copies/µl/cDNA in healthy, asthmatic and COPD
pBECs respectively (Figure 4-11). In the healthy group, the IFN-β gene
expression gradually increased from zero to 48 hours post-infection then declined
thereafter to 96 hours. At 24 hours post-infection, four out of five healthy patient
cells had induction of IFN-β gene. In addition, the peak IFN-β gene expression
was observed at 48 hours post-infection with median (IQR) of 8.5 (3.4 – 17) x104
copies/µl/cDNA and was significantly increased from healthy zero hour IFN-β
gene expression (p=0.0006, by Friedman test) (Figure 4-11). Similar to healthy,
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ALI cultures from asthmatic donors also showed induction of IFN-β gene
expression following RV1B infection reaching a maximum at 48 hours postinfection with 4.1 (1 - 5.6) x104 copies/µl/cDNA and then showed a trend
downwards by 96 hours. At 24 hours post-infection, three out of five asthmatic
patient cells had IFN-β gene induction. In addition, 48 hour (p=0.0003) and 72
hour post-infection (p=0.037) gene expression was significantly increased from
t=0 hour gene expression (by Friedman test) (Figure 4-11). Similar induction of
IFN-β gene expression was observed in cells obtained from COPD donors
following RV1B infection. However, in contrast, the peak gene expression was
observed at 72 hours post-infection with 2.5 (0.41 – 5.3) x104 copies/µl/cDNA and
slightly declined in the next 24 hours (t=96 hours). Also, 48 and 72 hours gene
expression was significantly increased from their t=0h gene expression, p=0.037
and p=0.0108 respectively (Figure 4-11). There was no significant difference in
IFN-β gene expression (by Kruskal-Wallis test) when compared across the
groups at any individual time point. In addition, when the area under the IFN-β
gene expression curves were considered, there was also no difference in gene
expression.
4.2.7.1.2 RV1B induced IFN-β protein release from pBECs
With a significant IFN-β gene induction in all the groups by 48 hours following
RV1B infection, we further investigated the release of IFN-β protein from the
pBECs. In uninfected groups, IFN-β concentration was low, and no change was
observed for IFN-β protein release from ALI pBECs over time (line graphs, Figure
4-12). In virus-infected groups, at t=0h, with 6 hours of viral incubation, IFN-β
protein release was found to be similar to that of uninfected cells, with median
(IQR) values of 55 (20 – 213), 31 (6 – 145) and 29 (6 – 72) pg/ml in ALI pBECs
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from healthy, asthmatic and COPD donors respectively (Figure 4-12). In the
healthy group, IFN-β protein release was increased from 48 hours to 96 hours,
with a maximum protein release at 72 hours with 501 (210 - 946) pg/ml. In
addition, IFN-β protein release at 48 and 72 hours were statistically significant
from their 0-hour protein (p=0.037 and p=0.0108, respectively (by Friedman test))
(Figure 4-12). Similar to the healthy group, asthmatic ALI cultures also had an
increase in IFN-β protein release but at a much lower magnitude in comparison
to healthy infected cells. The increase in protein release was observed from 48
hours to 96 hours, post-infection, however, the peak protein release was at 96
hours with 239 (119 -287) pg/ml. Of note, although the absolute maximum release
was at 96 hours, the release at 72 hours was very similar at 233 (139 – 322)
pg/ml. In contrast to healthy cells, asthmatics had no significant increase in
protein release at any time point in comparison to 0-hour time point (Figure
4-12). Again, similar to healthy group, COPD cells also showed an increase in
IFN-β protein release from pBECs from 48 hours to 96 hours post-infection. The
peak IFN-β protein was observed at 72-hours post-infection with 336 (143 – 358)
pg/ml and was statistically significant from their 0-hour protein, p=0.007 (by
Friedman test) (Figure 4-12). Moreover, when compared across the three groups,
only the protein release at a 24-hour time point from diseased cells was
statistically different compared to that of healthy cells (p=0.0152, by KruskalWallis test) (Table 4-3). Pairwise comparison using Mann-Whitney U test,
demonstrated differences between both healthy and asthma as well as healthy
and COPD groups (p=0.0317 (asthma) and p=0.0159 (COPD)). In addition, when
the area under the IFN-β protein release curves were considered, although there

193

was a reduction in AUC in asthma and COPD, this did not reach statistical
significance (p=0.0559); however, this may be due to sample size.
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Figure 4-11: Induction of IFN-β gene expression using ultra–low MOI RV1B infection in ALI cultures. Fully differentiated ALI
cultures from healthy, asthmatic and COPD donors (n=5 each) were infected with RV1B MOI (0.001). Cell lysates were collected on
0, 24, 48, 72 and 96 hours, post-infection and used to measure IFN-β mRNA by qPCR. The first segment of the graph showing healthy
IFN-β gene expression with respective time-matched controls median value (colour matched line graph), second segment with
asthmatic and third segment with COPD pBECs. IFN-β mRNA data represented in median (IQR) and analysed using Kruskal-Wallis
test for time-matched data points (not significant) and within the group using Friedman test to compare with respective t=0h time point.
***p<0.001 compared to healthy t=0h time point; #p<0.05, ### p<0.001 compared to asthmatic t=0h time point; $p<0.05 compared to
COPD t=0h time point.
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Figure 4-12: IFN-β protein release following ultra–low MOI RV1B infection from ALI cultures. Fully differentiated ALI cultures
from healthy, asthmatic and COPD donors (n=5 each) were infected with RV1B MOI (0.001). Cell supernatants were collected at the
24-hour regular interval and measured for IFN-β protein by ELISA. The first segment of the graph showing healthy IFN-β protein
release with respective time-matched controls median value (colour matched line graph), second segment with asthmatic and third
segment with COPD pBECs. Data represented in Median (IQR) and analysed using Kruskal-Wallis test for time-matched data points
(not significant) and within the group using Friedman test to compare with respective t=0h time point. *p<0.05 compared to healthy
t=0h time point; $$p<0.01 compared to COPD t=0h time point.
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Table 4-3: IFN-β protein release from pBEC ALI cultures following RV1B infection was measured using ELISA.
Time (hr),

Healthy virus

Asthma virus

COPD virus

post-infection

(n=5)

(n=5)

(n=5)

0

55.31(19.59-212.55)

31.39(5.75-144.65)

29.31(5.81-71.89)

0.5209

24

77.34(38.49-112.4285)

34.33(11.04-41.95)

33.74(5.81-47.04)

0.0152

48

441.61(93.75-1226.89)

190.56(162.8-269.54)

132.43(62.88-486.17)

0.1646

72

500.77(210.44-945.57)

233.14(138.97-321.65)

335.84(143.10-357.88)

0.1837

96

434.23(197.97-669.51)

238.99(119.22-287.4)

245.02(98.68-364.99)

0.1503

p-value within group

0.0035

0.0199

0.0027

p-value between group

Values (pg/ml) are in median with IQR in parentheses. p values are calculated using Kruskal-Wallis test between groups and
Friedman’s test within groups (comparison to time zero).
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4.2.7.2 IFN-λ gene expression and protein release from pBECs
Subsequent to measuring the IFN-β response from pBECs following RV1B
infection, we wanted to investigate another innate immune mediator, IFN-λ (type
III IFN or IL-28) gene expression and protein release from cell lysates and apical
supernatants, respectively. Gene expression was quantified using qPCR and
protein release was measured using ELISA.
4.2.7.2.1 RV1B induced IFN-λ gene expression
In uninfected controls, the IFN-λ mRNA expression was minimally upregulated
over the time in all donor groups; this may be due to starvation media. Although
there was a log-fold increase over time in uninfected controls, this upregulation
was not statistically significant (line graphs, Figure 4-13). In virus-infected groups,
at t=0h, with 6 hours of viral incubation, IFN-λ gene expression was found to be
similar to that of uninfected t=0 hour controls, with median (IQR) values of 5.7
(1.2 – 19)x102, 0.37 (0.055 – 3.9)x102 and 2.7 (0.071 – 6.5)x102 copies/µl/cDNA
in healthy, asthmatic and COPD pBECs respectively (Figure 4-13). In the healthy
group, IFN-λ gene expression was increased from zero to 24-hours post-infection
then declined thereafter to 96 hours. The peak IFN-λ gene expression was
observed at 24 hours post-infection with median (IQR) of 11 (1.1 – 26) x105
copies/µl/cDNA. In addition, 24 and 48 hours post-infection gene expression was
significantly increased from healthy t=0h IFN-λ gene expression (p=0.0204 and
p=0.0013, respectively, by Friedman test) (Figure 4-13). Similar to healthy, ALI
cultures from asthmatic donors also showed induction of IFN-λ gene expression
following RV1B infection reaching a maximum at 48 hours post-infection with 2.4
(0.8 – 4.7) x105 copies/µl/cDNA and then showed a trend downwards by 96 hours.
In addition, 48 hours (p=0.0003) and 72 hours post-infection (p=0.037) gene
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expression was significantly increased from their t=0 hour gene expression (by
Friedman test) (Figure 4-13). Similar to asthmatics, cells from COPD donors also
showed an induction of IFN-λ gene expression with maximum expression at 48hours post-infection with 4 (0.9 – 10) x105 copies/µl/cDNA and then showed a
trend downwards by 96 hours. Furthermore, IFN-λ expression at 48 and 72-hours
was significantly increased from their t=0h time point (p=0.0108 each) (Figure
4-13). Moreover, when compared across the groups, there was a significant
difference at 24 hours (p=0.0117) and 72 hours (p=0.0285) post-infection (by
Kruskal-Wallis test) as shown in Table 4-4. Upon further analysis, only asthmatics
had a significant change (lower response) in comparison to healthy infected cells
at 24 hours (p=0.0144) and 72 hours (p=0.0473) (by Mann-Whitney U test). In
addition, when the IFN-λ gene expression AUCs were considered, there was no
statistical difference in gene expression.
4.2.7.2.2 RV1B induced IFN-λ protein release from pBECs
With a significant gene induction in healthy pBECs at 24 hours and in asthmatics
and COPD pBECs at 48 hours post-infection, we further wanted to investigate
the release of IFN-λ protein from the pBECs. In uninfected cultures, there was no
detection of IFN-λ protein from apical supernatants; ELISA’s limit of detection
(LOD) was considered as a baseline, LOD = 28.8 pg/ml (Figure 4-14). In virusinfected groups, at t=0h (with 6 hours of viral incubation) and 24 hours postinfection, the IFN-λ protein release was found to be similar to that of uninfected
cultures. In the healthy virus group, protein release was increased from 48 hours
with 3808 (883 – 14630) pg/ml and reached a maximum at 96 hours post-infection
with 6599 (2201 – 13984) pg/ml. In addition, 72 and 96-hours protein release was
significantly different (p=0.0077) to healthy t=0h time point (by Friedman test)
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(Figure 4-14). Similarly, asthmatic cultures also had an increased IFN-λ protein
release. However, it was of lower magnitude in comparison to healthy cultures.
The protein release was increased from 48 hours post-infection with 278 (29 2024) to maximum release at 72 hours with 1374 (638 – 4511) pg/ml. Of note,
asthmatic 96 hour IFN-λ protein release was also similar to 72-hour release with
1353 (693 – 4691) pg/ml. In addition, 72 and 96-hours protein release was
statistically significant to asthmatic zero hour time point, p=0.0027 and p=0.0373,
respectively (by Friedman test) (Figure 4-14). COPD cultures also showed a
similar pattern of IFN-λ protein release compared to asthmatics; increased at 48
hours (1034 (29 -2795) pg/ml) and at its peak at 72 hours 3267 (1864 - 4631).
However, the protein release declined during the next 24 hours (at 96 hours postinfection) to 2046 (1462 - 5589) pg/ml. In addition, 72 and 96-hour COPD cultures
protein release was significantly increased from their zero hour time point,
p=0.0027 and p=0.0373, respectively (by Friedman test) (Figure 4-14). Moreover,
when compared across the groups, only the protein release at 96 hours from
diseased cells were statistically significant to that of healthy cells with p=0.0312
(by Kruskal-Wallis test) (Table 4-5). Furthermore, paired analysis showed the
only statistically significant difference was between healthy and asthma IFN-λ
protein release (p=0.0267) (healthy vs COPD (p=0.1542)). In addition, when the
area under the IFN-λ protein release curves were considered, there was no
statistical difference in protein release, however, p=0.0562 suggesting that with
a larger sample size this may change.
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Figure 4-13: Induction of IFN-λ gene expression using ultra–low MOI RV1B infection in ALI cultures. Fully differentiated ALI
cultures from healthy, asthmatic and COPD donors (n=5 each) were infected with RV1B MOI (0.001). Cell lysates were collected on
0, 24, 48, 72 and 96 hours, post-infection and used to measure IFN-λ mRNA by qPCR. The first segment of the graph showing healthy
IFN-λ gene expression with respective time-matched controls median value (colour matched line graph), second segment with
asthmatic and third segment with COPD pBECs. Data represented in Median (IQR) and analysed using Kruskal-Wallis test for timematched data points, *p<0.05 (healthy virus vs asthmatic virus at 24 hours post-infection) and within the group using Friedman test
to compare with respect to their 0-hour time point. *p<0.05, **p<0.01 compared to healthy t=0h time point; # p<0.05, ###p<0.001
compared to asthmatic t=0h time point; $ p<0.05 compared to COPD t=0h time point.
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Table 4-4: IFN-λ gene expression from pBECs following RV1B infection
Time (hr), post-

Healthy virus

Asthma virus

COPD virus

p-value

infection

(n=5)

(n=5)

(n=5)

between group

0

571.01(117.05-1891.79)

36.95(5.53-389.24)

268.37(7.07-645.94)

0.1837

1084157.41(107345.39-

43054.91(1314.09-

67143.26(11157.19-

2595408.22)

106810.48)

1254907.13)

784899.53(306350.39-

239576.25(77377.14-

404503.94(93795.34-

4550945.43)

466255.25)

1044426.25)

191938.89(101617.87-

38605.48(24312.03-

406094.26(53417.85-

3780993.92)

144863.45)

829318.84)

107940.07(30646.65-

19573.15(3411.96-

240332.52(20520.39-

1057042.59)

99240.61)

445022.51)

0.003

0.0018

0.0162

24
48
72
96
p-value within
group

0.0117
0.1015
0.0285
0.0853

Values (gene copy numbers) are median with IQR in parentheses. p values are calculated using Kruskal-Wallis test between
groups and Friedman’s Test within groups.
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Figure 4-14: IFN-λ protein release following ultra–low MOI RV1B infection from ALI cultures. Fully differentiated ALI cultures
from healthy, asthmatic and COPD donors (n=5 each) were infected with RV1B MOI (0.001). Cell supernatants were collected at 24hour regular interval and measured for IFN-λ protein by ELISA. The first segment showing healthy pBECs (green), second segment
asthmatic pBECs (blue) and third segment, COPD pBECs (maroon) and with LOD (black dotted line). Data represented in Median
(IQR) and analysed using Kruskal-Wallis test for time-matched data points, *p<0.05 (healthy virus vs asthmatic virus at 96 hours postinfection) and within the group using Friedman test to compare with respect to their t=0h time point. **p<0.01 compared to healthy
t=0h time point; # p<0.05 compared to asthmatic 0-hour time point; $ p<0.05, $ p<0.01 compared to COPD t=0h time point.
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Table 4-5: IFN-λ protein release from pBEC ALI cultures following RV1B infection and was measured using ELISA
Time (hr),

Healthy virus

Asthma virus

COPD virus

post-infection

(n=5)

(n=5)

(n=5)

0

28.8(28.8-172.98)

28.8(28.8-204.84)

28.8(28.8-28.8)

0.3097

24

37.26(28.8-1768.34)

28.8(28.8-28.8)

28.8(28.8-236.84)

0.1758

48

3808.03(882.54-14629.96)

278.27(28.8-2024.2)

1034.22(28.8-2795.4)

0.1430

72

5417.22(1914.07-15366.86)

1374.37(638.3-4510.68)

3266.9(1864.06-4630.69)

0.0601

96

6599.1(2200.52-13984.22)

1353.24(692.9-4690.52)

2046.07(1461.58-5588.5)

0.0312

0.0017

0.0014

0.0017

p-value within
group

p-value between group

Values (pg/ml) are median with IQR in parentheses. p values are calculated using Kruskal-Wallis test between groups and
Friedman’s test within groups.
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4.2.7.3 Interferon-stimulated gene (ISG) expression
With the deficient and delayed IFN response being detected in asthmatic and
COPD in comparison to healthy pBECs, we then wanted to investigate RV1B
induced ISGs including viperin, PKR and OAS1. These genes further potentiate
epithelial innate antiviral immunity by inhibiting viral production (viperin and
OAS1) and enhancing infected cell apoptosis (PKR) [220]. Cell lysates from the
above cultures were measured for viperin, PKR and OAS1 gene expression using
qPCR.
4.2.7.3.1 RV1B induced Viperin gene expression
Similar to IFN-β and IFN-λ gene expression, there was no change in basal viperin
gene expression in all uninfected groups (line graph, Figure 4-15). However, in
the infected groups, RV1B induced viperin gene expression in pBECs. In the virus
groups, at t=0h (with six hours of virus incubation), viperin gene expression was
found to be similar to uninfected cells, with median (IQR) values of 1.7 (0.73 –
16), 15 (0.8 – 57) and 5.9 (0.46 - 7.1) x103 copies/µl/cDNA in healthy, asthmatic
and COPD pBECs respectively (Figure 4-15). In the healthy group, viperin gene
expression gradually increased from t=0 to 72 hours post-infection peaking at 3
(0.94 – 6) x106 copies/µl/cDNA after which it declined to 1.6 (0.92 – 3.9) x106
copies/µl/cDNA by 96 hours. Viperin gene expression in healthy pBECs at 48 and
72 hours was significantly different to t=0h gene expression (p=0.0055 and
p=0.0013, respectively (by Friedman test)) (Figure 4-15). Cells from asthmatics
also showed a similar pattern with a gradual increase in gene expression until 72
hours and declining to 96 hours post-infection. The maximum gene expression
was also observed at 72 hours post-infection with 2.5 (0.61 – 3.4) x106
copies/µl/cDNA. In addition, gene expression in pBECs from asthmatics at 48, 72
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and 96-hours was significantly increased compared to t=0h, p=0.0108, p=0.0204
and p=0.0055, respectively (by Friedman test) (Figure 4-15). A similar pattern
was again observed in COPD cultures, with a gradual increase in gene
expression from t=0 to 72 hours post-infection and significantly different gene
expression at 48 (p=0.0204), 72 (p=0.0373) and 96 hours (p=0.0108) postinfection (by Friedman test) (Figure 4-15). Moreover, when compared across the
groups at any individual time point, there was no significant difference in viperin
gene expression (by Kruskal-Wallis test). In addition, when the area under the
viperin gene expression curves were considered, there was also no difference in
gene expression.
4.2.7.3.2 RV1B induced PKR gene expression
Following induction of viperin, PKR gene expression was also measured from cell
lysates using qPCR. Basal PKR gene expression in uninfected cultures was
nearly the same at all the time points. In virus-infected groups, RV1B induced a
minimal PKR gene expression in comparison to their respective basal
expression. With six hours of RV1B incubation (at t=0h), cell-associated virus had
no influence on PKR gene expression with median (IQR) values of 2.2 (0.44 –
9.3), 3.9 (1.4 – 8) and 3.4 (1.2 – 4.1) x104 copies/µl/cDNA in pBECs from healthy,
asthmatic and COPD donors respectively. In the healthy infected group, PKR
gene expression was upregulated from 24 hours and reached maximum at 72
hours with 2.3 (0.57 – 2.6)x105 copies/µl/cDNA. PKR gene expression at 48 and
72-hours was significantly increased from t=0h with p=0.0013 and p=0.0108
respectively (by Friedman test) (Figure 4-16). In pBECs from asthmatic donors,
upregulation of PKR did not occur until 48 hours and reached a maximum at 72
hours with 2 (0.61 – 3.1) x105 copies/µl/cDNA. Furthermore, gene expression at
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48, 72 and 96 hours post-infection was significantly increased compared to the
t=0h gene expression with p=0.0373, p=0.0204 and p=0.0108 respectively (by
Friedman test) (Figure 4-16). Similar to other two groups, COPD pBEC cultures
also showed a matching pattern but with maximum gene expression at 96 hours
post-infection with 2.2 (1.4 – 2.3) x105 copies/µl/cDNA. However, there was no
significant difference in COPD PKR gene expression from zero hour time point
(Figure 4-16). Moreover, when compared across the groups at any individual time
point, there was no significant difference in PKR gene expression (by KruskalWallis test) and, when the area under the PKR gene expression curves were
considered, there was also no difference in gene expression.
4.2.7.3.3 RV1B induced OAS1 gene expression
Following induction of viperin and PKR with RV1B infection, we wanted to
investigate another ISG, OAS1 a gene upregulated during viral infections [220].
Basal OAS1 gene expression in uninfected cultures showed equivalent
expression at all the time points (Figure 4-17). However, RV1B induced OAS1
gene expression in pBECs. Following virus incubation, at t=0h (with six hours of
virus exposure), OAS1 gene expression for healthy, asthmatic and COPD groups
was unchanged and equivalent to uninfected cells, with median (IQR) values of
1.3 (0.74 - 6.1), 2.3 (0.65 - 5.1) and 1.9 (0.75 - 4.8) x104 copies/µl/cDNA
respectively as shown in Figure 4-17. In the healthy group, OAS1 gene
expression gradually increased from 0 to 72 hours post-infection, reaching 8.7
(3.3 – 12) x105 copies/µl/cDNA and declined to 6.3 (3 – 6.6) x105 copies/µl/cDNA
by 96 hours. In addition, OAS1 gene expression at 48 and 72 hours was
significantly increased compared to healthy zero hour gene expression with
p=0.0027 and p=0.0055, respectively (by Friedman test) (Figure 4-17). Similar to
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healthy group, cells from asthma donors showed a gradual increase in gene
expression until 72 hours and thereafter declined. Like healthy group, maximum
OAS1 gene expression was also observed at 72 hours post-infection with 4.6
(1.5-5.2) x105 copies/µl/cDNA. The OAS1 gene expression was significantly
increased at 72 and 96-hours in comparison to t=0h gene expression, p=0.00373
and p=0.0204, respectively (by Friedman test) (Figure 4-17). Unlike healthy and
asthmatic groups, cells from COPD donors exhibited maximum gene expression
at 96 hours post-infection with 6.2 (4 – 12) x105 copies/µl/cDNA. These cultures
did not show a significant difference in OAS1 expression from t=0h as shown in
Figure 4-17. There was no significant difference in OAS1 gene expression (by
Kruskal-Wallis test) when compared across the groups at any individual time
point and when the area under the OAS1 gene expression curves were
considered, there was also no difference.
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Figure 4-15: Induction of viperin mRNA expression following ultra–low MOI RV1B infection in ALI cultures. Fully differentiated
ALI cultures from healthy, asthmatic and COPD donors (n=5 each) were infected with RV1B MOI (0.001). Cell lysates were collected
on 0, 24, 48, 72 and 96 hours, post-infection and measured for viperin mRNA by qPCR. The first segment of the graph showing
healthy Viperin mRNA expression with respective time-matched controls median value (colour matched line graph), second segment
with asthmatic and third segment with COPD pBECs. Virus group data represented in median (IQR) and analysed using KruskalWallis test for time-matched data points (not significant) and within the group using Friedman test to compare with respect to their 0hour time point. **p<0.01 compared to healthy t=0h time point; # p<0.05, ##p<0.01 compared to asthmatic t=0h time point; $p<0.05
compared to COPD t=0h time point.
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Figure 4-16: Induction of PKR mRNA expression following ultra–low MOI RV1B infection in ALI cultures. Fully differentiated
ALI cultures from healthy, asthmatic and COPD donors (n=5 each) were infected with RV1B MOI (0.001). Cell lysates were collected
on 0, 24, 48, 72 and 96 hours, post-infection and measured for PKR mRNA by qPCR. The first segment of the graph showing healthy
PKR mRNA gene expression with respective time-matched controls median value (colour matched line graph), second segment with
asthmatic and third segment with COPD pBECs. Virus group data represented in median (IQR) and analysed using Kruskal-Wallis
test for time-matched data points (not significant) and within the group using Friedman test to compare with respect to their 0-hour
time point. **p<0.01 compared to healthy t=0h time point; #p<0.05, ##p<0.01 compared to asthmatic t=0h time point.
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Figure 4-17: Induction of OAS1 mRNA expression following ultra–low MOI RV1B infection in ALI cultures. Fully differentiated
ALI cultures from healthy, asthmatic and COPD donors (n=5 each) were infected with RV1B MOI (0.001). Cell lysates were collected
on 0, 24, 48, 72 and 96 hours, post-infection and measured for OAS1 mRNA by qPCR. The first segment of the graph showing healthy
OAS1 mRNA expression with respective time-matched controls median value (colour matched line graph), second segment with
asthmatic and third segment with COPD pBECs. Virus group data represented in median (IQR) and analysed using Kruskal-Wallis
test for time-matched data points (not significant) and within the group using Friedman test to compare with respect to their 0-hour
time point. **p<0.01 compared to healthy t=0h time point; #p<0.05 compared to asthmatic t=0h time point.
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4.2.8 Inflammatory responses following RV1B infection
Asthma and COPD are respiratory diseases that exhibit heightened inflammation
in the airways [245]. RV infection is responsible for more than half of all
exacerbations in both asthma and COPD. We, therefore, wanted to investigate
inflammatory cytokine and chemokine release from pBECs following RV1B
infection. We measured IL-6, CXCL10 (IP-10) and CCL5 (RANTES) from ALI
culture apical supernatants using cytometric bead array (CBA), and CXCL8 (IL8) via ELISA. ALI cultures were washed with PBS and refreshed with fresh
starvation media at t=0h (six hours of virus incubation) followed by quantification
of the accumulated protein over time.
4.2.8.1 IL-6 protein release from pBECs following RV1B infection
There was minimal IL-6 protein release from uninfected cultures over time in all
donor groups. However, asthmatics had higher baseline IL-6 protein release in
comparison to healthy and COPD uninfected cultures (line graphs, Figure 4-18).
RV1B infection induced the release of IL-6 protein from all cultures. In the healthy
infected group, IL-6 protein release gradually increased from t=0 to 96 hours postinfection. IL-6 protein was found to be maximum at 96 hours with a median (IQR)
of 1755 (749 – 2069) pg/ml. In addition, IL-6 protein release at 72 and 96 hours
were significantly increased from t=0h protein levels with both having a p-value
of 0.0027 (by Friedman test) (Figure 4-18). Similar to the healthy group, ALI
pBECs from asthmatic donors also had an increase in IL-6 protein release but at
a much higher magnitude in comparison to healthy infected cells. Two out of five
patients responded very strongly to RV1B infection. The maximum asthmatic IL6 protein release was observed at 96 hours post-infection with 2403 (1799 –
5092) pg/ml. In addition, IL-6 protein release at 72 and 96 hours was significantly
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increased from respective t=0h protein levels with p=0.0055 and p=0.0027,
respectively (by Friedman test) (Figure 4-18). Similar to both healthy and
asthmatic groups, cells from COPD donors showed an increase in IL-6 protein
release from pBECs, peaking at 96 hours post-infection with median (IQR) of 696
(416 – 1706) pg/ml. In the COPD group, one out of five patients responded very
strongly to RV1B infection when compared to others. In addition, IL-6 protein
release at 72 and 96 hours was significantly increased from each t=0h protein
level (p=0.0013 and p=0.0055, respectively (by Friedman test)) (Figure 4-18).
Moreover, there was no significant difference in IL-6 protein release (by KruskalWallis test), when compared across the groups at any individual time point. In
addition, when the area under the IL-6 protein release curves were considered,
there was also no significant difference between areas.
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Figure 4-18: RV1B induced IL-6 protein release from ALI pBECs. Fully differentiated ALI cultures from healthy, asthmatic and
COPD donors (n=5 each) were infected with RV1B virus, MOI (0.001). Apical supernatants were collected on 0, 24, 48, 72 and 96
hours, post-infection and measured for IL-6 protein by CBA. The first segment of the graph showing healthy IL-6 protein release with
respective time-matched controls median value (colour matched line graph), second segment with asthmatic and third segment with
COPD pBECs. Virus group data represented in median (IQR) and analysed using Kruskal-Wallis test for time-matched data points
(not significant) and within the group using Friedman test to compare with respect to their 0-hour time point. **p<0.01 compared to
healthy t=0h time point; ## p<0.01 compared to asthmatic t=0h time point; $$ p<0.01 compared to COPD t=0h time point.
214

4.2.8.2 IL-8 protein release from pBECs following RV1B infection
Following the examination of IL-6 protein release following RV1B infection, we
further wanted to investigate IL-8 chemokine protein release. IL-8 is a neutrophil
chemoattractant; previously found to be induced with RV infection [233]. In
uninfected pBEC cultures, the basal expression of IL-8 protein gradually
increased over time as shown in Figure 4-19 (line graphs). However, RV1B
infection induced the release of IL-8 protein from all cultures. In the healthy
infected group, IL-8 protein release gradually increased from t=0 to 72 hours postinfection; with maximum IL-8 protein release at 72 hours with median (IQR) of
63761 (56971 – 73222) pg/ml. Of note, the healthy infected culture at 96 hours
post-infection had similar protein release with 61123 (50027 - 64052) pg/ml. In
addition, IL-8 protein release at 72 and 96 hours were significantly increased
compared to t=0h protein level with p=0.0013 and p=0.0055, respectively (by
Friedman test) (Figure 4-19). Similar to the healthy group, asthmatic ALI cultures
also had an increased IL-8 protein release following RV1B infection. The
maximum asthmatic IL-8 protein release was observed at 96 hours post-infection
with 67721 (50529 - 75949) pg/ml. In addition, IL-8 protein release at 72 and 96
hours were significantly increased from their t=0h protein level with p=0.0108 and
p=0.0013, respectively (by Friedman test) (Figure 4-19). Similarly, COPD cells
also showed the same pattern of IL-8 protein release from pBECs up to 72 hours
post-infection with median (IQR) of 50730 (43371 – 57913) pg/ml. COPD IL-8
protein release at 72 and 96 hours was also significantly increased from t=0h
protein level with p=0.0027 and p=0.0055, respectively (by Friedman test) (Figure
4-19). Moreover, when compared across the groups at any individual time point,
there was no significant difference in IL-8 protein release (by Kruskal-Wallis test).
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In addition, when the areas under the IL-8 protein release curves were
considered, there was also no significant difference in total area.
As the baseline protein release in uninfected cells increased over time, we then
analysed the change in IL-8 protein release (∆virus – control) with RV1B infection
at each time point. When subtracted with respective uninfected controls, the
induction of IL-8 protein with RV1B infection was found to be different at later time
points in all the groups, from 48 to 96 hours. Moreover, there was a significant
difference in only healthy group at 72 hours post-infection (p=0.0204) with respect
to t=0h IL-8 protein change as shown in Figure 4-20 (by Friedman test).
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Figure 4-19: RV1B induced IL-8 protein release from ALI pBECs. Fully differentiated ALI cultures from healthy, asthmatic and
COPD donors (n=5 each) were infected with RV1B virus, MOI (0.001). Apical supernatants were collected on 0, 24, 48, 72 and 96
hours, post-infection and measured for IL-8 protein by ELISA. The first segment of the graph showing healthy IL-8 protein release
with respective time-matched controls median value (colour matched line graph), second segment with asthmatic and third segment
with COPD pBECs. Virus group data represented in median (IQR) and analysed using Kruskal-Wallis test for time-matched data
points (not significant) and within the group using Friedman test to compare with respect to their 0-hour time point. **p<0.01 compared
to healthy t=0h time point; #p<0.05, ##p<0.01 compared to asthmatic t=0h time point; $$ p<0.01 compared to COPD t=0h time point.
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Figure 4-20: Change in IL-8 protein release with RV1B infection in respect to their donor controls. IL-8 data represented in
median (IQR) and analysed using Kruskal-Wallis test for time-matched data points (not significant) and within the group using
Friedman test to compare with respect to their 0-hour time point; *p<0.05 compared to healthy t=0h time point.
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4.2.8.3 CXCL10 protein release from pBECs following RV1B infection
In addition to IL-6 and IL-8, CXCL10 (IP-10) was also measured from apical
supernatants. In uninfected cultures, there were low levels of CXCL10 protein in
apical supernatants from all the groups as shown in Figure 4-21 (line graphs). In
infected cultures, at t=0h (with 6 hours of viral incubation) post-infection, the
CXCL10 protein release was found to be similar to that of uninfected cultures.
However, RV1B induced the release of CXCL10 from 24-hours post-infection to
96-hours post-infection. In the healthy virus group, the protein release was
increased from 24 hours with median (IQR) value of 327.66 (187.5 - 470.01)
pg/ml and reached a maximum at 96 hours post-infection with 17755.52
(15190.51 - 25842.69) pg/ml. In addition, 48, 72 and 96-hours protein release
were significantly increased compared to healthy t=0h (p=0.0204, 0.0108 and
0.0055 respectively (by Friedman test)) (Figure 4-21). Similarly, asthmatic ALI
infected cultures also had a similar increase in CXCL10 protein release. The
protein release peaked at 72 hours post-infection with 22110.79 (15365.29 23742.8) pg/ml and was significantly different to that of zero hour time point
(p=0.0055) along with 96-hour protein release (p=0.0006) (by Friedman test)
(Figure 4-21). Similar to other infected groups, COPD ALI cultures also showed
the same pattern of CXCL10 protein release with maximum response at 96 hours
post-infection (22803.58 (10683 - 31129.18) pg/ml). In addition, 72 and 96-hour
COPD culture protein release was significantly increased compared to t=0h level,
(p=0.0027 and p=0.0055, respectively (by Friedman test)) (Figure 4-21).
Moreover, when compared across the groups at any individual time point, there
was no significant difference in CXCL10 protein release (by Kruskal-Wallis test).
In addition, when the area under the CXCL10 protein release curves were
considered, there was also no difference.
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Figure 4-21: RV1B induced CXCL10 protein release from ALI pBECs. Fully differentiated ALI cultures from healthy, asthmatic and
COPD donors (n=5 each) were infected with RV1B virus, MOI (0.001). Apical supernatants were collected on 0, 24, 48, 72 and 96
hours, post-infection and measured for CXCL-10 protein by CBA. The first segment of the graph showing healthy CXCL10 protein
release with respective time-matched controls median value (colour matched line graph), second segment with asthmatic and third
segment with COPD pBECs. Virus group data represented in median (IQR) and analysed using Kruskal-Wallis test for time-matched
data points (not significant) and within the group using Friedman test to compare with respect to their 0-hour time point. *p<0.5,
**p<0.01 compared to healthy t=0h time point; ##p<0.01 compared to asthmatic t=0h time point; $$p<0.01 compared to COPD t=0h
time point.
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4.2.8.4 CCL5 protein release from pBECs following RV1B infection
Similar to CXCL10, CCL5 was also measured from apical supernatants. In
uninfected cultures, there were low levels of CCL5 protein in apical supernatants
from all the groups as shown in Figure 4-22 (line graphs). In infected cultures, at
t=0h (with 6 hours of viral incubation) post-infection, the CCL5 protein release
was found to be similar to that of uninfected cultures. However, RV1B induced
the release of CCL5 protein from 24 to 96-hours post-infection. In the healthy
virus group, protein release was increased from 24 hours with median (IQR) value
of 9.03 (8.37 - 17.6) pg/ml and reached a maximum at 96 hours post-infection
with 1989.17 (1184.71 - 3108.54) pg/ml. In addition, 72 and 96-hours protein
release was significantly increased compared to healthy zero hour time point
(p=0.0204 and 0.0003 respectively (by Friedman test)) (Figure 4-22). Similar to
the healthy group, asthmatic ALI cultures also had an increase in CCL5 protein
release but at a much lower magnitude in comparison to healthy infected cells.
The increase in protein release was observed from 24 hours (5.48 (2.25 - 7.67)
pg/ml) to 96 hours (379.89 (186.1 - 836.5) pg/ml), post-infection. The peak protein
release was observed at 96 hours and was significantly different to that of zero
hour time point (p=0.0108) as was also the case for 72-hour protein release
(p=0.0003) (by Friedman test) (Figure 4-22). Similar to other infected groups,
COPD ALI cultures also showed the same pattern of CCL5 protein release from
pBECs with maximum response at 96 hours post-infection (650.17 (243.14 1075.6) pg/ml). In addition, 72 and 96-hour COPD culture protein release was
significantly increased from their zero hour time point, p=0.0039 and p=0.0149,
respectively (by Friedman test) (Figure 4-22). Moreover, when compared across
the groups at any individual time point, there was no significant difference in
CCL5 protein release (by Kruskal-Wallis test). In addition, when the area under
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the CXCL10 protein release curves were considered, there was also no
difference.
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CCL5 (RANTES) release from pBECs following RV1B infection
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Figure 4-22: RV1B induced CCL5 protein release from ALI pBECs. Fully differentiated ALI cultures from healthy, asthmatic and
COPD donors (n=5 each) were infected with RV1B virus, MOI (0.001). Apical supernatants were collected on 0, 24, 48, 72 and 96
hours, post-infection and measured for CCL5 protein by CBA. The first segment of the graph showing healthy CCL5 protein release
with respective time-matched controls median value (colour matched line graph), second segment with asthmatic and third segment
with COPD pBECs. Virus group data represented in median (IQR) and analysed using Kruskal-Wallis test for time-matched data
points (not significant) and within the group using Friedman test to compare with respect to their 0-hour time point. *p<0.5, **p<0.01,
***p<0.001 compared to healthy t=0h time point; #p<0.05, ###p<0.001 compared to asthmatic t=0h time point; $p<0.05, $$p<0.01
compared to COPD t=0h time point.
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4.2.9 MUC5AC gene expression and protein release from
pBECs following RV1B infection
In addition to anti-viral innate immune and inflammatory responses, we wanted
to investigate mucus secretion from pBECs following RV1B infection. Previously
it has been shown that MUC5AC gene expression was induced in pBEC
monolayer cultures within 24 hours following RV16 infection using MOI 1 [246].
Following this, MUC5AC gene expression declined to baseline over the next 48
hours (i.e., 72 hours following infection). However, irrespective of gene
expression, there is evidence of an increase in MUC5AC protein release from
pBECs following RV infection [246]. To investigate this in our fully differentiated
ALI cultures with our ultra-low MOI RV1B infection, we measured MUC5AC gene
expression and protein release from cell lysates and apical supernatants using
qPCR and ELISA, respectively. In addition, we also quantified mucins by staining
paraffin-embedded cells with Alcian Blue/Periodic Acid–Schiff (AB/PAS) and with
anti-MUC5AC antibody for immunohistochemical expression of MUC5AC.
4.2.9.1 Muc5AC gene expression following RV1B infection
The MUC5AC gene expression gradually declined over time in all the groups,
with and without infection. In the uninfected groups, asthmatic and COPD cultures
had higher baseline gene expression with median IQR of 14.4 (7.35 – 33.9) x104
and 18.1 (9.89 – 19.6) x104 copies/µl/cDNA in comparison to healthy cultures with
baseline 7.46 (7.06 – 7.99) x104 copies/µl/cDNA (Figure 4-23). Despite having a
numerically higher baseline MUC5AC mRNA expression in asthmatic and COPD
cultures, this was not significantly different from healthy cells (by Kruskal- Wallis
test). Over time, in the next 96 hours, Muc5AC gene expression declined more
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than a log fold to 5.06 (3.88 – 10.1) x103, 4.3 (3.97 – 10.8) x103 and 6.98 (3.83 –
7.76) x103 copies/µl/cDNA in healthy, asthmatic and COPD cultures respectively
(Figure 4-23). In infected groups, healthy culture MUC5AC gene expression also
declined over the time from t=0 to 96 hours post-infection with median IQR of
11.1(7.35 – 25.8) x104 to 3.89 (3.24 – 7.06) x103 copies/µl/cDNA respectively,
with more than a log fold difference. In contrast to healthy infected cultures,
asthmatic MUC5AC gene expression increased from t=0 to 48 hours postinfection with 2.15 (0.465 – 2.72) x104 to 5.59 (1.6 – 7.46) x104 copies/µl/cDNA
and later decreased to 4.78 (3.3 – 18.5) x103 copies/µl/cDNA by 96 hours postinfection. Again, COPD infected cultures were similar to healthy infected cultures
with higher MUC5AC mRNA expression at t=0 hour with 13.9 (12.3 – 19.5) x104
and declined to 12.2 (7.44 – 12.6) x103 copies/µl/cDNA at 96 hours post-infection
(Figure 4-23). However, with a consistent decrease in MUC5AC mRNA
expression in all the groups, they were not significantly different from each other,
either within the group, in respect to their t=0 hour time point (by Friedman test)
or across the groups (by Kruskal-Wallis test) at any time point. In addition, when
the areas under the MUC5AC gene expression curves were considered, there
was also no difference in peak area.
As both uninfected and infected groups had a reduction in MUC5AC gene
expression over time, we then wanted to analyse any change in gene expression
with RV1B infection compared to uninfected cultures (∆virus – control), which
might be overlooked as a result of the reduction in gene expression. When
individual controls were subtracted from their time matched virus infected
cultures, there remained no difference in Muc5AC gene expression in any of the
groups (Figure 4-24).
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MUC5AC mRNA from pBECs following RV1B infection
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Figure 4-23: No change in MUC5AC gene expression following RV1B infection. Fully differentiated ALI cultures from healthy,
asthmatic and COPD donors (n=5 each) were infected with RV1B MOI (0.001). Cell lysates were collected on 0, 24, 48, 72 and 96
hours, post-infection and measured for MUC5AC mRNA by qPCR. The first segment of the graph showing healthy MUC5AC mRNA
expression with respective time-matched controls median value (colour matched line graph), second segment with asthmatic and
third segment with COPD pBECs. Virus group data represented in median (IQR) and analysed using Kruskal-Wallis test for timematched data points (not significant).
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Figure 4-24: Change in MUC5AC gene expression with RV1B infection in respect to their donor controls. MUC5AC gene
expression data represented in median (IQR) and analysed using Kruskal-Wallis test for time-matched data points (not significant)
and within the group using Friedman test to compare with respective t=0hr.
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4.2.9.2 MUC5AC protein release from ALI pBECs following RV1B infection
Having demonstrated a gradual reduction in MUC5AC gene expression over time
in all groups, with and without RV1B infection, we were then interested in
quantifying MUC5AC protein release from ALI cultures. In contrast to gene
expression, there was an increase in MUC5AC protein release from all ALI
cultures over time. In the uninfected healthy group, MUC5AC protein increased
from 24 to 72 hours post-infection with median (IQR) of 2000 (1850 - 4172) to
5180 (5072 – 7383) arbitrary units, respectively. However, there was almost
similar MUC5AC protein at 96 hours (5102 (443 - 6843) arbitrary units) compared
to 72 hours post-infection. In addition, 48 hours (p=0.0277), 72 hours (p=0.0039)
and 96 hours (p=0.027) time point protein concentrations were significantly
increased compared to that of healthy t=0h time point (by Friedman test) (Figure
4-25). In asthmatic uninfected cultures, there was a similar trend of increased
MUC5AC protein from 24 to 96 hours post-infection, but with higher protein
amounts; at 24 hours with 2904 (449 – 4100) and at 96 hours with 6856 (622 –
7391) arbitrary units. Also, at 72 hours (p=0.0373) and 96 hours (p=0.0204) time
points MUC5AC protein was significantly increased compared to that of asthmatic
t=0h time point (Figure 4-25). Similar to the healthy group, the COPD uninfected
group also had the same trend but at a higher magnitude with maximum secreted
MUC5AC protein at 72 hours, 8118 (7279 – 26153) arbitrary units. Also, the
MUC5AC protein was significantly elevated at 72 hours (p=0.0006) and 96 hours
(p=0.0204) time points compared to the COPD t=0h time point (Figure 4-25).
Moreover, when compared across the uninfected groups at any individual time
point, there was no significant difference in MUC5AC protein release (by KruskalWallis test). Furthermore, when the areas under the MUC5AC protein release
curves were considered, there was no difference in peak area.
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In infected cultures, RV1B had mild influence on MUC5AC protein release from
pBECs with a minimal increase from baseline compared to each respective
control. In the healthy infected group, MUC5AC protein release increased in a
similar manner to uninfected controls from 24 to 96-hours post-infection with
median (IQR) of 3492 (2099 - 4793) and 10981(10707 – 11316) arbitrary units,
respectively. In addition, at 72 hours (p=0.0204) and 96 hours (p=0.0013) time
points MUC5AC protein was significantly elevated compared to that of healthy
t=0h time point (by Friedman test) (Figure 4-25). Similarly, the infected asthmatic
group also showed increased MUC5AC protein release from pBECs following
RV1B infection from 24 hours to 96 hours with 4787 (645 – 5307) and 5613 (1816
– 7352) arbitrary units, respectively. However, the maximum MUC5AC protein
release was observed at 48 and 72 hours post-infection with 6746 (2513 – 7283)
and 6796 (1085 – 9279) arbitrary units, respectively and were significantly
elevated (48 hour, p=0.0277; 72 hour, p=0.0277) in comparison to that of
asthmatic t=0h time point (Figure 4-25). Similar to the above groups, COPD also
had an increased MUC5AC protein in comparison to their controls. There was a
gradual increase in MUC5AC protein release from 24 to 96 hours with 6055 (4165
– 12160) and 8394 (6581 – 30869), respectively. In addition, at 72 hours
(p=0.0027) and 96 hours (p=0.0013) time point, the MUC5AC protein was
significantly increased in comparison to that of COPD t=0h time point (Figure
4-25). However, when compared across the infected groups at any individual time
point, there was no significant difference in MUC5AC protein release (by KruskalWallis test). Also, when the areas under the MUC5AC protein release curves
were considered, there was also no difference in the area.
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As both uninfected and infected groups had increased MUC5AC protein release
from pBECs over time, we then analysed to find out if there was any change in
protein release with RV1B infection over uninfected cultures (∆virus – control)?
When individual controls were subtracted from their time matched virus infected
cultures, the MUC5AC protein was found to be increased in the healthy group
from 24 to 96 hours post-infection and with no difference in asthma and COPD
groups. In addition, 96-hour protein release in healthy group was significantly
increased from their zero hour time point with p=0.0497 as shown in Figure 4-26
(by Friedman test). In summary, MUC5AC protein secretion increased over time
in all groups, but only increased following viral infection in the healthy cells.
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MUC5AC protein release from pBECs following RV1B infection
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Figure 4-25: No change in Muc5AC protein release from pBECs following RV1B infection. Fully differentiated ALI cultures from
healthy, asthmatic and COPD donors (n=5 each) were infected with RV1B virus, MOI (0.001). Apical supernatants were collected on
0, 24, 48, 72 and 96 hours, post-infection and measured for Muc5AC protein by ELISA. The first green segment represents the healthy
group uninfected and infected pBECs, second blue segment represents the asthmatic group, and third orange/maroon segment
represents the COPD group. Uninfected and infected virus group data represented in median (IQR) and analysed using KruskalWallis test for time-matched data points (not significant) and within the group using Friedman test to compare with respect to their 0hour time point. *p<0.05, **p<0.01 compared to healthy t=0h time point; #p<0.05, compared to asthmatic t=0h time point; $p<0.05,
$$p<0.01, $$$p<0.001 compared to COPD t=0h time point.
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Figure 4-26: Change in MUC5AC protein release from ALI pBECs following RV1B infection in respect to their donor controls.
MUC5AC data represented in median (IQR) and analysed using Kruskal-Wallis test for time-matched data points (not significant) and
within the group using Friedman test to compare with respect to their 0-hour time point; *p<0.01 compared to healthy t=0h time point.
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4.2.9.3 AB/PAS staining for mucins in ALI cultures
Following analysis of MUC5AC gene expression and protein release from
pBECs, we also performed AB/PAS staining for mucins on paraffin-embedded
ALI cultures at t=0 hour post-infection and quantified percentage area stained
with AB and PAS compared to the total epithelial area using Image J software
(version 1.49, NIH). The aim was to determine whether the increase in MUC5AC
protein measured above was due to increased secretion alone (where the intraepithelial mucus would be depleted), or due to increased production and
secretion (where there would be an increase in epithelial mucus as well as
secreted mucus). We measured glycosylated mucins using PAS and AB stain;
PAS reacts with mucin glycoproteins and stains purple or magenta and AB, a
basic dye, reacts with acidic mucins and stains blue [247].
The PAS and AB staining was performed as described in Chapter 2 and percent
area of staining was quantified using colour deconvolution in Image J software.
In the uninfected groups, PAS staining at t=0 hour had a similar percentage of
PAS stain area to the total epithelial area with median (IQR) of 0.92 (0.65 - 0.23),
1.08 (0.49 - 2.44) and 1.10 (0.77 - 2.38) in healthy, asthmatic and COPD cells,
respectively. In infected groups, with six hours of RV1B incubation, the PAS stain
percent area to total epithelial cells were increased in all the groups, in healthy
with 1.48 (1.33 - 2.43), asthmatic with 2.24 (1.63 - 2.91) and COPD with 2.47
(1.68 - 4.01). However, the elevated PAS stain area was not significantly different
within groups compared to their respective controls (by Wilcoxon signed-rank
test) nor across the groups (by Kruskal-Wallis test) as shown in the Figure 4-27A.
Similar to PAS, percent AB stain area to the total epithelial cells was also
quantified. In uninfected groups, healthy cells had a lower percent of AB stain
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area with median (IQR) of 2.44 (2.08 – 3.65) in comparison to asthmatic 3.45
(3.14 – 4.24) and COPD cells 4.35 (1.94 – 5.47). Despite having an increased
percent AB stain area in asthmatic and COPD uninfected cells, there was no
significant difference between the groups (by Kruskal-Wallis test). However, with
infection, the healthy group had no change in AB stain area in comparison to their
controls, with 2.19 (1.9 – 2.45) percent area to total epithelial cells. But, in
asthmatic and COPD infected groups, the percent AB stain area was increased
in comparison to their uninfected controls with 4.49 (3.95 - 4.87) and 5.40 (2.71 6.40), respectively. Despite, having higher AB stain area, there was no significant
difference within the groups from their respective controls (by Wilcoxon signedrank test) and across the groups (by Kruskal-Wallis test) as shown in Figure
4-27B. In addition, representative images of PAS/AB stained membranes are
shown in Figure 4-28.
4.2.9.4 Profiling MUC5AC expression through IHC staining
With no significant increase in PAS/AB staining at earlier time points following
RV1B infection, we further wanted to investigate MUC5AC expression through
IHC staining at 96 hours post-infection as there was a significant increase in
MUC5AC protein in the healthy group at 96 hours in respect to their zero hour
time point (Figure 4-26). IHC staining was performed on ALI cultures with antiMuc5AC antibody as described in Chapter 2 and positive Muc5AC percentage
area was quantified using Image J software (version 1.49, NIH).
In uninfected groups, healthy cells had lower MUC5AC baseline staining area
with median (IQR) of 3.45 (1.17 – 5.92) in comparison to asthmatic (4.4 (2.53 –
5.63)) and COPD (5.44 (3.84 – 8.41)) cells. Even though there was a higher
percentage of MUC5AC positive area in asthmatic and COPD cells compared to
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healthy cells, they were not significantly different from each other (by KruskalWallis test). In infected groups, at 96 hours post-infection, healthy cells had no
change in the MUC5AC positive area with respect to their controls with 3.76 (1.94
– 4.28). In contrast to healthy cells, pBECs from asthmatic and COPD donors
expressed a smaller area of MUC5AC positivity with respect to their controls with
2.1 (0.31 -4.87) and 4.55 (4.33 – 4.7) percent of the total epithelial area. However,
despite expressing a lower level of MUC5AC, pBECs from asthmatic and COPD
donors were not significantly different compared to respective controls (by
Wilcoxon signed-rank test) and across the groups (by Kruskal-Wallis test) as
shown in Figure 4-29. In addition, representative images of MUC5AC IHC stained
membranes are shown in Figure 4-30.
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Figure 4-27: Measurement of pBEC glycosylated mucin proteins using PAS and AB staining. ALI membranes were formalin
fixed, paraffin embedded and stained for mucin glycoproteins using PAS and AB. The percentage of PAS (A) and AB (B) area of the
total epithelial area was quantified using Image J software. With six hours of RV1B incubation (t=0h), there was no significant change
in mucins in any group with respect to their controls (by Wilcoxon signed-rank test) nor across the group (by Kruskal-Wallis test). Data
represented as individual points (n=4-5) and box-whiskers indicating median (IQR) value.
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Figure 4-28: Representative images of healthy, asthmatic and COPD ALI pBECs, both uninfected (top panel) and infected
(bottom panel), stained for PAS/AB staining. PAS stain pink colour and AB stain blue colour. Scale bar: 27 µm.
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Figure 4-29: Measurement of MUC5AC expression through immunohistochemical analysis using anti- MUC5AC antibody on
pBEC ALI cultures. ALI membranes were formalin fixed, paraffin embedded and stained for MUC5AC. The percentage of the
MUC5AC positive area was quantified using Image J software. At 96 hours post-infection, MUC5AC expression was decreased with
RV1B infection and was not significantly different in any group with respect to their controls (by Wilcoxon signed-rank test) nor across
the group (by Kruskal-Wallis test). Data represented as individual points (n=3) and box-whiskers indicating median (IQR) value.
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Figure 4-30: MUC5AC IHC representative images of ALI pBECs from healthy, asthmatic and COPD donors at 96 hours postinfection; uninfected (top panel) and infected (bottom panel). Scale bar: 27 µm.
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4.2.10

RNA sequencing

Following delayed anti-viral innate immune responses in asthmatic and COPD
cultures in comparison to healthy cells, we further wanted to investigate in detail
of differentially expressed genes (DEGs), molecular drivers and altered pathways
using RNA sequencing. We used 24, 48, 72 and 96-hours post-infection time
point RNA samples for measurement, and performed EdgeR paired analysis to
identify DEGs [248] between RV1B infected and uninfected cultures.
Furthermore, we performed upstream regulator analysis on the DEGs to explore
molecular drivers and/or transcriptional factors responsible for changes in gene
expression with known gene expression patterns [160]. In the upstream regulator
analysis, two statistical measures were considered; 1) the overlap p-value and 2)
the activation z-score. The overlap p-value indicates the significance of known
target genes in the DEG list and the genes that are regulated by a known
transcriptional factors. The activation z-score indicates the activation state of
predicted transcriptional factors, i.e. the genes in our dataset with the predicted
direction of transcription change based on transcriptional factors activity –
activation or inhibition; z-score greater than 2 was considered as statistically
significant as described in chapter 2.
4.2.10.1

Differentially expressed gene (DEG) analysis

An EdgeR paired analysis was performed to identify DEGs at different time points
following RV1B infection. Compared to the healthy group, DEG alterations in the
asthmatic and COPD groups were markedly delayed over time following RV1B
infection. RV1B infection of pBECs from healthy donors for 24 hours resulted in
a higher number of total upregulated DEGs (474) when compared to
downregulated DEGs (41). In contrast to these results, cells from asthmatics had
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only three upregulated DEGs 24 hours post-infection, all of which were in
common with healthy cells. Surprisingly there were no downregulated DEGs at
this time point. Similar to asthmatics, cells from the COPD group showed no
upregulated or downregulated DEGs in response to RV1B at 24 hours as shown
in Figure 4-31A.
By 48 hours post-infection, all groups expressed both upregulated and
downregulated DEGs. In the healthy group, the number of downregulated DEGs
(3316) were high in comparison to upregulated DEGs (2123). However, in
contrast, both asthmatic and COPD groups had higher upregulated DEGs when
compared to their respective number of downregulated DEGs. The number of
either upregulated or downregulated DEGs in disease groups were much lower
in comparison to the healthy group; in asthmatics, there were 1258 upregulated
DEGs along with 719 downregulated DEGs and in COPD, there were 626
upregulated, and 151 downregulated DEGs. Considering the DEG numbers at
48-hour time point, COPD cells had a minimum number of DEGs in comparison
to other groups (Figure 4-31B).
Similar to 48-hour time point, infection for 72 hours resulted in both upregulated
and downregulated DEGs in all groups, with higher total downregulated DEGs in
comparison to total upregulated DEGs. In the healthy group, there were 1654
upregulated DEGs, and 2589 downregulated DEGs in response to the virus.
Similarly, asthmatic and COPD groups also had 1009, and 1847 upregulated
DEGs and 1467 and 2959 downregulated DEGs in response to the virus,
respectively (Figure 4-31C). DEGs at 96 hours also had both upregulated and
downregulated DEGs. Interestingly, all the three groups had DEGs with an
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approximately equal number of upregulated and downregulated DEGs as shown
in Figure 4-31D.
At each time point we found that there were DEGs that were either unique to each
phenotype, or shared between two phenotypes, or common amongst all three
phenotypes and these are summarised in Table 4-6 for upregulated DEGs and
Table 4-7 for downregulated DEGs.
Over the full-time course, the peak number of DEGs were observed at 48 hours
post-infection in the healthy group, 96 hours post-infection in the asthmatic group
and 72 hours post-infection in the COPD group as shown in Figure 4-32A
(upregulated DEGs) and Figure 4-32B (downregulated DEGs). In addition, by 96
hours post-infection, the number of upregulated DEGs from all three groups were
equal, whilst the number of downregulated DEGs approached similar levels
(Figure 4-32A & B).
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Figure 4-31: Venn diagram showing the number of DEGs either unique to
or shared by, each healthy, asthmatic and/or COPD donor groups in
response to RV1B viral infection. A) DEG numbers at 24 hours post-infection,
B) 48 hours, C) 72 hours and D) 96 hours. Healthy group DEG numbers are in
the green coloured circle, asthmatics in blue and COPD in dull orange. Red
triangle indicating upregulated DEGs and inverted blue triangle indicating
downregulated DEGs.
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Table 4-6: Upregulated DEG response to RV1B infection from healthy, asthma and COPD cells.
Shared DEGs between

Unique DEGs
Time

two groups
Healthy-

Healthy-

Asthma-

Healthy-Asthma-

Asthma

COPD

COPD

COPD

Healthy

Asthma

COPD

24

471

0

0

3

0

0

48

875

74

23

646

65

72

283

66

475

49

96

232

486

231

90

point (h)

Shared DEGs

Total DEGs

Healthy

Asthma

COPD

0

474

3

0

1

537

2123

1258

626

478

50

844

1654

1009

1847

222

113

615

1159

1304

1181
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Table 4-7: Downregulated DEG response to RV1B infection from healthy, asthma and COPD cells.
Shared DEGs between

Unique DEGs
Time

two groups
Healthy-

Healthy-

Asthma-

Healthy-Asthma-

Asthma

COPD

COPD

COPD

Healthy

Asthma

COPD

24

41

0

0

0

0

0

48

2652

134

33

549

82

72

487

218

800

80

96

168

766

775

171

point (h)

Shared DEGs

Total DEGs

Healthy

Asthma

COPD

0

41

0

0

3

33

3316

719

151

990

137

1032

2589

1467

2959

465

245

966

1770

2148

2451
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Figure 4-32: An overview of the upregulated (A) and downregulated (B) DEG response stimulated by RV1B infection over
time in ALI pBECs from healthy, asthmatic and COPD donors.
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4.2.10.2

Upstream regulator analysis

Following the quantification of DEGs, we performed upstream regulator analysis
to investigate molecular drivers responsible for those DEGs. The DEGs were
graphed in volcano plots for their fold change and significance levels in response
to the virus. In volcano plots, significance was represented with false discovery
rates (FDR) to eradicate any false positives. From those DEGs, we showed top
20 molecular driver genes with maximum significance and z-score values.
4.2.10.2.1

Molecular drivers responsible for DEGs at 24-hour post RV1B

infection
In the healthy cells, upstream regulator analysis revealed a strong response of
IFN-alpha, gamma and lambda, as well as IRF7 and STAT1 molecular drivers
responsible for the induction of DEGs at 24 hours (Figure 4-33). In contrast to
healthy cells, there were no molecular drivers at the 24-hour time point in asthma
or COPD cells in response to the virus.
4.2.10.2.2

Molecular drivers at later time points

Similar to the 24 hour time point in healthy pBECs, upstream regulator analysis
at 48 hours post-infection for healthy, asthmatic and COPD revealed IFN-alpha
and gamma as well as IRF7 and STAT1 and pro-inflammatory signaling
molecular drivers, TNF and IL-1β which are responsible for the induction of DEGs
in all donor groups (Figure 4-34).
Similar to 48 hours, 72 and 96-hour time points showed regulation of DEGs via
IFN-alpha, gamma, lambda and beta, as well as pro-inflammatory signal
molecular driver genes, TNF and IL-1β (Figure 4-35, Figure 4-36).

247

Looking more closely at the data, it appeared that expression divergence
between asthma and COPD was becoming pronounced at 96 hours. We,
therefore, decided to perform upstream regulator analysis on each of the unique,
shared or common DEG components at this time point to explore the potential
pathways responsible for this divergence.
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Figure 4-33: Molecular drivers responsible for DEG at 24 hours post-infection. A) Healthy cell DEG fold change is presented as
volcano plots along with p-value (significance) and z-score (direction of gene change). There were no molecular drivers in asthma (B)
and COPD cells (C). Red bars – upregulated genes, blue bars– downregulated genes.
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Figure 4-34: Molecular drivers responsible for DEGs at 48 hours post-infection in healthy (A), asthmatic (B) and COPD (C)
cells. The main molecular drivers responsible for DEGs in all the groups are IFN and pro-inflammatory signalling genes.
N.B. axis scales are different between healthy, asthma and COPD.
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Figure 4-35: Molecular drivers responsible for DEG at 72 hours post-infection in healthy (A), asthmatic (B) and COPD (C)
cells. The main molecular drivers responsible for DEGs in all the groups are IFN and pro-inflammatory signalling genes.
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Figure 4-36: Molecular drivers responsible for DEG at 96 hours post-infection in healthy (A), asthmatic (B) and COPD (C)
cells. The main molecular drivers responsible for DEGs in all the groups are IFN and pro-inflammatory signalling genes.
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4.2.10.2.3

Upstream regulator and Pathway analysis on 96-hour samples

The Venn diagram representing DEGs at 96 hours (Figure 4-31D) was further
analyzed for unique molecular drivers and pathway regulation. All unique and
shared genes from all the groups were categorised as below and analysed:
1) Core response (genes common in all three groups),
2) Genes unique to healthy,
3) Genes unique to asthma,
4) Genes unique to COPD,
5) Genes common in disease and
6) Genes common in COPD and healthy.
The core response was that of a dominant antiviral IFN response along with proinflammatory signalling genes (Figure 4-37). These molecular driver genes are
responsible for immune system pathways including IFN and cytokine signalling
(Table 4-8). However, in the healthy group alone, most of the responses and
pathways are dominated by micro-RNAs and are negatively regulated (Figure
4-38, Table 4-9). In disease, especially in COPD, responses and pathways
contained both micro-RNAs and other genes including signal transducers (CD54)
and tumor suppressor genes (TP73) with mixed gene regulation (both up and
down) (Figure 4-39, Table 4-10) and in asthmatics, the responses and pathways
were primarily driven by RICTOR with mixed expression of microRNAs (Figure
4-40, Table 4-11). In addition, responses common to disease groups but not in
the healthy group are driven by TREM1 and pathways enriched with dominant
EGF signalling (Figure 4-41, Table 4-12). Moreover, responses that are common
in healthy and COPD groups are predominately related to innate immune
signalling, IFN’s, NF-kB, IL1b, TNF (Figure 4-42, Table 4-13).
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Figure 4-37: Molecular drivers responsible for core response from all the
groups following RV1B infection.

Table 4-8: Pathways regulated during the core response to RV1B infection

Core response pathways

Gene count

p-value

Interferon Signaling

50

1.65E-37

Interferon alpha/beta signaling

34

1.24E-36

Cytokine Signaling in Immune system

58

1.60E-33

Immune System

105

3.47E-27

Interferon gamma signaling

24

1.36E-20
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Figure 4-38:

Molecular driver genes exclusive to the healthy group

following RV1B infection.

Table 4-9: Pathways affected by RV1B infection in pBECs from healthy
donors only

Healthy response pathways (unique)

Gene count

p-value

Acyl chain remodeling of PI

3

4.65E-04

Generic Transcription Pathway

12

2.94E-03

Mucin type O-Glycan biosynthesis

3

4.06E-03

Hydrolysis of LPC

2

2.92E-03

Viral myocarditis

4

2.75E-03

255

Figure 4-39: Molecular driver genes exclusive to the COPD group following
RV1B infection

Table 4-10: Pathways affected by RV1B infection in pBECs from healthy
donors only

COPD response pathways (unique)

Gene count

p-value

No2-dependent IL-12 pathway in Nk cells

2

1.47E-03

Serotonin receptors

2

2.66E-03

Antigen processing and presentation

2

3013E-03

ABCA transporters in lipid homeostasis

2

5.37E-03

SCF(Skp2)-mediated degradation of p27/p21

3

5.78E-03
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Figure 4-40: Molecular driver genes exclusive to the asthmatic group
following RV1B infection

Table 4-11: Pathways affected by RV1B infection in pBECs from asthmatic
donors only
Asthma response pathways (unique)

Gene count

p-value

HDMs demethylate histones

5

3.76E-05

Chromatin modifying enzymes

9

5.54E-04

Chromatin organization

9

5.54E-04

Dorso-ventral axis formation

3

4.13E-03

ErbB1 downstream signaling

5

3.67E-03
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Figure 4-41: Molecular driver genes common to both disease groups
following RV1B infection

Table 4-12: Pathways regulated following RV1B infection and common to
both disease groups

Disease response pathways

Gene count

p-value

Stabilization and expansion of the E-cadherin
adherens junction

3

1.20E-04

ErbB receptor signaling network

2

5.62E-04

Arf6 signaling events

2

2.43E-03

ErbB4 signaling events

2

2.28E-03

SHC1 events in ERBB2 signaling

2

1.95E-03
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Figure 4-42: Molecular driver genes common to COPD and healthy groups
following RV1B infection

Table 4-13: Pathways regulated following RV1B infection and common to
COPD and healthy groups

COPD-healthy response pathways

Gene count p-value

Cytokine-cytokine receptor interaction

19

1.56E-07

Chemokine receptors bind chemokines

6

3.41E-04

Activation of C3 and C5

3

1.86E-04

Jak-STAT signaling pathway

10

5.22E-04

Regulation of Complement cascade

4

7.90E-04
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4.3 Discussion
The data presented above demonstrate firstly that pBECs cultured at ALI can be
infected with RV at a much more physiologically relevant dose, orders of
magnitude lower than that previously reported. Secondly, our low MOI RV
infection model confirms previous submerged culture findings that cells from
asthmatic and COPD donors show impaired innate immune responses with
similar inflammatory responses. Finally, RNA sequencing was used to investigate
the molecular responses induced by RV infection in ALI cultures over a four day
period. This is the first time that this technique has been used to investigate the
comparative responses of healthy and respiratory diseased cells following RV
infection. These results demonstrated a delayed and reduced expression of
molecular driver genes of innate immunity in disease cohorts. Our model will be
a useful tool to investigate mechanisms underlying viral infection and altered
host-mediated immune responses.

4.3.1 A new physiologically relevant model of rhinovirus
infection
Previous models based on mathematical modelling of infection in monolayers
suggest that MOI ≥1 was needed to infect cells. However, this MOI is likely a
marked overdose when compared to either clinical infections or experimental
human viral infection models. The main reason to use high MOIs (>1) in in-vitro
monolayer pBECs is to have a definite or guaranteed infection to explore virus
altered cellular mechanisms. The other reason may be due to the dogma that
lower MOIs may not infect cells, as per the mathematical calculations [227, 228].
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However, higher MOI infections of in-vitro monolayer pBECs don’t mimic or
represent actual airway infections, as described above due to the characteristics
of cells in culture. With the ability to differentiate monolayer pBECs at ALI, thus
mimicking the airway epithelium in-vivo, it is now possible to more accurately
represent a natural infection scenario, in-vitro. However, despite the more
representative ALI epithelial models being used, researchers still often use high
MOIs in ALI cultures, similar to those used in monolayers. Does high MOI RV
infection matter in ALI cultures? Do the likely excessive MOIs used result in
responses which are not reflective of those which would be found in-vivo? Is the
current dogma surrounding MOI, based on mathematical calculations suggesting
no possible infection with lower MOIs, leading to unrepresentative results?
Previously, it was shown that ALI cultures are more resistant to RV infections
compared to undifferentiated pBECs or cell lines [220, 249]. Lopez-Souza et al.
demonstrated 30 times lower RV16 RNA gene copy numbers at 24 hours postinfection in fully differentiated pBEC ALI cultures in comparison to monolayer
cultures with the same amount of infection [249]. A potential reason for low
infectivity in ALI cultures could be due to a lower percentage of cells expressing
the ICAM1 receptor in fully differentiated epithelial cells. Previously, it was shown
that ICAM1 receptors are abundantly expressed in basal cells in comparison to
supra-basal cells in differentiated epithelium [250]. Similarly, Chen et al., also
demonstrated lower infectivity of pBEC ALI cells with RV16 infection compared
to the monolayer cell line BEAS-2B; where an MOI leading to 100% infection in
monolayers infected less than 5% of ALI cells [220]. Again, the reason for high
infectivity in BEAS-2B cells could be ICAM1 receptor distribution. In contrast to
this data showing resistance to infection in ALI cultures with RV16, several other
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researchers showed more prominent infection of ALI cultures with RV16 [128,
251, 252]. Lopez-Souza et al., who previously reported that ALI cultures are
resistant to RV16 infections in 2004, contradicted their previous results by
reporting a high viral RNA in pBEC ALI cultures obtained from healthy and
asthmatic donors with an MOI of 1. The only difference in their studies was the
cell collection procedure. In 2004, they collected pBECs by protease digestion
from postmortem airways whilst in 2009; they performed bronchial brushings to
collect pBECs from healthy and asthmatic subjects [128]. Similarly, Bai et al., also
demonstrated a successful RV16 infection of ALI cultures using cells obtained
from healthy and asthmatic donors, with no significant difference in viral
replication between groups. Moreover, Bai et al. reported peak RV16 RNA at 24
hours post-infection in both the groups [251]. More recently, Boda et al. also
demonstrated a successful RV16 infection to ALI cultures obtained from patients
undergoing nasal polypectomy surgery and reported peak RV16 viral RNA at 24
hours post-infection. However, they didn’t specify the viral MOI or otherwise
indicate the amount of infective virus used. In addition, they reported similar viral
RNA copy numbers at 24, 48, 72 and 96 hours post-infection with different doses
of virus (only referred to as low, medium and high) [252].
Our results also demonstrate a successful ALI culture infection with ultra-low MOI
of 0.001 which we believe to be a more physiologically relevant RV infection than
previous reports. We quantified viral infection by measuring viral RNA through
qPCR (Figure 4-8), virus release by performing TCID50 assays (Figure 4-9) and
labelled viral capsid protein through immunofluorescence (Figure 4-10). There
was no significant difference in any viral related measures across the healthy,
asthmatic and COPD groups, indicating similar infection, replication and virus
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release among the groups. Moreover, our viral RNA copy numbers with different
MOI doses were approximately equal at later time points, from 24 to 168 hours in
ALI cultures obtained from one healthy donor. These results were seen even after
confirming different initial viral loading (t=0 hour, post-incubation) (Figure 4-3A),
similar to the data reported by Boda et al. This suggests that in ALI cultures no
matter how much virus input is (above an infective threshold), there will be a
similar amount of viral replication in in-vitro ALI cultures, especially with MOI of
0.001 to 1; direct comparison of our results with those of Boda et al. results are
not possible as they mentioned only low, medium and high virus input. This may
be due to either an epiphenomenon related to the confined surface area of the
ALI membrane or that viral replication peaks at 24 hours post-infection in ALI
cultures, irrespective of MOI doses (not more than 1). As the ALI cultures have a
limited growth area with no possibility of mucociliary clearance when compared
to normal airways, the active viral replication may peak 24 hours after infection
and then be halted with no further replication. This is obviously different when
compared to a situation in-vivo where the virus is cleared from the area, removing
the potential for negative feedback mechanisms to operate. Other possibilities
are that with the use of lower MOIs, the cell’s innate immune responses protect
them from virus infection by enriching the environment with anti-viral proteins,
limiting replication.
In contrast to our findings that similar viral RNA replication occurs in healthy,
asthmatic and COPD groups, it has previously been shown using monolayer
cultures that increased viral RNA replication occurs in diseased cells in
comparison to healthy controls [126, 127, 129, 241, 242]. Wark et al., used RV16
with a high MOI dose of 2 in pBEC monolayer cultures and showed increased
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viral replication with decreased IFN responses from asthmatics [127]. Other
researchers also showed similar findings; Contoli et al. showed a similar increase
in viral replication in asthmatics with suppressed IFN-λ expression [129]. Another
study by Cakebread et al. showed a similar increase in RV1B RNA in asthmatics
in comparison to healthy controls [241].
One possible reason for increased virus replication in asthmatic monolayer
cultures may be due to the combination of a high MOI (>1) of infection used and
the lack of cell differentiation leading to compromised immune responses.
Another reason may be increased ICAM-1 receptor expression in diseased cells,
especially in the sole basal cell phenotype of monolayer cultures, which facilitates
more virus entry into the cells compared to healthy cells. In contrast, we
demonstrated similar viral RNA replication with small numbers per disease group,
though as mentioned above there was a trend towards lower viral replication in
asthma and COPD, which would usefully be investigated with larger sample size.
Regardless, our viral replication data was contradictory to earlier published
monolayer culture data.
Therefore, we were successful in infecting ALI cultures with ultra-low MOI RV1B
infection resulting in similar viral RNA and virus release patterns in pBECs from
healthy, asthmatic and COPD donors.

4.3.2 Asthma and COPD derived cells show reduced innate
anti-viral immunity
Previously, in-vitro models of RV infection in monolayer cultures demonstrated a
deficient anti-viral innate immune response from asthmatic and COPD cells in
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response to virus. However, the deficiency was reported with an MOI of 1 or
above, which were much higher than physiological levels. The direct human
relevance of these studies is questionable as the cultures were not representative
of human airways and likewise the infections. Despite these differences in cell
morphology and infectious load, asthmatics showed a deficient IFN response
following RV infection.
More than a decade ago, Wark et al., reported a deficient IFN response from
asthmatic pBEC monolayer cultures following RV16 infection (MOI 2) [127].
Following these results, Wark et al., and several other researchers also showed
similar outcomes with either the same or different strains of RV [126, 129, 216,
241, 242]. In contrast to these studies, there were reports describing no IFN
deficiency in asthmatic monolayer cultures following RV infection [125, 215]. The
differences in the responses may be due to various possible confounders,
including disease severity, experimental conditions and virus MOI (though most
studies appear to have similar high MOI). With these contradictory data, there is
still uncertainty whether an innate immune deficiency exists in asthmatic pBECs.
In contrast to asthmatics, COPD cells grown at monolayer cultures following
RV16 infection showed an increase in IFN response in comparison to healthy
controls [219, 243]. However, in contrast with these in-vitro studies, COPD
patients exposed to experimental human RV infection showed an IFN deficiency
[202]. Once again the difference in results from in-vitro monolayer cultures may
be due to many confounders including disease severity, experimental conditions
and MOI used.
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Although it is possible that asthmatic derived cells have an inherent reduction in
IFN responses to virus infection, it is also possible that the decreased IFN
responses seen following RV infection in asthmatic monolayer cultures may be
due to experimental conditions and possibly virus doses. Firstly, if cells were
obtained from more severe disease donors, the cells could have a more impaired
anti-viral response compared to less severe disease. The differences in disease
severity or classification may be responsible for the differences in results seen
from different research groups. Moreover, these monolayer cultures represent a
wounded epithelium rather a natural protective epithelium, uncovering basal cells
for more rapid viral replication with comprised innate immune response. During
in-vitro experimental conditions, cell confluency, virus dose and virus incubation
periods could have influenced the reported outcomes [126, 127, 129, 216, 241,
242]. Previously, most of the researchers used monolayer cells with 80%
confluency, varied virus incubation periods ranging from 1 to 3 hours and infected
cultures with MOI of 1, 2 and 5 or even with 20 [127]}[126, 216, 242]. These
differences in MOI, incubation period and cell confluency could have led to
reduced IFN responses along with increased viral replication. However, as
discussed above, these monolayer cultures are not representative of airway
epithelium. Therefore, we investigated IFN responses in fully differentiated ALI
cultures with more physiologically relevant RV1B infection. To date, there is
limited published data available on IFN responses from ALI culture following RV
infection. Lopez-Souza et al., who reported no change in viral replication in fully
differentiated cells from asthma and healthy donors, also reported an increased
IFN-β1 gene expression in asthmatics when compared to healthy cells; converse
to earlier reported data [128]. In addition, Bai et al., reported induction of innate
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immune responses and pathways related to IFN signalling using RNA-seq on 24hour samples from both asthmatic and healthy controls without any measurement
of IFN genes or proteins [251].
In accordance with much of the earlier published monolayer data but contrary to
the Lopez-Souza et al., ALI culture data, we have demonstrated reduced IFN
responses from asthmatic and COPD ALI cultures following ultra-low MOI RV1B
infection. Again in contrast to Lopez-Souza et al., our IFN-β and IFN-λ gene
expression were lower in cells from diseased versus healthy donors. In addition,
there was an attenuated IFN protein release from asthmatic and COPD cells
following infections. To reinforce the physiological relevance of our model, the
peak IFN protein responses observed 72 hours following infection appear to be
similar to clinical IFN responses, where type-I IFN (IFN-β) has been shown to
peak around 2-3 days following experimental human RV infections [253].
Despite having lower IFN responses from asthmatic and COPD cells, there was
no difference in ISGs expression in all groups following ultra-low MOI RV1B
infection. All the ISGs analysed (Viperin, PKR and OAS1) were induced following
RV infection with peak gene expression at the 72 or 96-hour time point, indicating
the initiation of a secondary line of anti-viral innate immune responses from cells
to limit virus replication.
To conclude, we were successful in demonstrating delayed IFN response from
pBECs obtained asthmatic and COPD donors following RV1B infection.
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4.3.3 Low MOI RV1B infection induce inflammatory cytokines
and chemokines release from pBECs
In addition to anti-viral innate immune responses, we also investigated
inflammatory cytokines and chemokines such as IL-6, IL-8, CXCL10 and CCL5
protein release from pBECs following ultra-low MOI RV1B infection. Previously,
these inflammatory cytokine and chemokine mediators were shown to be induced
following RV infection from monolayer cultures [212, 225, 235, 241, 254, 255].
Wark et al., reported an increase in CXCL10 and CCL5 proteins following RV16
infection with MOI of 2, in monolayer cultures from both asthmatic and healthy
cells, with no significant difference among the groups [255]. Similar findings were
also reported by others, along with an increase in other mediators such as IL-8
and IL-6 with a range of MOIs from 1 to 2 [225, 235, 254]. In addition, some other
groups have used a different RV strain (RV1B) and showed similar results
[212][241]. In accordance with previously published reports, we demonstrate a
similar increase in all the mediators mentioned above with no significant
difference across groups at any given time point.
To conclude, we were successful in demonstrating an increased release of
inflammatory cytokine and chemokine from pBECs obtained from healthy,
asthmatic and COPD pBECs with no significant difference among the groups.

4.3.4 No change in MUC5AC gene expression and protein
release following ultra-low MOI RV1B infection
Mucus production is a hallmark feature of airway respiratory diseases, which aid
in the clearance of pathogens, dust and allergens [256]. Excess mucus
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production causes airway obstruction and worsens symptoms. Previously, it was
reported that both asthmatics and COPDs had higher baseline Muc5AC
expression when compared to healthy controls [174, 251]. In accordance with
previous reports, our asthmatic and COPD ALI cultures also demonstrate a
similar higher baseline MUC5AC expression when compared to healthy controls.
Moreover, previously, it has been reported that MUC5AC gene expression and
protein release are upregulated following RV infection in-vitro (monolayer and ALI
cultures) and in-vivo (in subjects with experimental human RV infection model)
[246, 251, 257, 258]. Hewson et al., reported an increase in MUC5AC protein
release from asthmatic and non-asthmatic subjects exposed to RV16 virus in
experimental human RV infection model and also reported an increase in viral
load in asthmatics in correlation with MUC5AC protein release, but not in nonasthmatics. In addition, they investigated Muc5AC gene expression changes and
protein release in the mucus-producing airway epithelial cell line NCI-H292
following RV16 infection and reported that MUC5AC gene expression peaks in
24 hours post-infection before declining to baseline by 72 hours post-infection.
Hewson et al. also reported an increase in MUC5AC protein release irrespective
of gene expression [246]. Similarly, Bai et al. also demonstrated a non-significant
increase in MUC5AC positive staining in asthmatic ALI epithelial cells in
comparison to healthy cultures [251].
In contrast to previous reports, our results demonstrate no change in MUC5AC
gene expression and protein release from asthmatic and COPD cultures following
RV1B infection with baseline normalisation; except in healthy cultures, with a
gradual increase in MUC5AC protein release following infection. We also
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demonstrate no change in the PAS/AB staining as a percentage of total ALI
epithelial cells at t=0 hour post infection in all the groups. However, PAS staining
had a notable increase in all the groups, though non-significant, following six-hour
viral incubation. This may be due to a chance with a smaller sample size (n=3-5),
as same sections for AB staining had no change in mucin percentage area.
Similar to MUC5AC gene expression and protein release, there was higher
PAS/AB staining baseline in asthmatics and COPD cells in comparison to healthy
cells. In addition to PAS/AB staining post incubation, MUC5AC IHC was
performed on 96-hour time point sections as there was a significant increase in
protein release from healthy cells. Again, the cellular anti-MUC5AC antibody stain
was found to be similar in all groups, with high baseline expression in asthmatic
and COPD cells. At 96 hours, the protein release from healthy cells was found to
be more secretion rather cellular production.
To conclude, an ultra-low MOI RV1B infection represents the naturally occurring
RV infection scenario in-vitro, with no change in MUC5AC gene expression and
protein release. However, previous studies reported an induction of MUC5AC
gene expression and protein release from cells with high virus dose [246, 259].

4.3.5 Delayed innate immune molecular driver genes in asthma
and COPD following RV1B infection
Following the suppression of IFN responses with unchanged viral replication,
inflammatory and mucin responses, we demonstrate a complete gene profile for
the first time with a four day time course using RNA sequencing for all the groups
following RV1B infection. Previously, Bai et al. performed a similar RNA
sequencing on 24-hour ALI culture samples from 6 asthmatic and 6 healthy
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donors. Even though the experiment was conducted over a 48 hour period, they
chose only 24-hour time point samples for gene analysis, as they found the most
robust response following infection. They infected ALI cultures with major group
virus RV16 with 5x105 pfu/50µl [251]; upon conversion of pfu/ml to MOI turned
out to be 2.5. This high MOI could have led the early high IFN responses in both
the groups.
They pooled gene data from asthmatics and healthy cells (n=12) and identified
1485 genes from ALI pBECs in response to virus, out of which 457 genes were
upregulated. Following gene changes, they performed gene expression
pathways and identified 10 functional pathways which were highly significant with
a viral infection in both the groups. Functional pathways include IFN responses
(Type I, Type II), innate immune responses, Th2 signature, apoptosis, regulation
of viral reproduction, viral mRNA synthesis, adherens, cilia movement and cilia
morphogenesis. Out of these, the last four pathways were downregulated [251].
In addition, they also compared the baseline gene expression changes in
asthmatic and healthy controls and reported that asthmatics had higher
expression of Th2 and cilia function genes in comparison to healthy controls.
Similarly, post RV16 infection, asthmatics had higher expression of CXCl10 and
CCL5 gene expression along with other 44 genes associated with asthma-related
virus infection.
In contrast to Bai et al. data, we demonstrate a delayed IFN response from
asthmatic and COPD cells following ultra-low MOI RV1B infection. At 24 hours
post-infection, there were 515 genes differentially expressed in healthy cells in
response to virus, out of which 474 were upregulated, and the rest (41) were
271

downregulated. Moreover, most of the upregulated genes were responsible for
IFN signalling and innate immune responses. In contrast to healthy cells,
asthmatic and COPD cells had no change in gene expression in response to virus
at 24 hours post-infection. By 48 hours post infection, all the groups showed
differentially expressed genes (DEGs) in response to virus. However, there was
lower magnitude of DEGs from diseased cells in comparison to healthy cells.
Healthy cells gene expression declined thereafter indicating controlled infection
with robust earlier (t=24 hr) IFN response. But in asthmatics and COPD cells, the
DEGs increased over time, reached a peak at 96 hours and 72 hours,
respectively with dominant IFN responses to virus, indicating delayed innate
immunity from diseased cells.
Overall, to conclude, our ultra-low MOI infection model is more physiological than
previous models of viral infection and demonstrates deficient and delayed IFN
responses in diseased subjects. This is likely to reflect the situation with naturally
occurring infections in-vivo.

4.3.6 Speculation
We demonstrated a successful establishment of a low MOI RV1B infection model
in fully differentiated ALI cultures generated from healthy, asthmatic and COPD
donors. More importantly, we demonstrated delayed IFN responses from
asthmatic and COPD cells following low MOI RV1B infection mimicking in-vivo
response to RV infections.
As mentioned above, the main novel finding is the delayed innate immune
responses from asthmatic and COPD cells following RV1B infection in fully
272

differentiated cells. This has not been demonstrated previous; revealing delayed
IFN response from ALI cultures following RV infections. Previous ALI RV infection
models used high MOIs with limited time points post-infection, which might have
triggered all the cells to respond at the same rate with maximal IFN output [128,
251]. This might be one reason for studies showing no difference in IFN
responses. However, other researchers showed deficient IFN responses with
high MOIs in monolayer cultures. Again, this may be due to many confounders
which might have led to deficient or delayed IFN responses from monolayers
including cell differentiation, MOI used, incubation time and type of RV strain
used. As is obvious, monolayer culture cell morphology is completely different to
a differentiated epithelium. Moreover, donor disease phenotype with reduced IFN
response might have carried over during culturing with minimum passages, invitro.
In addition, due to high MOIs and immediate IFN response following infection,
most of the previous models examined outcomes at earlier time points, mostly 24
hours or earlier. This is in contrast to the clinical scenario, where infections induce
symptoms slowly; reaching peak IFN response in three days [253]
We believe our data with low MOI infection best fits with clinical outcomes. In
comparison to previous in-vitro studies, low MOI infections allow cells to respond
with host-mediated responses to limit viral replication. In the process, the actual
phenotype of the primary cells will be exposed and respond similar to in-vivo
setup. Having multiple time points following infection allows us to examine the
delayed innate immune responses as seen in diseased phenotypes.

273

4.3.7 Future directions and limitations
After successful establishment of ALI low MOI RV1B infection model in-vitro, the
next important question is, how to revert back the delayed IFN responses from
asthmatic and COPD pBECs?
In future, we will identify potential genes responsible for IFN responses from
healthy cells and induce the same genes in asthma and COPD cells with pretreatment of their chemical mediators or gene transfection to induce gene
expression and thereafter measuring the responses following RV infections. This
approach may help identify therapeutic targets to treat asthmatics, or COPDs
delayed IFN responses.
Alternatively, other way around, to block the genes responsible for IFN responses
in healthy cells which are absent in asthma and COPD cells with siRNA treatment
to replicate the diseased condition following infection. Then, to record the
condition recovery either by removal of siRNA or pre-treatment.
In addition, to these experiments, we can also investigate the impact of coinfections, which usually found in clinical settings — infecting cultures with a
mixture of major and minor RV groups at the same time with a way low MOIs or
infecting cultures firstly with one group of virus and later with another group of
virus. Initial condition replicates the natural scenario with infection of multiple virus
groups at the same time, and the later mimics the activation of below threshold
infection with a second booster dose of another group of virus. Many possible
combinations can be studied from this low MOI model.
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Apart from viral combination conditions, we can also mimic asthmatic airway
narrowing or COPD cigarette smoke insults by exposing cells to these conditions
either before or after the viral infections to mimic natural airways and to
investigate further dampened anti-viral responses with disease-specific
confounders.
However, with many possibilities to explore natural phenomenon using the low
MOI model, the only limitation which we noticed is the sample size. Even though
we demonstrate a successful ultra-low MOI RV infection model with delayed antiviral innate immune responses (particularly IFN-β and IFN-λ protein release) from
asthmatic and COPD cells, we need larger sample size to avoid any false
positives (type I errors) which arise from smaller samples.

4.4 Summary
ALI cultures are more representative of human epithelium, and now with ultra-low
MOI RV1B infection, we can model more physiologically relevant RV infections
similar to naturally occurring infections. This model allows to explore hostmediated responses against RV infections. This model will provide a window to
investigate possible interventions to study along with other disease-causing
confounders such as mechanical forces, allergen challenge and cigarette smoke.
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5 Chapter 5: Airway mechanical stress
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Following the establishment of ultra-low MOI RV1B infection model in ALI pBECs,
we wanted to investigate the influence of bronchoconstriction on physiologically
relevant viral infections in asthma. During bronchoconstriction, airway
mechanical forces are generated which impact on epithelial cells and may coexist with viral infection during asthma exacerbations; this interaction has never
been examined.
Mechanical forces are essential for organ growth in utero and further
development after birth. These forces exist in all body parts including muscles,
bones, blood vessels, kidneys, heart, eyes and lungs; any body part that has a
tendency to contract (for example muscles) or constrict (for example pupil and
airways) or has a persistent flow of fluids such as blood (blood vessels) or air
(airways) can experience different types of mechanical forces [17-22]. The
absence of these forces may lead to abnormal organ development and
homeostasis [260-265].
For example in the lungs, before birth, the presence of mechanical forces play a
critical role in lung development and branching morphogenesis [24, 26]. Airways
branching morphogenesis is dependent on breathing movements generated by
diaphragmatic contractions leading to mechanical cyclic stretch. This stretch
force maintains airway luminal liquid volume and drives fetal lung expansion via
cellular proliferation [28, 30]. At birth, fluid within the alveoli clears as the lung is
aerated and expanded, developing alveolar surface tension [24]. Lung elastic
recoil is then balanced by negative intrapleural pressure, and the combination of
these mechanical forces leads to postpartum lung maturation [32]. The absence
of appropriate stretch stimuli within the lung leads to abnormal alveolar growth,
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especially of type II alveolar epithelial cells, which reduce surfactant release and
impair gas exchange during respiration, after birth [33, 34].
After birth, the lung has to inflate and deflate dynamically for gaseous exchange,
these repeated cycles of inflation and deflation generate physical forces which
are required for normal lung homeostasis and functions. While maintenance of
these forces is essential for respiration, however, abnormal or uncontrolled
mechanical forces due to bronchoconstriction can compromise normal lung
function and result in disease pathogenesis.
In asthma, airway constriction occurs due to the excessive contraction of ASM
during bronchoconstriction [10]. As a result, the airway wall folds and buckles,
forming rosette-like patterns in the lumen, as the diameter of the airway becomes
substantially smaller as shown in Figure 5-1 [15, 41]. As the airway epithelium
folds, the epithelial cells experience a variety of co-existent mechanical forces,
including compression (as cells at the bases of folds push against each other)
(Figure 5-2), stretch (of the cells folded into the luminal space) and shear stress
(as air velocity increases as airway diameter falls) [25, 35]. Previously, it has been
demonstrated that these forces generated during bronchoconstriction are
detrimental to the airways [22, 73]. Among these mechanical forces, compression
has been the most actively studied, following the development of in-vitro systems
that mimic the compressive mechanical force applied to bronchial epithelial cells
during bronchoconstriction [36, 38, 60, 61].
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Figure 5-1: Schematic showing airway narrowing with epithelial folding. A) A
mathematical model showing airway buckle with epithelial folding. Adapted from
Wiggs et al. J Appl Physiol 1997. (B) Pathological specimen from fatal asthma
with epithelial folding and luminal closure. Adapted from Saetta et al. Eur Respir
J 2001.

Figure 5-2: Schematic showing epithelial compression (black arrows) in
epithelial folded cells during bronchoconstriction. Adapted from Ressler et
al. Am J Physiol Lung Cell Mol Physiol 2000.
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5.1 In-vitro compressive stress models and epithelial
response
Previously, two in-vitro systems were developed to induce compression on airway
epithelial cells. One, by apical compression where pressurised air is applied to
the cells as shown in Figure 5-3 and the other by compressing cells laterally by a
strain applicator as shown in Figure 5-4.

Figure 5-3: Schematic of in-vitro apical compression model developed by
Ressler et al. Air pressure is applied on fully differentiated cells, apically, to induce
compressive mechanical force similar to bronchoconstriction using a sealed
chamber with a rubber stopper. Adapted from Ressler et al. Am J Physiol Lung
Cell Mol Physiol 2000.
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Figure 5-4: In-vitro model of bronchoconstriction developed by Choe et al. (A)
Individual wells with a moveable inner wall were developed to induce lateral
compressive stress to a three dimensional model of human airway tissue shown
in panel B. Adapted from Choe et al. AJRCMB 2006.

Initially, Ressler et al. applied increasing air pressure on rat tracheal epithelial
cells, in-vitro to induce apical compression [36]. Following this, same group
repeated experiments on human pBECs and demonstrated release of endothelin
1 (ET-1), ET-2 and TGF-β2 in response to apical compression. These mediators
were induced from cells with a minimum of 1 hour apical compression [44].
In addition, Swartz et al. used the apical compression set up in a co-culture
system, where epithelial cells on the transwell membrane were compressed
without affecting the fibroblasts at the bottom of the well. They demonstrated an
increase in collagen I, III and IV production in a time and pressure dependent
manner [38].
A couple of years later, Swartz along with other colleagues developed an
alternative compressive model, a much complicated “lateral compression model”
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where the lateral compressive strain was applied on the cells using a strain
applicator [60, 61]. Choe et al. applied later strain on a co-culture system
consisting of bronchial fibroblasts and epithelial cells, and demonstrated findings
similar to apical compression with an increase in collagen I, III and IV production
from fibroblasts which appeared to be oriented by epithelial cells [60, 61].
Following similar findings from both the models, later studies used much easier
apical compression model to induce compressive mechanical force on airway
epithelial cells.
Continuation with initial findings, there were many other mediators such as EGF,
EGFR ligands, TGF-β2, ET, YKL-40, tissue factor and plasminogen related
proteins released from pBECs following apical compression [37, 45, 46, 48, 49,
82]. Out of these, TGF-β2 is a pleiotropic cytokine and was found to be involved
in most of the disease mediated pathways such as eosinophil recruitment, airway
remodelling (collagen deposition and goblet cell hyperplasia) and increased ASM
contractile proteins [37, 38, 44]. Previously, Park et al. reported an induction of
goblet cell hyperplasia and MUC5AC protein expression from human airway
epithelial cells following chronic exposure of apical compression with an hour a
day for 14 days. However, the response was completely abrogated with a pretreatment of anti-TGF-β2 antibody [37]. In addition, Grainge et al. reported an
increased TGF-β expression from asthmatic pBECs in comparison to healthy
controls with a minimal of 1 hour of compression [50]. Similarly, in ex-vivo,
Oenema et al. reported an increase in TGF-β protein release from
bronchoconstricted guineapig lung slices with methacholine challenge, which
induced ASM remodelling by promoting expression of contractile proteins [70].
Finally, bronchial biopsies obtained from asthma subjects, in-vivo, with repeated
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bronchoconstriction using methacholine were found to have increased epithelial
TGF-β staining when compared to sham control along with other mediators such
as collagen (type III) causing airway remodelling [73].
In addition to airway remodelling, compressive mechanical forces may also
influence viral replication by altering airway innate immunity through TGF-β and
IFN signalling, although the mechanism through which this occurs remains
unknown. However, previously, Bedke et al. reported a decrease in IFN response
from monolayer healthy pBEC cultures by the addition of exogenous TGF-β [131].
TGF-β may be a link to compression and viral infections, as previously it was
reported that compression increases TGF-β2 protein release from pBECs and
virus induces the release of IFN protein from pBECs. However, it is important to
determine the link between TGF-β2 and IFN in fully differentiated ALI cultures
which represent actual epithelium to elucidate the mechanisms behind frequent
virus-induced asthma exacerbations.
In order to address the role of mechanical forces on innate immunity during viral
infections, we aimed to use differentiated pBEC cultures coupled with ultra-low
MOI (0.001) RV1B infection within a model of bronchoconstriction. Our
overarching hypothesis was that compressive stress during viral infection impairs
innate immune responses.
Testable hypotheses:
1. Apical compression mimicking bronchoconstriction increases virus
replication following ultra-low MOI RV1B infection in fully differentiated
pBECs generated from asthma donors.
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2. Apical compression suppress anti-viral innate immune responses from
asthmatic ALI pBECs following ultra-low MOI RV1B infection via increased
TGF-β2.
Aims
1. To develop models of acute viral exacerbation and poorly controlled
asthma in differentiated pBECs obtained from asthmatic donors.
2. To measure viral replication kinetics in ALI pBECs generated from
asthmatics following RV1B infection in both models (exacerbation and
poor controlled asthma).
3. To quantify host innate immune responses in differentiated pBECs
generated from asthma donors following RV1B infection in the
exacerbation and poor control models.
4. To measure TGF-β2 protein release from pBEC ALI cultures following
RV1B infection in the exacerbation and poor control models.
5. To identify differentially expressed genes from asthmatic pBECs following
four days of apical compression.

5.1.1 Compressive stress models
Apical compressive stress mimicking bronchoconstriction was previously
reported to induce airway remodelling in pBEC ALI cultures generated from
asthmatic donors [50]. Using the same system, we developed two models, the
first designed to mimic viral-induced asthma exacerbations and second to mimic
a viral infection in poorly controlled asthma.
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In the viral induced asthma exacerbation model (hereafter termed as the
‘exacerbation model’), ALI cultures were infected with physiologically relevant
RV1B infection (as described in Chapter 4) with subsequent application of apical
compression to mimic a virus-induced asthma exacerbation (Figure 5-5). Unlike
traditional viral infection models, cell apical media was removed after viral
incubation during the experimental time course, to apply apical compression.
Moreover, the cells were starved over the full experimental time course as shown
in Figure 5-5.

Figure 5-5: Exacerbation model experimental timeline

In the second model (hereafter termed as the ‘poor control’ model), we exposed
ALI cultures to apical compression prior to viral infection mimicking poorly
controlled asthma with repeated bronchoconstriction. This enabled us to
investigate whether pBECs with repeated mechanical compression are more
susceptible to viral infections or not, and at the same time investigate the effects
of compressive mechanical force on innate immune responses as shown in
Figure 5-6. In this model, the cells were starved for eight days with one starvation
media change during virus infection, which is again not common (starvation for
four days before infection) in traditional viral infection models. However, in this
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poor control model, apical media was added post infection to collect mediators
released from pBECs.

Figure 5-6: Poor control model experimental timeline
In both models, there were four groups; control, compression alone, virus alone
and compression+virus groups. Control group cells were without compression
and virus infection. Compression group cells were exposed to 30 cm H2O
pressure for 10 minutes an hour for four days as described in Chapter 2. Virus
group cells were infected with RV1B virus (MOI 0.001) as described in Chapter
4. In the fourth group, cells were either compressed (10 minutes an hour) prior to
or after the virus infection as per the model requirement. Following infections,
cells were harvested at regular intervals for cellular RNA and protein release.

5.2 Exacerbation model
5.2.1 Sample size and patient characteristics
As this is the first time the role of compression on anti-viral responses following
RV1B infection has been studied, we initiated a pilot study with six severe asthma
subjects (n=6). Airway epithelial cells were collected from subjects through
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bronchial brushings as described in Chapter 2. Detailed individual patient
demographics are listed in Table 7-2.

5.2.2 TEER measurement
The pBECs from severe asthma subjects were cultured at ALI as described in
Chapter 2. From ALI day 0 to 21, TEER measurement was performed weekly for
each transwell as shown in Figure 5-7. During the differentiation phase, there was
a mixed TEER response among the cultures generated from different donors;
cultures from two donors had low TEER values when compared to other three,
and another donor (AS177) TEER values were not recorded from day 7 to day
21 due to malfunction of the TEER probe.

Exacerbation model ALI cultures TEER
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Figure 5-7: Exacerbation model ALI cultures TEER measurement. The
pBECs collected from severe asthmatic donors (n=5-6) were grown at ALI
cultures, and TEERs were measured on day 0, 7, 14 and 21. Data shown in
median (range).
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Following full differentiation of pBECs and prior to compression application and
virus infection, ALI cultures were distributed to the different groups as above and
maintained on minimal media for 24 hours prior to RV1B infection. TEERs were
measured before and after viral incubation and also continued every 24 hours
until cell harvest. Though the TEER data from each patient was different by day
21 (differentiation phase) as in Figure 5-7, it was represented as a median (range)
following infection to indicate overall barrier function. There was nearly equal
TEER measurement in the control and compression groups with a median in each
of approximately 550 ohms x cm2; in the virus, and compression + virus groups
there was also little difference, each having a TEER of approximately 700 ohms
x cm2. Post viral incubation, there was no change in TEER measurements, but
these gradually decreased over the 96 hour time period as shown in Figure 5-8.
In addition, there was no significant difference in TEER at any given time point
when analysed using the Kruskal-Wallis test.
With no change in TEER following infection, compression or a combination of the
two, we were interested in investigating the influence of compression on viral
replication by measuring viral RNA in cell lysates.
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No change in TEER with RV1B infection in exacerbation model
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Figure 5-8: No change in TEER following compression and RV1B infection.
pBECs collected from six severe asthmatic donors were grown at ALI cultures for
21 days, and TEERs were measured before (t=-6hr) and after RV1B infection at
0, 24, 48, 72 and 96 hours (six wells/group/time point). Data shown in median
(range) and analysed using Kruskal-Wallis test at any given time point (nonsignificant).
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5.2.3 Similar increase in viral RNA in infected groups with and
without compression
Similar to the ultra-low MOI RV infection model, we quantified viral RNA from cell
lysates using qPCR as described in Chapter 2. Following six hours of viral
incubation (t=0 hr), there was a similar amount of cell-bound virus in both infected
groups (virus, and compression+virus). Following infection, the virus replicated
vigorously, resulting in an increase in viral RNA. Twenty four hours after infection
there was a median (IQR) of 2.76 (1.26-5.22) x104 and 2.08 (0.91-3.71) x104
copies/µl/cDNA in the virus and compression+virus groups, respectively. There
was no difference in viral RNA between the two infected groups at any time point
with similar copy numbers from 24 to 96 hours post infection as shown in Figure
5-9 and Figure 5-10. There was no significant difference in viral RNA replication
among the infected groups at any time point when analysed using the Wilcoxon
signed-rank test.

290

Viral RNA (copies/µL/cDNA)

RV1B RNA (Exacerbation model)
10 7
10 6
10 5

Virus
Compressive stress
+ Virus

10 4
10 3
10 2
10 1

0

24

48

72

96

Time (hr) post infection

Figure

5-9:

Similar

RV1B

RNA

copy

numbers

in

virus

and

compression+virus groups at different time points, post infection. Fully
differentiated ALI cultures generated from severe asthma donors were infected
with the RV1B virus of MOI 0.001. Following infection, compression group
cultures were exposed to apical pressure (30 cm H2O) for 10 minutes every hour
up to 96 hours. Cell lysates were collected at 24-hour interval, post infection and
used to measure RV1B RNA by qPCR. Viral RNA data represented in a line graph
with median (range) and analysed using Wilcoxon signed-rank test at a given
time point (not significant).
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Figure 5-10: Viral RNA copy numbers from individual patients at different time points. ALI cultures from each donor were paired
to illustrate donor specific viral replication at different time points; A) 24 hours, B) 48 hours C) 72 hours and D) 96 hours post infection.
Data represented as individual points; virus vs compression+virus group was analysed using Wilcoxon signed-rank test.
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5.2.4 Compression slightly suppressed anti-viral IFN responses
from pBEC ALI cultures following RV1B infection
Following detection of similar viral RNA copy numbers in infected groups with and
without compression, we wanted to further investigate anti-viral response
regulators such as IFN-β and IFN-λ. Gene expression and protein release of IFNβ and IFN-λ was quantified in ALI cultures following ultra-low RV1B infection and
subsequent compression. We measured gene expression from cell lysates using
qPCR and protein from apical washes through ELISA.
5.2.4.1 Compression marginally suppressed the induction of IFN-β gene
expression from ALI cultures
Control and compression groups (uninfected groups) had a flat baseline IFN-β
gene expression over the time course, indicating no cross contamination with the
virus. In the infected groups, after six hours of viral incubation (t=0 hr), there was
similar IFN-β gene expression as that of uninfected groups. In the virus group,
IFN-β gene expression increased gradually from t=0 to 48 hrs post infection,
peaking at 48 hr with median (IQR) of 6.0 (1.32-13.6) x 103 copies/µl/cDNA and
declined

after

that

until

96

hours

post

infection.

Similarly,

in

the

compression+virus group, IFN-β gene expression gradually increased from t=0
to 48 hours but with lower copy numbers at 24 and 48 hours in comparison to the
virus group and declined at 72 hours post-infection. Despite the fall up to 72
hours, there was a second increase at 96 hours; gene expression was increased
with a peak value of 1.84 (1.76-3.35) x 103 copies/µl/cDNA as shown in Figure
5-11. In addition, there was a numerical reduction in IFN-β gene expression with
compression at 24, 48 and 72 hours post infection. However, when analysed
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using the Wilcoxon signed-rank test (Figure 5-11, Figure 5-12A, B, C) there was
no significant change. There was also a numerical increase in IFN-β gene
expression in comparison to the virus only group at 96 hours (Figure 5-12D).
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Figure 5-11: IFN-β gene expression was suppressed by the application of
compression following RV1B infection. Fully differentiated ALI cultures
generated from severe asthma donors (n=6) were infected with RV1B (MOI
0.001) and subsequently exposed to compression. Cell lysates were collected on
0, 24, 48, 72 and 96 hours, post-infection and used to measure IFN-β mRNA by
qPCR. IFN-β mRNA data represented in a line graph with median (range) and
analysed using Kruskal-Wallis test at any given time point (non-significant).
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Figure 5-12: IFN-β gene expression of individual patients at different time points. ALI cultures from each donor were paired to
illustrate donor specific IFN-β gene response to viral infection at different time points; A) 24 hours, B) 48 hours C) 72 hours and D) 96
hours post infection. Data represented as individual points; virus vs compression+virus group was analysed using Wilcoxon signedrank test.
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5.2.4.2 Compression suppressed the release of IFN-β protein from pBEC
ALI cultures following infection
In the exacerbation model, the cells were incubated with an RV1B virus similar to
the ultra-low MOI study but without apical starvation media during the time course
to allow us to induce compression on the cells. This is a deviation from traditional
in-vitro viral infection model where the apical fluid is usually left in place for the
duration of the experiment. During cell harvest, the cells apical side was gently
washed with warm PBS and collected to measure proteins.
From apical washes, IFN-β protein release was measured using ELISA. There
was a low-level stable release (baseline) of IFN-β protein from control and
compression group apical washes over the time course. On the other hand, in
the virus group, IFN-β protein release gradually increased from 24 – 96 hours
post infection. The peak IFN-β protein release was observed at 96 hours with a
median (IQR) of 214 (34-394) pg/ml. At the same time, application of
compression on virus-infected cells reduced the release of IFN-β protein from
epithelial cells. The peak IFN-β protein release was observed at 48 hours with
median (IQR) of 102 (61-144) pg/ml followed by lower protein levels at 72 and 96
hours post-infection (Figure 5-13). When the individual patient cell culture data
were analysed, there was a mixed IFN-β protein response in the virus group
(Figure 5-14). Three out of six severe asthma patient cells responded to the virus
with increased IFN-β protein release from cells, and the other three did not
respond to the virus with increased production of IFN-β, this, of course, means
that any reduction in IFN-β release caused by compression could only be
detected in three patient samples. Compression suppressed the release of IFN296

β protein from these responders, though this reduction was a non-significant
reduction (using Wilcoxon signed-rank test) (Figure 5-14).
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Figure 5-13: IFN-β protein release from pBECs was slightly suppressed by
the application of compression following RV1B infection. Fully differentiated
ALI cultures generated from severe asthma donors (n=6) were infected with the
RV1B virus of MOI 0.001 and exposed to compression after that. Apical washes
were collected on 0, 24, 48, 72 and 96 hours, post-infection and used to measure
IFN-β protein through ELISA. IFN-β protein data represented in a line graph with
median (range) and analysed using Kruskal-Wallis test at any given time point
(non-significant).
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Figure 5-14: IFN-β protein release from individual patients at different time points. ALI cultures from each donor were paired to
illustrate donor specific IFN-β protein release to viral infection at different time points; A) 24 hours, B) 48 hours C) 72 hours and D)
96 hours post infection. Data represented as individual points; virus vs compression+virus group was analysed using Wilcoxon signedrank test.
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5.2.4.3 Compression suppressed IFN-λ protein release but not gene
expression from pBEC ALI cultures following RV1B infection.
IFN-λ gene expression:
Similar to IFN-β gene expression, there was a stable baseline IFN-λ gene
expression in control and compression alone groups over the time course. In
infected groups, IFN-λ gene expression gradually increased from t=0 to 48 hours
post infection with peak expression at 48 hours. Following these peaks, gene
expression declined until 96 hours post-infection in both the infected groups.
Compression mildly suppressed IFN-λ gene expression at 48 hours post infection
with median (IQR) of 9.15 (3.89-20.1) x 103 copies/µl/cDNA in comparison to virus
alone group (1.9 (0.76-3.19) x 104 copies/µl/cDNA) as shown in Figure 5-15.
Excepting this mild suppression at 48 hours, there were no noticeable differences
in between virus and compression+virus groups at any time point, all time points
being non-significant when analysed using Wilcoxon signed-rank test (Figure
5-16A, B, C, D).
IFN-λ protein release:
Similar to IFN-β protein release, there was a minimal baseline expression of IFNλ protein from control and compression alone groups over the time course. In the
virus alone group, IFN-λ protein release gradually increased from 24 to 96 hours
post-infection with median (IQR) of 740 (324-1010) pg/ml, with high interpatient
variability similar to IFN-β protein (Figure 5-17). However, induction of IFN-λ from
responders was suppressed by compression at all the time points, though the
suppression was not significant (using Wilcoxon signed-rank test) as shown in
Figure 5-18.
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Figure 5-15: No change in IFN-λ gene expression by the application of
compression on ALI cultures following RV1B infection. Fully differentiated
ALI cultures generated from severe asthma donors (n=6) were infected with the
RV1B virus of MOI 0.001 and exposed to compression after that. Cell lysates
were collected on 0, 24, 48, 72 and 96 hours, post-infection and used to measure
IFN-λ mRNA by qPCR. IFN-λ mRNA data represented in a line graph with median
(range) and analysed using Kruskal-Wallis test at any given time point (nonsignificant).
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Figure 5-16: IFN-λ gene expression of individual patients at different time points. ALI cultures from each donor were paired to
illustrate donor specific IFN-λ mRNA response to viral infection at different time points; A) 24 hours, B) 48 hours C) 72 hours and D)
96 hours post infection. Data represented as individual points; virus vs compression+virus group was analysed using Wilcoxon signedrank test.
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Figure 5-17: IFN-λ protein release from pBECs was suppressed by the
application of compression following RV1B infection. Fully differentiated ALI
cultures generated from severe asthma donors (n=6) were infected with the
RV1B virus of MOI 0.001 and exposed to compression after that. Apical washes
were collected on 0, 24, 48, 72 and 96 hours, post-infection and used to measure
IFN-λ protein through ELISA. IFN-λ protein data represented in a line graph with
median (range) and analysed using Kruskal-Wallis test at any given time point
(non-significant).
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Figure 5-18: IFN-λ protein release from individual patient cells at different time points. ALI cultures from each donor were paired
to illustrate donor specific IFN-λ protein release to viral infection at different time points; A) 24 hours, B) 48 hours C) 72 hours and D)
96 hours post infection. Data represented as individual points; virus vs compression+virus group was analysed using two-tailed
Wilcoxon signed-rank test.
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5.2.5 TGF-β2 protein release from pBECs
Following IFN suppression, we wanted to further investigate TGF-β2 protein
release from pBECs following compression. Previously, it was reported that
exogenous TGF-β2 administration increased viral replication and suppressed
IFN-β protein release from non-asthmatic monolayer cultures following RV1B
infection [131]. Moreover, some others reported an increase in TGF-β2 protein
release from ALI cultures with compression [44, 50]. Therefore, we hypothesised
that compression induces TGF-β2 protein release and this suppresses IFN
responses following viral infection. So, we measured total TGF-β2 protein release
from ALI cultures following compression and viral infection as described in
Chapter 2. In brief, TGF-β2 is present in active and latent forms; to measure total
TGF-β2, we acid activated samples with hydrochloric acid (HCl) and later
neutralised with sodium hydroxide (NaOH) before loading them on to ELISA
plates, as per the manufacturer guidelines.
There was a mixed TGF-β2 protein response from ALI cultures. Both the control
and compression groups (uninfected groups) had a gradual increase in TGF-β2
protein release over the time course with no effect of compression. Similarly, in
virus-infected groups, there was a gradual increase in TGF-β2 protein release but
had lower levels when compared to uninfected cultures as shown in Figure 5-19.
Overall, even though compression was applied on the severe asthmatic ALI
cultures, there was no greater induction of TGF-β2 protein from cells.
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Figure 5-19: Basal TGF-β2 protein release from asthmatic ALI pBECs. Fully
differentiated ALI cultures generated from severe asthma donors (n=6) were
infected with the RV1B virus of MOI 0.001 and exposed to compression as per
the conditions. Basal starvation media was collected at 24 hours interval, postinfection and used to measure TGF-β2 protein through ELISA. Data represented
in box whiskers plot with median (IQR) and analysed using Kruskal-Wallis test
among the groups at a given time point (not significant).
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5.3 Poor control model
With the establishment of exacerbation model demonstrating suppression of IFN
responses following viral infections similar to patients with viral exacerbations, we
wanted to develop another model which is common in asthma, i.e., poorly
controlled asthma where patients with repeated bronchoconstriction are
susceptible to RV infections. We simulated the conditions on ALI cultures by the
application of compression for four days and infected them with ultra-low MOI
RV1B virus.

5.3.1 Sample size and patient characteristics
Similar to exacerbation model, this was the first time anyone has investigated
anti-viral responses following RV1B infection with prior compression on ALI
cultures, therefore we initiated a pilot study with three asthma patients and
increased the sample size to 12 with a mixed population (mild (n=7), moderate
(n=1) and severe asthma (n=4)). Airway epithelial cells were collected from
subjects through bronchial brushings as described in Chapter 2. Detailed
individual patient demographics are listed in Table 7-3.

5.3.2 TEER measurement
Similar to the exacerbation model, the pBECs from asthma subjects were
cultured at ALI as described in Chapter 2. TEER was measured from each patient
with 24 bio-technical replicates from ALI day 0 to 21, every week and patient
mean TEER values are shown in Figure 5-20. There was a mixed TEER response
among the cultures generated from different disease severity donors.
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Figure 5-20: TEER of poor control model ALI cultures. The pBECs collected
from different asthma donors (n=12) were grown at ALI cultures, and TEERs were
measured on day 0, 7, 14 and 21. Data shown in median (range).
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For the experiments, to expose cells to compression and later with RV1B
infection, ALI cultures were distributed to different groups and maintained on
starvation media during compression and infection. TEER was measured before
and after the application of compression and followed post viral incubation every
24-hour interval. There was a median of approximately 600 ohms x cm2 TEER in
all the groups before the start of compression. The TEER was decreased to
approximately 400 ohms x cm2 over four days in all the groups, with and without
compression. This reduction may be due to starvation media. However, following
infection, the trend towards decrease was continued until 96 hours post infection
with approximate 320 ohms x cm2 in all the groups as shown in Figure 5-21.
With no change in TEER values with compression and infection, we were
interested in investigating viral replication and virus release from cells after
compression by measuring viral RNA and TCID50.
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Figure 5-21: No change in TEER values following compression and RV1B
infection. pBECs collected from different asthmatic donors (n=12) were grown
at ALI cultures for 21 days and TEERs were measured before (t=-102 hr) and
after (t=-6 hr) compression and after RV1B infection at t=0, 24, 48, 72 and 96
hours (six wells/group/time point). Data shown as a line graph with a median
(range) and analysed using Kruskal-Wallis test at any given time point (nonsignificant).
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5.3.3 No change in cell-bound virus and virus release with
compression
Similar to the exacerbation model, we quantified viral RNA from cell lysates using
qPCR as described in Chapter 2. Initially, compression group wells were exposed
to apical compression for four days. Following compression, virus group cells
were incubated with ultra-low MOI RV1B infection for six hours. Post incubation,
there was a similar amount of cell-bound virus in the infected groups (virus and
compression + virus). Following infection, viral RNA replicated, peaking at 48
hours in both the groups with a median (IQR) of 1.74 (0.15-6.61) x106 and 1.18
(0.4-4.11) x106 copies/µl/cDNA in virus and compression + virus groups,
respectively and maintained a plateau until 96 hours as shown in Figure 5-22.
The viral RNA in both the infected groups was similar; there was no significant
difference at any time point when analysed using the Wilcoxon signed-rank test.
Following similar cell-bound virus, we were interested in investigating the virus
release from pBECs following compression and infection. Though there was no
difference in viral RNA in both infected groups, prior compression marginally
increased virus release from cells following infection at 48 hours post-infection in
comparison to virus group. The peak virus release was observed in the
compression+virus group at 48 hours post infection with median (IQR) of 1.08
(0.28-3.16) x106 TCID50/ml and at 72 hours in virus group with 0.68 (0.15-4.07)
x106 TCID50/ml. Following peaks, the virus release showed a trend towards
decrease by 96 hours post infection as shown in Figure 5-23. In addition, there
was no significant difference at any time point, when analysed using the Wilcoxon
signed-rank test.
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Figure

5-22:

Similar

RV1B

RNA

copy

numbers

in

virus

and

compression+virus groups at different time points, post infection. Fully
differentiated ALI cultures generated from different asthma donors were grouped
and compressed initially before infection with an RV1B virus of MOI 0.001.
Following infection, cell lysates were collected at a 24-hour interval, post infection
and used to measure RV1B RNA by qPCR. Viral RNA data represented in a line
graph with median (range) and analysed using Wilcoxon signed-rank test at a
given time point (not significant).
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Figure 5-23: No difference in virus release pattern from pBECs in virus and
compression+virus groups at different time points, post infection. Fully
differentiated ALI cultures generated from different asthma donors were grouped
and compressed for four days initially before infection with an RV1B virus of MOI
0.001. Following infection, cell apical supernatants were collected at a 24-hour
interval, post infection and were used to measure cell infectivity by the TCID50
assay. TCID data represented in a line graph with median (range) and analysed
using Wilcoxon signed-rank test at a given time point (not significant).
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5.3.4 Prior compression has mild suppression on anti-viral IFN
responses from pBEC ALI cultures following RV1B
infection
Following similar viral RNA and virus release from pBECs after infection, with and
without compression, we wanted to investigate anti-viral responses, expecting a
similar reduction with compression as in the exacerbation model. We measured
IFN-β and IFN-λ gene expression and protein release from cell lysates and apical
media using qPCR and ELISA, respectively.
5.3.4.1 Prior compression had no change in IFN-β gene expression and
protein release from pBECs following infection
IFN-β gene expression:
Similar to the exacerbation model, there was a low baseline IFN-β gene
expression in control and compression groups over the time course. In infected
groups, there was a minimal gene expression at t=0 hr (with six hours of viral
incubation) similar to uninfected groups. Gene expression gradually increased
from t=0 to 48 hours post infection, peaking at 48 hours with median (IQR) of 9.09
(0.7-32.1) x104 copies/µl/cDNA in virus group and 7.5 (1.44-18) x104
copies/µl/cDNA in compression+virus group, before declining by 96 hours post
infection as shown in Figure 5-24. In addition, there was no significant difference
among the virus infected groups, when analysed using the Wilcoxon signed-rank
test.
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Figure 5-24: No change in IFN-β gene expression in virus and
compression+virus groups at different time points, post infection. Fully
differentiated ALI cultures generated from different asthma donors were grouped
and compressed initially before infection with an RV1B virus of MOI 0.001.
Following infection, cell lysates were collected at a 24-hour interval, post infection
and used to measure IFN-β gene expression by qPCR. IFN-β mRNA data
represented in a line graph with median (range) and analysed using KruskalWallis test at any given time point (non-significant).
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IFN-β protein release:
Following no change in IFN-β gene expression, we measured IFN-β protein
release from apical media similar to the exacerbation model. In uninfected groups
(control and compression alone), there was a stable baseline IFN-β protein
release over the time course. In infected groups, virus-induced the release of IFNβ protein from pBECs, however, there was large interpatient variability in both
groups. IFN-β protein release gradually increased from t=0 to 72 hours post
infection before declining at 96 hours. Despite the interpatient variance, protein
release followed the gene expression peaking at 72 hours in both the infected
groups with median (IQR) of 166 (78-491) and 159 (57-340) pg/ml in virus and
compression+virus groups, respectively (Figure 5-25). In addition, there was no
significant difference among the groups at any given time point, when analysed
using Kruskal-Wallis test (Figure 5-25) nor among infected groups using Wilcoxon
signed-rank test (Figure 5-26).
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Figure 5-25: IFN-β protein release from pBECs following RV1B infection
with prior application of compression. Fully differentiated ALI cultures
generated from different asthma donors were grouped and compressed initially
before infection with a RV1B virus of MOI 0.001. Following infection, cell apical
supernatants were collected at a 24-hour interval, post infection and used to
measure IFN-β protein by ELISA. IFN-β protein data represented in a line graph
with median (range) and analysed using Kruskal-Wallis test at any given time
point (non-significant).
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Figure 5-26: IFN-β protein release from individual patient cells at different time points. ALI cultures from each donor were paired
to illustrate donor specific IFN-β protein release to viral infection at different time points; A) 24 hours, B) 48 hours C) 72 hours and D)
96 hours post infection. Data represented as individual points; virus vs compression+virus group was analysed using Wilcoxon signedrank test.
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5.3.4.2 Compression suppress IFN-λ protein release but not gene
expression from pBECs following infection
IFN-λ gene expression:
Similar to IFN-β gene expression, there was a stable baseline IFN-λ gene
expression in uninfected groups (control and compression alone) over the time
period. In infected groups, IFN-λ gene expression gradually increased from t=0
to 72 hours post infection with peak gene expression at 72 hours with median
(IQR) of 5.74 (0.75-9.83) x 105 and 4.17 (1.02-9.44) x 105 copies/µl/cDNA in virus
and compression+virus groups, respectively. Following these peaks, gene
expression declined at 96 hours post-infection in both the infected groups as
shown in Figure 5-27. In addition, there was no significant difference among the
virus infected groups at any given time point, when analysed using the Wilcoxon
signed-rank test.
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Figure 5-27: No change in IFN-λ gene expression in virus and
compression+virus groups at different time points, post infection. Fully
differentiated ALI cultures generated from different asthma donors were grouped
and compressed initially before infection with an RV1B virus of MOI 0.001.
Following infection, cell lysates were collected at a 24-hour interval, post infection
and used to measure IFN-λ gene expression by qPCR. IFN-λ mRNA data
represented in a line graph with median (range) and analysed using KruskalWallis test at any given time point (non-significant).
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IFN-λ protein release:
Similar to IFN-β protein, IFN-λ protein was also measured from apical media. In
uninfected groups, there was a minimal baseline IFN-λ protein release over the
time course. In virus alone group, the protein release gradually increased from
24 to 96 hours post-infection with median (IQR) of 5506 (2169-11259) pg/ml, with
high interpatient variability similar to IFN-β protein (Figure 5-28). In a
compression+virus group, the protein release was suppressed with prior
compression in comparison to virus group. However, there was a similar trend of
gradual increase from 24 to 96 hours post infection; peaking at 96 hours with
2800 (1293-6183) pg/ml. In addition, when the infected groups were analysed
using Wilcoxon signed-rank test, there was significant suppression of IFN-λ
protein at 72 hours post infection (p=0.0488) with prior compression as shown in
Figure 5-29.
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Figure 5-28: IFN-λ protein release from pBECs was suppressed following
RV1B infection with prior application of compression. Fully differentiated ALI
cultures generated from different asthma donors were grouped and compressed
initially before infection with an RV1B virus of MOI 0.001. Following infection, cell
apical supernatants were collected at a 24-hour interval, post infection and used
to measure IFN-λ protein by ELISA. IFN-λ protein data represented in a line graph
with median (range) and analysed using Kruskal-Wallis test at any given time
point

(non-significant).

However,

when

analysed

among

virus

vs

compression+virus groups using Wilcoxon signed-rank test, there was a
significant decrease in IFN-λ protein with compression at 72 hours post infection
(*p<0.05) in comparison to virus group.
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Figure 5-29: IFN-λ protein release from individual patient cells at different time points. ALI cultures from each donor were paired
to illustrate donor specific IFN-β protein release to viral infection at different time points; A) 24 hours, B) 48 hours C) 72 hours and D)
96 hours post infection. Data represented as individual points; virus vs compression+virus groups were analysed using
Wilcoxon signed-rank test, *p<0.05 (at 72-hour time point).

322

5.3.5 TGF-β2 protein release from pBECs
Following the suppression of IFN responses following RV1B infection with prior
compression, we wanted to measure TGF-β2 protein from basal media collected
from pBECs at the time of cell harvest, as a marker for compression. With four
days of apical compression, at t=-6 hr, there was a significant decrease in TGFβ2 protein release from compressed cells in comparison to uncompressed cells
with median (IQR) of 985 (570-1382) and 597 (301-1040) pg/ml, respectively as
shown in Figure 5-30.
Following

compression,

virus

group

cells

(both

virus

alone

and

compression+virus) were infected with the RV1B virus. Post infection at t=0 hr,
there was a baseline TGF-β2 protein expression in all the groups, as media
change was performed 6 hours before harvest, during viral infection. Following
infection, there was a gradual increase in TGF-β2 protein over the time in all the
groups irrespective of prior application of compression and RV1B infection as
shown in Figure 5-31. In addition, there was no significant difference among the
groups at any time point after infection, when analysed using the Kruskal-Wallis
test.
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Figure 5-30: Basal TGF-β2 protein release from asthmatic ALI pBECs. Fully
differentiated ALI cultures generated from different asthma donors (n=12) were
exposed to apical compression for 4 days. Basal starvation media was collected
from compressed and uncompressed ALI cultures to measure TGF-β2 protein
through ELISA. Data represented in box-whisker plots with median (IQR) and
analysed using Wilcoxon signed rank test, *p<0.05.
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Figure 5-31: Basal TGF-β2 protein release from asthmatic ALI pBECs. Fully
differentiated ALI cultures generated from different asthma donors (n=12) were
initially exposed to apical compression and later infected with the RV1B virus of
MOI 0.001. Basal starvation media was collected at 24 hours interval, postinfection and used to measure TGF-β2 protein through ELISA. Data represented
in a line graph with median (range) and analysed using Kruskal-Wallis test among
the groups at a given time point (not significant).
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5.3.6 Gene expression profile from asthmatic pBECs following
four days of compression
Following a decrease in TGF-β2 protein release from pBECs with 4 days of
compression, we were interested in investigating differential gene expression
from asthmatic pBECs following compression. So, we used Nanostring
technology to measure gene expression from the poor control model first six
asthmatic pBECs (three severe, two mild and one moderate asthma) following
four days of compression using Nanostring nCounter human immunology gene
panel. The nCounter human immunology gene panel codeset consists of 594
gene profiles including 15 housekeeping genes for data normalisation. The data
was analysed using nSolver analysis software (version 4.0, Nanostring,
Washington, USA).
With four days of apical compression, there were 21 genes which were
significantly changed in response to compression as shown in Figure 5-32. Out
of them, 13 genes were upregulated and remaining were downregulated as
shown in Table 5-1. These significant genes are involved in many pathways
including apoptosis, signal transduction, inflammation and epigenetics. In
accordance with decreased TGF-β2 protein release following compression,
Nanostring data reveals another TGF-β family member, TGF-β1, which was found
to be significantly suppressed following compression. However, the panel does
not have TGF-β2 gene in the codeset.
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Figure 5-32: Volcano plot displaying differentially expressed genes from
asthmatic pBECs following four days of compression. X-axis representing
gene fold change with compression and y-axis with gene significance. Highly
differentially expressed genes are on either side of the plot and highly significant
genes are at the top of the plot. The top significant genes are labelled in the plot.
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Table 5-1: Significant genes either up or down regulated following four days
of compression.

S.No

Genes

1

IL19-mRNA

2

Log2

P-value

Gene regulation

2.64

0.001

Up

S100A8-mRNA

1.41

0.006

Up

3

BCL3-mRNA

0.795

0.008

Up

4

TGF-β1-mRNA

-0.402

0.008

Down

5

IFIT2-mRNA

-0.756

0.010

Down

6

S100A9-mRNA

1.25

0.011

Up

7

ICOSLG-mRNA

-1.01

0.011

Down

8

STAT3-mRNA

0.142

0.013

Up

9

CASP3-mRNA

0.172

0.014

Up

10

PPARG-mRNA

0.523

0.016

Up

11

XBP1-mRNA

0.371

0.021

Up

12

IL18-mRNA

-0.624

0.023

Down

13

DUSP4-mRNA

0.856

0.024

Up

14

LY96-mRNA

1.06

0.027

Up

15

PRDM1-mRNA

0.729

0.029

Up

16

CASP1-mRNA

-0.207

0.035

Down

17

ATG7-mRNA

-0.214

0.041

Down

18

IRF1-mRNA

-0.301

0.042

Down

19

STAT1-mRNA

-0.168

0.046

Down

20

SOCS3-mRNA

0.551

0.048

Up

21

NFKBIZ-mRNA

0.486

0.049

Up

fold change

IL19 - Interleukin 19; S100A8/9 - S100 calcium-binding protein A8/9; BCL3 - B-cell
lymphoma 3; TGF-β1 - Transforming growth factor beta 1; IFIT2 - Interferon-Induced
Protein With Tetratricopeptide Repeats 2; ICOSLG -Inducible T Cell Costimulatory
Ligand; STAT 3 -Signal transducer and activator of transcription 3; CASP3 - Caspase
3; PPARG -Peroxisome proliferator-activated receptor gamma ; XBP1 -X-box binding
protein 1; IL18 - Interleukin 18; DUSP4 - Dual-specific phosphatase 4; LY96 Lymphocyte antigen 96; PRDM1 -PR/SET domain 1; ATG7 - Autophagy-related
protein 7; IRF 1 - Interferon regulatory factor 1; SOCS3 - Suppressor of cytokine
signalling 3; NFKBIZ - NF-kappa-B inhibitor zeta
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5.4 Discussion
The data presented above suggest a potential suppression of IFNs from pBECs
when apical compression is applied. This was evident either before viral infection,
mimicking poor asthma control, or after infection mimicking viral induced
bronchoconstriction. This is the first time such an interaction has been
successfully modelled, combining in-vitro ‘bronchoconstriction’ together with viral
infection.

5.4.1 In-vitro, viral infection and apical compression models
Previously, most in vitro viral infection models were performed in monolayer
pBECs and cell lines, which are not representative of the human airway
epithelium in-vivo [126, 129, 216, 242]. With the development of ALI cultures
which are more representative of the airway epithelium, researchers were able to
more closely replicate actual airway conditions. A drawback of these early
experiments was that researchers used high MOI dose of viral infections, which
might have compromised or otherwise altered host-mediated responses [128,
251, 252]. We have shown in chapter 4 that low MOI viral infections, which are in
theory more physiologically relevant, mimic naturally occuring viral infections and
exhibit delayed innate immune responses from diseased cells. These low MOI
study results will provide an explanation for the differences observed in innate
immune responses from previous work in asthma.
During infection airways undergo repeated bronchoconstriction leading to
epithelial folding and generation of mechanical forces within the airway.
Previously, these forces were shown to be detrimental in asthma but no
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investigation on the influence of these forces during viral infections has taken
place; despite these two phenomena occurring simultaneously in the airway. We
modelled these events in two ways, one by infecting cells with low MOI (0.001)
RV1B virus followed by repeated apical compression mimicking viral induced
exacerbations; the second by applying repeated apical compression followed by
ultra-low MOI RV1B infection mimicking poorly controlled asthmatics exposed to
viral infection with worsened bronchoconstriction.
In order to achieve repeated bronchoconstriction in-vitro, we applied apical
compression on ALI pBECs 10 minutes every hour for four days. In contrast,
previous studies have used a single continuous apical compression for 1 to 8
hours [37, 38, 44-50, 82]. With this first investigation, we wished to ensure that
any signal due to bronchoconstriction was detectable. Hence, we used a
relatively high ‘dose’ of compression. In reality, an asthmatic person experiencing
bronchoconstriction uses medication to relieve the symptom, which may last for
only 5 to 10 minutes, and the symptoms will reappear once the drug effect is lost.
In the case where a person is not medicated, it may lead to continuous
bronchoconstriction and in rare cases fatality. This non-medicated scenario is
probably more in keeping with the schedules of compression used with previous
models examining continuous apical compression. So, therefore we opted to use
shorter periods of apical compression for a prolonged time (4 days).

5.4.2 Decreased TGF-β2 response following compression, but
no difference following RV1B infection
As there was a growing body of evidence reporting the induction of several
mediators from pBECs following apical compression with continuous exposure of
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1-8 hours [37, 38, 44-50, 82]. We confirmed the consistent application of pressure
on cells over four days with a digital manometer as shown in Figure 2-14 and
measured total TGF-β2 protein release from asthmatic pBECs. We were
interested in TGF-β2 protein release because it has previously shown to be linked
to IFN deficiency in other models [131, 132]. Bedke et al. reported that exogenous
administration of TGF-β2 to healthy monolayer cultures suppressed IFN
responses following RV1B infection leading to increased viral load. In addition,
they reported a high TGF-β2 baseline expression in asthmatics in comparison to
healthy controls and following pre-treatment with anti-TGF-β antibody observed
an increased IFN-β response with decreased viral load [131]. Similarly, in a preclinical model of influenza virus, mice with epithelial TGF-β knockout showed an
increased IFN-β response in comparison to control mice [132].
However, in contrast to previous reports, our asthmatic ALI pBECs from the poor
control model showed a reduction in total TGF-β2 protein release in comparison
to uncompressed cells. This reduction may be due to many confounders such as
cell source (healthy or diseased), cell differentiation (immature or fully
differentiated) and apical compression time (1 to 8 hours). The majority of
previous studies used healthy pBECs to investigate the role of apical
compression and also used differentiating cells for experiments, at approximately
day 14 of ALI [37, 44, 47, 82]. Generally, pBECs fully differentiate in 21 days after
exposure to air and display tight inter-cellular junctions, mucus secretion and cilia
beating [266]. pBECs from healthy donors, that were not fully differentiated would
likely have responded differently to apical compression and may behave
differently to mature (well-differentiated) cells.
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In contrast to previous studies, we used fully differentiated asthmatic pBECs in
our models, as bronchoconstriction (mucosal buckling) is seen in asthmatics, but
not in the healthy population [267]. In addition, previous models applied apical
compression on healthy pBECs for a single continuous time period, ranging from
1-8 hours, which might have triggered TGF-β2 protein release from healthy
pBECs. However, we applied apical compression on asthmatic cells with a
shorter period for four days. This difference in both cell type and compression
regime might have reduced the TGF-β2 protein release. In alliance with this
speculation, our gene data demonstrate a significant reduction of TGF-β1 gene
expression.
Following infection, there was a gradual increase in TGF-β2 protein release from
all groups in both models, irrespective of compression; either on-going
compression (exacerbation model) or post-compression (in poor control model).
In the exacerbation model, the increased TGF-β2 protein release may be possibly
due to severe asthmatic phenotype [268]. Previously, it was reported that
asthmatic biopsies express high levels of epithelial TGF-β2 levels in comparison
to healthy controls [269]. Similarly, in the poor control model, there was a mixed
asthma severity (severe (n=4), moderate (n=1) and mild (n=7)), more importantly,
cells were in starvation media for initial four days during compression, and was
continued during viral infection time course with a starvation media change during
infection.
To conclude, TGF-β2 is a pleiotropic cytokine, highly expressed in asthmatic
pBECs. Following compression, there was decreased TGF-β2 protein release
from asthmatic pBECs and this was not altered following RV1B infection.
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5.4.3 A trend of slight suppression of IFN responses with apical
compression
Despite having mixed TGF-β2 protein release, IFN responses were slightly
suppressed in both the models following infection. In the exacerbation model,
there was a mixed severe asthma population, where some severe asthmatics
(n=3) responded to the virus with induction of IFN-β and IFN-λ protein release
and some without induction. However, by the application of apical compression,
there was a slight suppression of both IFN-β and IFN-λ protein from asthmatic
cells following infection. Similarly, in the poor control model, although there was
a mixed population of asthma severity, there was still slight suppression of IFN-β
and IFN-λ proteins from pBECs following infection with the application of prior
apical compression.
The difference in IFN response to viral infection in the exacerbation model may
be due to many factors. One possibility is disease severity; as severe asthmatics,
in-vivo, appear to be deficient in innate immune responses — the cells from
severe asthmatics were expected to maintain the same phenotype, in-vitro.
Secondly, the lack of apical media might have reduced the spread of the virus
during experimental infection phase. This might have led to lower IFN responses
(possibly below the threshold level) in cells from some patients. This can be
investigated by the addition of minimal apical media for virus spread to trigger
IFN response. However, in the poor control model, even though there was apical
media present during the infection phase, there was still a mixed IFN response.
This mixed IFN response might be due to disease severity, similar to the
exacerbation model; for example severe asthmatics in the poor control model
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showed a lower IFN response in comparison to mild asthmatics. This strongly
suggests the deficiency of IFN responses is due to disease phenotype and may
not be from experimental conditions. Although there was a mixed response in
both the models, the appliction of apical compression showed a sligt suppression
of the IFN responses from asthmatic pBECs which responded to viral infection.
Our findings provide satisfactory evidence that why asthmatics appear to have
innate immune deficient. Though the mechanism remains unknown, previously,
Bedke et al. reported a causal link between TGF-β2 and IFN response following
viral infection in healthy monolayer pBECs. They demonstrated a reduction in
IFN-β response with an administration of exogenous TGF-β2 following RV1B
infection. They also demonstrated a reduction in basal SMAD2 activation when
asthmatic pBECs were treated with anti-TGF-β antibody through suppressed
SOCS1/3 expression [131].
In accordance with this, our Nanostring results demonstrate a significant
induction of SOCS3 gene expression with four days of compression (10 min/hour)
in comparison to controls. Apart from SOCS3, there were other genes which are
significantly induced in response to compression include IL19, S100A8, S100A9,
LY96, DUSP4, BCL3, PRDM1, PPARG, NFKBIZ, XBP1, CASP3 and STAT3. In
addition, there were also other genes which were significantly downregulated
include STAT1, CASP1, ATG7, IRF1, TGF-β1, IL-18, IFIT2 and ICOSLG. Out of
these IL18 and ICOSLG genes are positive regulators of immune system [270,
271], which were downregulated in response to compression. This may link to
impaired IFN responses following a viral infection.
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To conclude, our findings are novel with no previous reports demonstrating the
suppression of IFN responses with the application of apical compression. We
need to further investigate either by blocking TGF-β2 or administering exogenous
IFN to non-responder pBECs to explore mechanisms.

5.4.4 No change in viral replication in both models
Similar to low MOI study (chapter 4), asthmatic pBECs from virus alone group
displayed similar virus replication following RV1B infection. With the application
of apical compression, there was no difference in RV1B replication in both the
models. This is the first time, reporting viral replication with bronchoconstriction,
in-vitro. These results are in accordance with previously published in-vivo reports,
where similar viral load was observed in asthmatics and non-asthmatics following
human experimental RV infection or from natural infections [272-275]. Denlinger
et al. reported a similar viral load from nasal washes and sputum samples
following acute common colds from adult individuals with and without asthma
[272]. Similarly, DeMore et al. reported the same in adults following experimental
RV infection model [273]. Although, with similar viral loads, some asthmatics
appear to have impaired anti-viral responses following infections. This may
explain why some asthmatics show impaired anti-viral responses. Repeated
bronchoconstriction may dampen the IFN responses and may prolong the
suppression of innate immune responses in asthmatics.

5.4.5 Future directions
Even though we showed suppression of IFN responses following RV1B infection
with or prior application of compression. We may have to modify models to reduce
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the variability in the measurement, either by change in experimental protocol and
procedure or by using latest techniques to identify the multiple analytes from a
single analysis (multiplex assay).
The first and foremost thing is media changes on alternate days with starvation
media. Apart from compression and viral infection insults, cells are being
compromised with the starving condition, either four days in exacerbation model
and eight days with one starvation media change in poor control model. This can
be corrected in exacerbation model by performing regular media changes on
alternate days during the experimental time course with starvation media.
Similarly, in poor control model, media changes can be performed on every other
day from the day of compression application. An alternative approach in poor
control model is, applying compression on cells with ALI growth media and
infecting them with starvation media with regular media changes, as earlier cells
were in eight days of starvation which might have deprived the cells for nutrients.
In addition to the above model's modification, various other possible
combinations of apical compression and viral infections can be investigated as
shown in Table 5-2.
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Table 5-2: Possible experimental models with apical compression and viral infection
Pre compression

Infection + compression

Post compression

(Model for poor control)

(Constriction @point of infection)

(Bronchoconstriction as a result of infection)

1



x

x

2

x



x

3

X

x



4





x

5

x





6







7



x



S.No
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Only the first (pre-compression) and third (post compression) options from Table
5-2 were successfully modelled and investigated during my project tenure. Apart
from these models, many experiments can be planned in future by changing the
apical compression timing (threshold) and duration with viral infections as shown
in the figures below. The possible combinations include:
1. Pre-compression: Model for poorly controlled asthma can be examined
with different compression thresholds and duration, prior to viral infection
(Figure 5-33).
2. Post-compression: Model for bronchoconstriction as a result of infection
(exacerbation) can be examined with subsequent compression following
a viral infection with different thresholds and duration (Figure 5-34).
3. Concurrent compression & infection: Model for bronchoconstriction at
the point of infection (acute exacerbation) can be examined with different
combinations of compression threshold and duration (Figure 5-35).
4. Pre-compression & infection: Model for poorly controlled asthma with
infection can be examined with different compression combinations of
threshold and duration, and continued during virus incubation period
(Figure 5-36).
5. Infection & post-compression: Model for bronchoconstriction as a result
of infection (severe exacerbation) can be examined by different
compression combinations of threshold and duration from the time of
infection (Figure 5-37)
6. Continuous compression: Model of uncontrolled poor asthma can be
examined by different compression combinations of threshold and
duration with intermediate viral infection (Figure 5-38).
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7. Infection in between episodes of bronchoconstriction: Model of
uncontrolled asthma exacerbation can be examined by different
combinations of compression threshold and duration, before and after viral
infection (Figure 5-39).
In addition to the above exacerbation and poor control asthma models, we can
also investigate the effects of apical compression alone and the duration of the
effects. By this way, we can also investigate epigenetics changes in asthmatics.
For example, asthmatics may have symptoms with repeated bronchoconstriction
but without infection. These effects from repeated bronchoconstriction may
sustain in the airways for longer periods causing epigenetic changes. These can
be identified through apical compression model. In addition to this, we can also
investigate whether normal cells have deficient immune response with the
application of compression? Or can this be reversed by blocking the pathways
induced by compression to prevent immune deficiency? If bronchoconstriction
alone induce immune deficiency, then could this be used as a clinical tool in
future?
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Figure 5-33: Pre-compression: Model for poor control.
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Figure 5-34: Post-compression: Model for bronchoconstriction as a result of infection
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Figure 5-35: Concurrent compression & infection: Model for bronchoconstriction at the point of infection
342

Figure 5-36: Pre compression & infection: Model for poor control
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Figure 5-37: Infection & Post-compression: Model for bronchoconstriction as a result of infection
344

Figure 5-38: Continuous compression: Model of uncontrolled poor Asthma
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Figure 5-39: Infection in between episodes of bronchoconstriction: Model of uncontrolled Asthma exacerbation
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5.4.6 Limitations
Even though with the successful establishment of apical compression and viral
infection models mimicking exacerbations, there were few limitations regarding
sample size, model design and study interventions.
In exacerbation model, we had a limited sample size of six (n=6) severe
asthmatics; out of these, only 50% responded to viral infection. So, we need a
larger sample size to avoid any false negatives (type II errors) which arise due to
small sample numbers. At the same time, the other major limitation for
exacerbation model is apical media during the viral infection phase. Traditionally,
in-vitro infection models use starvation media on the apical side of ALI cultures
to collect mediators released from pBECs. As discussed above, this can be
rectified by using a minimal amount of apical media to collect mediators from
pBECs, as well as to spread the virus, post-infection. Finally, exacerbation model
has no interventions, as the sample size was small with a mixed IFN response.
Similar to exacerbation model, poor control model also had some limitations.
Even though the sample size was twelve; there was a mixed asthma severity
population. The responses from pBECs were mixed, similar to exacerbation
model. At the same time, the major limitation for mixed responses may be due to
prolonged starvation media (for eight days). Although, apical media was
maintained during the infection phase to collect anti-viral mediators released from
pBECs, they were compromised with additional four days of starvation when
compared to traditional in-vitro viral infection models. Again, similar to
exacerbation model, there were no interventions planned to revert the IFN
suppression following apical compression.
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5.4.7 Summary
We established models of viral exacerbation and poorly controlled asthma, invitro, with a low MOI RV1B infection in ALI cultures. These models represent
naturally occurring infection and may explain why people with asthma have
deficient or delayed IFN responses following viral infections. With possible
interventions, these models have the potential to explore therapeutic targets to
treat viral-induced asthma exacerbations with IFN deficiency.
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6 Chapter 6: Conclusions
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The main aim of the project was to examine the hypothesis that “airway
compressive forces suppress innate immune responses following viral infection”.
We demonstrated both IFN-β and IFN-λ protein suppression from pBECs
following RV1B infection in both compression models (with and prior apical
compression).
To achieve this in-vitro using a full experimental time course, there was a
requirement for high cell numbers from individual patients. Initially, we performed
cell line optimisation to try to establish ALI cultures, though this was broadly
unsuccessful; later we used a conditionally reprogrammed (CR) technique on
pBECs to proliferate indefinitely for extended passages and then use those at
ALI.
We also developed a physiologically relevant RV1B infection model and
demonstrated a novel finding that low MOI RV1B infection induces delayed IFN
responses from cells obtained from asthma and COPD donors in comparison to
healthy controls. Previous in-vitro models of RV infection utilised high MOI doses,
which may explain the variation in previous data.

6.1 Main findings
6.1.1 Optimisation of CR pBECs to ALI cultures and RV1B
infections.
The aim of the optimisation study (Chapter 3) was to develop ALI cultures from
cell lines and CR pBECs to meet the demand of primary ALI cultures for both
compression experiments with a full-time course and other experimental work.
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Initially, we optimised cell lines ALI cultures with methods described in previous
reports [145, 149, 173]. However, they were not able to differentiate similar to
pBEC ALI cultures. Later, we adopted a CR technique to proliferate pBECs and
then take these to ALI cultures [137, 138]. In accordance with previous reports,
we were successful in establishing ALI cultures from CR pBECs [139, 140].
However, our ultimate goal was to infect these CR ALI cultures with the RV1B
virus and compare the anti-viral responses to the parent pBECs. As the
responses of CR cells to the virus is not known, these comparisons are vital to
examine the validity of these cell expansion methods to be confident that the
results reflect those that would have been obtained from ‘parent’ cells. Using, CR
cells from a single patient, we observed lower anti-viral responses from CR cells
in comparison to parent cells; this might have been due to chance, due to different
media conditions during infection or due to the CR conditions applied during the
proliferation phase. Further investigation of anti-viral responses following RV1B
infection in CR cells is required with a larger sample size to confirm these
outcomes.

6.1.2 Physiologically relevant RV1B infection model
We also wished to establish a physiologically relevant model of rhinovirus
infection. Previous in-vitro studies reported the use of high MOI doses which do
not appear to exist in human infections when MOI conversion in respect to cell
numbers used [216, 242]. The use of high MOI guarantees cell infection in
response to the virus and induces maximal responses from cells, irrespective of
the donor disease condition. However, previously it was reported that some
asthmatics appear to have deficient IFN responses with experimental or natural
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infections [126, 218]. We infected fully differentiated ALI cultures generated from
healthy, asthma and COPD donors with a more physiologically relevant RV1B
infection dose as described in chapter 4. We identified delayed IFN responses
from asthmatic and COPD cells in comparison to healthy cells, which appear to
mimic both natural and experimental infections. This model provides an
opportunity to explore host-mediated responses to physiological levels of viral
infection rather than maximal responses with high MOIs. It also provides an
opportunity to investigate any concurrent insults experienced by cells in concert
with a more reasonable virus exposure, potentially providing an opportunity to
investigate these interactions.

6.1.3 Compression suppressed IFN response from asthmatic
pBECs following RV1B infection
With the development of physiologically relevant RV1B infection model, we
investigated the role of bronchoconstriction on innate immune responses, as both
bronchoconstriction and viral infections co-exist in asthmatic airways. Previously,
it was demonstrated that in-vitro apical compressive force mimicking
bronchoconstriction induces airway remodelling and other mediators involved in
asthma pathogenesis [37-39, 44, 45, 49, 276]. As bronchoconstriction and viral
infections co-exist in the airways, we hypothesised that “apical compression
suppress IFN responses following RV1B infection from pBECs obtained from
asthma donors”. The main finding from the study is suppression of IFN-β and
IFN-λ proteins from asthmatic pBECs following infection with or prior application
of compression as described in chapter 5. This is the first time that the role of any
mechanical force has been investigated with respect to innate immunity. It could
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explain why same asthmatics have deficient IFN responses following natural viral
infections.

6.2 Summary
This thesis demonstrates that apical compression suppresses innate immune
responses from asthmatic pBECs following physiologically relevant RV1B
infection. This may explain why some asthmatics appear to have deficient IFN
responses to natural infections.
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Table 7-1: Low MOI study patient demographics
Volunteer

Group

Category

Smoking
History

Gender

Age

FEV1

FEV1 %
predicted

FVC

FVC
%
predicted

(FEV1/FVC)%

ICS

HC172

Healthy

Nonsmoker

Never smoked

Female

62

2.5

92

3.87

109

68

Nil

Nil

HC184

Healthy

Nonsmoker

Never smoked

Female

65

1.62

89

2.08

90

78

Nil

Nil

HC187

Healthy

Nonsmoker

Never smoked

Female

75

1.95

88

2.7

92

75

Nil

Nil

HC188

Healthy

Nonsmoker

Never smoked

Female

52

2.27

73

3.19

81

71

Nil

Nil

HC162

Healthy

Nonsmoker

Never smoked

Female

51

3

108

3.78

116

79

Nil

Nil

AS136

Asthma

Severe Persistent

Former smoker

Male

53

0.92

29

4

102

23

Fluticasone

250 µg

AS194

Asthma

Severe Persistent

Former smoker

Female

54

2.1

83

3.19

98

66

Budesonide

400 µg

AS134

Asthma

Severe Persistent

Never smoked

Female

42

2.48

87

2.95

85

84

Fluticasone

250 µg

dose

Bronchodilators

Tiotropoum (LAMA)/
Salbutamol (SABA)
Salbutamol (SABA)/
Formeterol (LAMA)
Salbutamol (SABA)

2-4 puffs
5 µg/
6 µg

Asthma

Severe Persistent

Never smoked

Female

64

0.97

44

1.91

66

51

Budesonide

400 µg

AS196

Asthma

Moderate Persistent

Never smoked

Female

73

1.15

69

1.84

86

66

Fluticasone

250 µg

CA243

COPD

Gold - 3C

Former smoker

Male

72

1.05

47

2.71

87

39

Nil

CA247

COPD

Gold - 3C

Former smoker

Female

59

0.77

36

2.56

67

45

Fluticasone

250 µg

Tiotropoum (LAMA)/
Salbutamol (SABA)

CA326

COPD

Gold - 3D

Former smoker

Male

66

1.61

37

1.76

45

91

Fluticasone

27.5 mg

Nil

CA333

COPD

Gold - 4D

Former smoker

Female

70

0.39

19

1.3

47

30

Predisone/
Fluticasone

5 mg/
250 µg

Salbutamol (SABA)

CA335

COPD

Gold - 3B

Smoker

Female

65

1

38

1.7

49

59

Nil

Forced vital capacity (FVC) is the amount of air which can be forcibly exhaled from the lungs after taking the deepest breath possible
LAMA: Long-acting muscarinic antagonists
SABA: short-acting β2-adrenergic receptor agonists
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18 µg/
2-4 puffs
1-2 puffs/
6 µg

Tiotropoum (LAMA) /
Formeterol (LAMA)
Salmeterol,
Aclidinium (LAMA)

AS223

FEV1 is the volume of air that can forcibly be blown out in one second, after full inspiration

dose (µg)

50, 300 µg

Nil

Nil

18 µg/
2-4 puffs
1-2 puffs

Table 7-2: Exacerbation model patient demographics

Volunteer

Category

Smoking
History

Gender

Age

FEV1

FEV1 %
predicted

FVC

FVC
%
predicted

AS032

Severe

Never

Female

29

1.52

49

2.12

59

AS034

Severe

Former

Male

61

0.81

24

2.48

AS133

Severe

Never

Female

67

1.44

61

2.16

(FEV1/
FVC)%

Corticoster
oids

dose

Bronchodilators

dose

71

Predinisone/
Fluticasone

10 mg/
250 µg

58

35

Fluticasone

250 µg

Salmeterol (LAMA)/
Salbutamol (SABA)
Salmeterol, Tiotropium (LAMA)/
Salbutamol (SABA)

50 µg/
2-4 puffs
50, 18 µg/
2-4 puffs

69

67

Budesonide

200 µg

Formeterol (LAMA)

6 µg

Salmeterol, Tiotropium (LAMA)/
Salbutamol (SABA)
Salmeterol(LAMA)/
Salbutamol (SABA)
Formeterol (LAMA)/
Salbutamol (SABA)

25, 18 µg/
2-4 puffs
25µg/
2-4 puffs
6 µg/
2-4 puffs

AS043

Severe

Never

Female

75

0.8

41

1.42

55

56

Fluticasone

250 µg

AS124

Severe

Former

Male

75

1.92

59

2.9

79

66

Fluticasone

250 µg

AS177

Severe

Never

Female

52

1.27

56

1.7

75

-

Budesonide

200 µg

FEV1 is the volume of air that can forcibly be blown out in one second, after full inspiration
Forced vital capacity (FVC) is the amount of air which can be forcibly exhaled from the lungs after taking the deepest breath possible
LAMA: Long-acting muscarinic antagonists
SABA: short-acting β2-adrenergic receptor agonists
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Table 7-3: Poor control model patient demographics

Age

FEV1

FEV1 %
predicted

FVC

FVC
%
predicted

Male

71

2.29

74

3.25

75

Former

Male

74

1.85

68

2.79

Mild

Never

Female

43

2.51

89

Severe

Never

Female

62

1.59

72

Volunteer

Category

Smoking
History

Gender

AS178

Mild

Never

AS037

Moderate

AS131
AS162

(FEV1/
FVC)%

Corticosteroi
ds

dose

73

Budesonide

200 µg

78

66

Budesonide

400 µg

3.12

89

80

Fluticasone

250 µg

2.33

89

72

Fluticasone

250 µg

Bronchodilators

dose

Formeterol (LAMA)/
Salbutamol (SABA)
Formeterol, Tiotropium (LAMA)/
Salbutamol (SABA)

3 µg/
1-2 puffs
6, 18 µg/
2-4 puffs

Salmeterol, Tiotropium (LAMA)

25, 18 µg

Formeterol (LAMA)

10 µg
6 µg/
1-2 puffs
25, 18 µg/
1-2 puffs
12 µg/
1-2 puffs

AS177

Severe

Never

Female

52

1.27

56

1.7

75

-

Budesonide

200 µg

AS198

Severe

Former

Female

52

2.31

80

3.24

89

71

Budesonide

250 µg

AS165

Severe

Former

Male

64

2.75

87

4.12

97

67

Prednisone/
Budesonide

10 mg/
400 µg

Formeterol (LAMA)/
Salbutamol (SABA)
Formeterol, Tiotropium (LAMA)/
Salbutamol (SABA)
Formeterol (LAMA)/
Salbutamol (SABA)

AS096

Mild

Never

Female

75

1.68

90

2.44

96

82

Budesonide

200 µg

-

-

AS200

Mild

Never

Male

46

3.38

90

4.72

99

72

Fluticasone

250 µg

Formeterol (LAMA)

10 µg

AS203

Mild

Never

Male

54

2.56

77

4.22

101

0.62

Fluticasone

125 µg

Formeterol (LAMA)

6 µg

Mometasone/
Budesonide

50/
200 µg

Formeterol (LAMA)

6 µg

-

-

Salbutamol (SABA)

1-2 puffs

AS211

Mild

Never

Female

27

3.25

101

3.6

95

AS215

Mild

Former

Male

38

3.67

92

4.59

90

80

FEV1 is the volume of air that can forcibly be blown out in one second, after full inspiration
Forced vital capacity (FVC) is the amount of air which can be forcibly exhaled from the lungs after taking the deepest breath possible
LAMA: Long-acting muscarinic antagonists
SABA: short-acting β2-adrenergic receptor agonists
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