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Abstract

Abstract

The prevalence of allergies has drastically increased over the past 50
years, with an estimated 30% of adults sensitised to an environmental allergen.
While this represents a growing public health concern, the mechanisms which
underpin allergic sensitisation are poorly understood. Recently, it has been
suggested that the airway epithelium can influence allergic outcome through
the secretion of extracellular vesicle (EVs). These are small lipid bound
vesicles, capable of extracellular communication through the simultaneous
delivery of different categories of biomolecules to a recipient cell. While EVs
provide an exciting new avenue for better understanding the role of the airway
epithelium in allergic sensitisation, the existing research is limited and
primarily in patient samples and 2D cultures. Consequently, this research
aimed to develop and optimise a 3D culture model and mechanism for its
stimulation with the indoor allergens Der p 1 and Can f 1, as well as the novel

profiling of EV responses with imaging flow cytometry.

A systematic review of the literature regarding the role of epithelial-
derived EVs 1n allergic sensitisation was conducted, showing that epithelial-
derived EVs can both promote tolerance or allergic sensitisation through the
delivery of mRNAs that promote Th2 polarisation and cytokine secretion or
promote tolerance through the induction of Tregs (miR34a, miR92b,
miR146a-5p and miR210). Additionally, this review highlighted a significant

gap in the literature, with only one study using a 3D culture model.

Initially, different transformed airway epithelial cell lines were
assessed in 2D to identify a suitable candidate for a 3D culture model. Calu-3
cells were selected due to their high expression of key epithelial markers
which will be used for the downstream profiling of EVs, as well as their
ability to differentiate and form tight junctions when cultured at air liquid
interface (ALI). Stimulation of ALI cultures was optimised by assessing
submerged exposure, the addition of stimulant to the basal chamber and
nebulised exposure. In parallel, a high throughput method for the analysis of
EVs using imaging flow cytometry was developed and optimised, allowing for

quantification and profiling of markers on EVs. Ultimately, Calu-3 were

vi



Abstract

cultured at ALI and exposed to either nebulised proteolytically active Der p 1,
inactive Der p 1 or Can f 1, for 24 and 48 hours. The effects of exposure on
epithelial tissues were assessed using confocal microscopy and tight junction
staining, as well as scanning electron microscopy. Additionally, alarmin and
inflammatory cytokine responses were profiled using ELISA and EV

responses were profiled using imaging flow cytometry.

Nebulised exposure of active Der p 1 was shown to disrupt epithelial
barrier function by reducing tight junction expression. Furthermore, Der p 1
and Can f | exposure was shown to induce an increase in basal EV secretion.
Additionally, Der p 1 exposure was observed to significantly alter the
distribution of tetraspanins CD9, CD63 and CD81, as well as upregulate the
expression of the epithelial marker E-Cadherin on EVs. Finally,
transcriptomic analysis revealed the upregulation of previously identified
miRNA, miR92b, as well as miR101-3p, mir103-3p, miR107, miR148a and
miR224a-5p, which could play an important role in early development of Th2

responses.

Taken together, the data presented here shows that allergen exposure of
epithelial cells can modulate EV responses, increasing secretion of EVs and
altering tetraspanin distribution, as well as upregulating miRNA cargos which

can promote or prevent sensitisation.
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Chapter 1: General Introduction

1.1.Allergy

1.1.1. What is Allergy?

“Allergy” from the Greek “allos” meaning other or different and
“ergia” meaning energy or action, was first described in 1906 by Austrian
paediatrician Clemens von Pirquet (Pirquet, 1906, Igea, 2013). He first used
“Allergy” to describe the accelerated responses observed in specific
individuals upon the administration of secondary doses of smallpox vaccines
(Shulman, 2016). Now, allergy, also referred to as hypersensitivity, is defined

as an exaggerated immune response to an inert or innocuous substance.

Hypersensitivity reactions can be split into four types, first defined in
1963 by Coombs and Gell. These categories define hypersensitivity reactions
by their varying pathophysiology, considering both the type of immune
response generated and the processes by which cell/tissue damage is caused
(Coombs and Gell, 1968, Kaufmann, 2019). Type 1 hypersensitivity,
sometimes referred to as immediate or Immunoglobulin E (IgE)-mediated
hypersensitivity (Type I), are characterised by the binding of allergen-specific
IgE to immune effector cells, such as mast cells and basophils, via the high-
affinity FceR1 receptor. Type 1 hypersensitivity responses typically
encompass allergies triggered by aeroallergens, such as allergic asthma and
hay fever, food-based allergies and also some topical allergies, such as
urticaria. Type II hypersensitivity, also known as cytotoxic or IgG/IgM-
mediated hypersensitivity, classifies allergies such as haemolytic anaemia.
Type III hypersensitivity, sometimes called immune complex-mediated
hypersensitivity, is characterised by the formation of antigen-antibody
complexes in blood, which leads to disorders such as systemic lupus
erythematosus and serum sickness. Finally, type IV hypersensitivity, or
delayed or T cell-mediated hypersensitivity, is characterised as T cell mediated
immune responses that typically develop around 48 — 72 hours post exposure

(Uzzaman and Cho, 2012, Momtazmanesh and Rezaei, 2022).
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1.1.2. Epidemiology of IgE-mediated Allergy

Allergic diseases are a significant global public health concern, with
the incidence of allergies seeing a drastic increase over the past 50 years. This
epidemic, in turn, has seen a significant rise in the prevalence of type 1
hypersensitivity disorders, which has occurred in two major waves. The first
wave was observed around 50 years ago and saw a surge in the prevalence of
sensitisation to aeroallergens and the development of asthma and allergic
rhinitis (AR) in industrialised countries. A second wave, starting around 20
years ago, has now seen an increase in the prevalence of food allergies, mainly
in western countries, particularly those with high incidence of asthma and
other aeroallergen sensitisations (Wong, 2024, Pawankar, 2014, Warren ef al.,
2020). It is estimated that around 30% of adults are sensitised to some form of
environmental allergen, such as dust, pollen or food (Pawankar, 2014). Recent
studies have also shown that around 40% of primary school-aged children
(ages: 6-10) suffer from a type 1 hypersensitivity disorder, with a third of these
children having multiple allergic diagnoses (Peters et al., 2024, Warren et al.,
2020). The ever-increasing rate at which type 1 hypersensitivity disorders
appear places a significant physiological, clinical and financial burden on both
patients and healthcare systems. Consequently, understanding of the
underlying mechanisms that facilitate allergic sensitisation is crucial and will

allow for better therapeutic intervention and control of these diseases.

1.1.3. Aetiology of IgE-mediated Allergy

The underlying mechanisms that give rise to type 1 hypersensitivity
disorders and the sensitisation of an individual are poorly understood.
However, factors such as the environment, genetics, route of allergen exposure
and the microbiome are known to contribute to and influence allergic outcome
and the development of an allergy. It is likely that changes to these variables,
as society has become more industrialised and westernised, have led to the

observed increase in allergic disease.

The influence of genetics on the development IgE-mediated allergies
was first established in 1916 in a study by Cooke and Veer. The study showed

that there was a strong heritability to allergies, with around 50% of allergic



Chapter 1: General Introduction

individuals having a familial history of allergy, as opposed to 15% in non-
allergic individuals (Cooke and Veer, 1916). Subsequently, a study looking at
the inheritance of peanut allergies in pairs of twins showed a concordance rate
of 64.3% in monozygotic twins as opposed to 6.5% in dizygotic twins and
estimated that the heritability of peanut allergy was up to 81.6% (Sicherer et
al., 2000). The understanding of genetic influence on the development of
allergies was then further enhanced with the use of Genome-Wide Association
Studies (GWAS). These studies allow for a hypothesis-free method to search
full genomes for common variants between populations of healthy and allergic
individuals (Portelli et al., 2015). GWAS reproducibility, while poor, has led
to the identification of a number of genes which influence key processes, such
as immune and epithelial barrier function. Key genes identified are involved in
T helper 2 (Th2) responses and proinflammatory cytokines (STAT6, IL10,
IL4, IL13, TSLP, TNFA and RANTES), IgE receptor affinity (FCERI1A and
B), innate pattern recognition (CD14, TLR-7 and -9), genes in MHC Class II
clusters (HLAG, HLA-DRB1 and HLA-DQB1) and epidermal differentiation
and adhesion (PCDH1, FLG and SPINKS) (Arnau-Soler et al., 2025, Gilles et
al., 2018, Portelli et al., 2015, Ober and Yao, 2011). Identification of these
genes and their dysregulation in the epithelium highlighted the importance of
epithelial barrier function and how its dysfunction can facilitate allergic

sensitisation.

The environment and its symbiosis with genetically predisposed
individuals also play an important role in the development of allergies.
Changes to our environment over the past century, associated with the
industrialisation and westernisation of countries, such as contact with
microbes, air pollution, airborne allergens, food allergens and pathogens, are
believed to be a significant contributing factor (Gilles et al., 2018, Rutkowski
et al., 2014, Douwes and Pearce, 2002). One hypothesis that reflects this
thinking is the “hygiene hypothesis”. Initially proposed by Strachan in 1989,
the hygiene hypothesis aimed to explain the observed inverse correlation
between family size and the prevalence of AR and hay fever (Strachan, 1989).
Here it was suggested that the acquisition of early childhood infections from

older siblings could provide protection against the development of allergic
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diseases. The counter-regulatory interplay between Th1 and Th2 cells
provided the initial explanation for this. The importance of this interplay was
emphasised when studies showed that initial atopic sensitisation could occur in
utero due to the Th2-polarised immune system of a foetus. In healthy infants,
this Th2-polarised environment is attenuated over the first year of their lives,
through the stimulation of their Th1 response by intracellular microbes and
pathogens. However, in infants that go on to develop IgE-mediated disease,
this does not occur, and their Th2 response is further promoted (Prescott et al.,
1999). The improvement of public health practices resulting from the
industrial revolution, such as the decontamination of water, pasteurisation of
milk, sterilisation of food products, vaccinations and antibiotics, has all
limited infectious disease burden and spread. This reduced burden of disease
has drastically improved quality of life but has also resulted in less stimulation
of the Th1 responses during early development, weakening Th1 drive in
individuals and resulting in Th2 overactivity. In countries where these public
health measures are not commonplace, allergic prevalence is markedly lower
(Pfefferle et al., 2021, Okada et al., 2010, Rautava et al., 2004). In addition to
decreased microbial burden, westernized lifestyles have seen a rise in obesity,
diets rich in processed food, reduced exercise and migration to more urbanised
environments. These changes have had a significant impact on the
predisposition of individuals to allergies, creating an environment that has
promoted reduced microbiome diversity and dysbiosis on key protective
epithelial barriers. Epidemiologic studies identified that growing up in rural
environments in contact with farm animals (“farming effect”), diets rich in
fibre with high diversity and contact with siblings or peers were essential for
the formation of diverse microbiota on skin, lung and intestinal epithelium
(Ober et al., 2017, Roduit et al., 2014). This early interaction of commensal
and environmental microbiota is instrumental in determining the threshold for
epithelial pattern recognition receptors (PRRs) and downstream signalling
pathways. This, in turn, can influence the establishment of immune
homeostasis and peripheral tolerance during early childhood and lead to the

development of type 1 hypersensitivity later in life (Gilles et al., 2018).
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Pollution is another factor contributing to the growing prevalence of
allergic disease. Rapid economic and industrial growth, as well as the surging
volume and density of automotive transport in urban areas, have facilitated a
significant increase in anthropogenic pollutants such as ozone, nitrogen
dioxide (NO2), and fossil fuel CO»-based emissions (Kim et al., 2025b).
Industrialised countries, such as China, are seeing increases in the incidence of
respiratory allergies, such as allergic asthma and AR, with early exposure to
these pollutants contributing significantly (Wang et al., 2025a, Li et al.,
2024b). Anthropogenic pollutants have been shown to influence allergic
sensitisation through two key mechanisms. Firstly, they can influence allergic
sensitisation directly by promoting allergic inflammation, triggering
inflammasome pathways and enhancing allergic sensitisation when exposed in
parallel with allergens (Martin et al., 2013, Jenerowicz et al., 2012, Miyabara
et al., 1998). In addition, they are able to influence allergic sensitisation as
‘biogenic modifiers’ (Gilles ef al., 2018). Flora and fauna situated in urban
areas has been shown to produce more allergenic pollen due to metabolic
stress and changes to its microbiome. One study found that birch trees found
in ozone-rich environments were shown to upregulate the allergen Bet v 1.
Furthermore, the microbial variation on birch pollen was also found to be
reduced in NOz-rich areas (Obersteiner ef al., 2016). The microbiome on
pollen has been shown to be immunogenic, triggering T-cell responses as a
result of dendritic cell (DC) activation (Heydenreich ef al., 2012). Changes in
the expression of key allergens, coupled with changes to their microbiome as a
result of increases in anthropogenic pollution, ultimately increase allergenic

potency, promoting sensitisation.

Lastly, the route of allergen exposure also plays an important role in
the development of allergies. Initially, it was suggested that the exposure of
oral allergens via the gut was a key mechanism in allergic sensitisation.
However, evidence now indicates that oral allergen exposure via the skin can
result in allergic sensitisation, while oral allergen exposure via the gut induces
peripheral tolerance. This observation has also been noted for aeroallergens,
such as house dust mite (HDM) and pollen, where exposure can occur orally

due to the tendency for young children to put toys and their hands in their
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mouths, as well as play on the floor (Custovic, 2015, Calabrese et al., 1989).
This early oral exposure to allergens, leading to tolerance and exposure
through damaged epithelial barriers, is referred to as the “dual exposure
hypothesis” (Kulis et al., 2021). Impaired skin barrier function resulting from
environmental damage has been shown to facilitate allergen penetration and
presentation to underlying antigen presenting cells (APCs), promoting allergic
sensitisation. Notably, loss or dysregulation of filaggrin (FLG gene identified
in GWAS studies) has been shown to significantly increase sensitisation in
early life (Brough et al., 2014). Furthermore, recent studies have shown that
exposure to food allergens via the airway can also facilitate allergic
sensitisation. One study showed that dust not only acts as a vector for the
inhalation of intact food allergens, but also as a key adjuvant promoting
sensitisation (Smeekens ef al., 2019), further emphasising the importance of

allergen exposure route on sensitisation.

1.1.4. Mechanisms of IgE-Mediated Allergy

1.1.4.1. Allergic Sensitisation

The mechanism of IgE-mediated allergy is comprised of two phases,
sensitisation and elicitation. Sensitisation describes the exposure of an allergen
which triggers the induction of allergen-specific IgE. This exposure is
therefore referred to as a sensitising dose/exposure. Subsequent exposures to
the same allergen will trigger degranulation of the primed mast cells and is
referred to as allergic elicitation. These exposures are therefore referred to as a
shocking dose/exposure. Figure 1.1 depicts the two phases which underly IgE-

mediated allergies.

An immune response to an allergen that ultimately results in IgE
synthesis is comprised of two key groups of signals. The initial group of
signals stimulate the differentiation of naive CD4" T cells that have been
newly activated by dendritic cells (DCs) of the sub-epithelium. Epithelial
barriers such as the skin, gut and airway act as the first line of defence against
allergens. While initially thought of as an inert physical barrier, it has been
shown that the epithelium plays a key role in immune regulation and allergic

outcome. The expression of a diverse array of PRRs on the epithelium
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facilitates the recognition of allergens, activating and recruiting APCs, such as
DCs, through the secretion of cytokines (Figure 1.1A) (Jakwerth et al., 2022).
These sub-epithelial DCs are initially activated by IL-13, secreted by Type 2
innate lymphoid cells (ILC2), and TSLP, secreted by epithelial cells. IL-13 and
TSLP are cytokines that suppress the development of Th1 and Th17-inducing
DCs, preferentially generating DCs that facilitate the development of Th2
cells. Once these pro-Th2 DCs are activated, they typically take up and
process antigens from invading parasitic infections, or in the case of allergies,
allergens, and present them on their surface, through the use of the Major
Histocompatibility Complex (MHC) Class II (Figure 1.1B). The DCs then
migrate to regional lymph nodes, where they encounter and stimulate naive
CD4" T cells through the interaction of loaded MHC class IT complexes and
the T cell receptors (TCRs) on the surface of the naive CD4" cells (Figure
1.1C).

This stimulation is enhanced through the action of co-stimulatory
molecules expressed on DCs, such as B7.1 and B7.2, which interact with the
CD28 receptor on naive CD4" T cells. This co-stimulatory action induces the
allergen-specific T cell to enter the G1 phase of the cell cycle. In addition, it
facilitates the induction and secretion of IL-2 and its receptor (IL-2R), which
function to enhance the proliferation and survivability of the allergen-specific
naive CD4" T cells (Murphy ez al., 2022). While this stimulation is essential
for the activation of antigen-specific naive CD4" T cells, it is not enough to
push them towards a Th2 phenotype. The final signal required in this initial
group of signals is the cytokine IL-4 (Figure 1.1D). IL-4 binds to its receptor
(IL-4R) on the surface of activated naive CD4" T cells, resulting in the
phosphorylation of conserved tyrosine residues on the receptor by associated
Janus Kinases (Jak). Cytoplasmic STAT6 then binds to the phosphorylated
receptor through an SH2 domain, allowing for the phosphorylation of STAT6’s
conserved tyrosine- 641 (Krishnamurthy and Kaplan, 2016). Once
phosphorylated STAT6 forms heterodimers that translocate to the nucleus and
regulate the expression of the transcription factor GATA3. GATA3 is essential
for Th2 cell differentiation, stabilising their differentiation by promoting the

secretion of more IL-4 and IL-13 and driving the activated naive CD4 T cells
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towards a Th2 phenotype (Figure 1.1D) (Murphy et al., 2022, Krishnamurthy
and Kaplan, 2016). Th2 cells are essential in the coordination and generation
of a type 2 immune response. Type 2 immune responses are normally induced

against infiltrating parasites and helminths, but also allergens.

The second group of signals come from the newly differentiated Th2
cells. This second group consist of the cytokines IL-4, IL-5, IL-9 and IL-13
secreted by Th2 cells, as well as the interaction of CD40L on T cells with its
receptor CD40 on B cells (Figure 1.1E). This combination of signals
ultimately simulates B cells to undergo heavy chain class switching, changing
the secreted antibody from IgM to IgE (Figure 1.1F). The newly secreted IgE
then binds to the FceRI receptors on effector cells, such as mast cells and
eosinophils, completing sensitisation (Figure 1.1G&H). As previously stated,
IgE production requires class switching recombination. The antibody class is
defined by its constant region. Class switching describes the substitution of
constant regions of an antibody in the immunoglobulin heavy chain locus.
This alters the ‘stem’ of the antibody, while maintaining the antigen-specific
variable, or VDJ, region of the antibody, conferring a new effector function to
the antibody. The most common heavy class chain switching seen in type 1
hypersensitivity is the substitution of Cu (IgM’s constant region) with Ce
(IgE’s constant region) (Murphy ef al., 2022, Gould and Sutton, 2008). This
recombination is induced by the cytokines IL-4 and IL-13, which bind with
Jak1 and Jak3, resulting in the phosphorylation and activation of STAT®6, a key
transcription factor required for IgE class switching (Krishnamurthy and
Kaplan, 2016). IL-4 and IL-13 secretion, coupled with the costimulatory
action of CD40/40L, also results in the expression and secretion of soluble
CD23. Soluble CD23 forms trimers that interact with the receptor CD21,
resulting in the upregulation of IgE synthesis, further facilitating the priming
of immune cells against an antigen (Gould and Sutton, 2008). The allergen-
specific IgE then binds, via the high-affinity receptor for IgE (FceRI), to the

surface of mast cells.
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1.1.4.2.Allergic Elicitation

Allergic elicitation is initiated on subsequent exposure to the same
allergen, when allergens bind to and cross-link allergen-specific IgE on the
surface of mast cells (Figure 1.11). The activation of these effector cells results
in the promotion of an inflammatory response through the secretion of
preformed granules containing key immunomodulatory chemicals, such as
histamine (Figure 1.1J). It is the secretion of these chemical mediators that
generates the unpleasant allergic pathology (Figure 1.1K). Allergic symptoms
and severity of response have been shown to be dependent on route of
exposure, as well as dose (Bax ef al., 2012). Symptoms can range from
irritation of the eye and rhinitis to circulatory collapse as a result of
anaphylaxis. Responses to allergens can also be divided into two phases: an
immediate response, denoted by the degranulation of mast cells, and a late
phase response in which a more sustained inflammation is induced through the
recruitment of effector leukocytes such as Th2 cells, eosinophils, and

basophils.

Mast cells are divided into two phenotypically distinct subclasses,
namely MCt and MCtc. The difference in these mast cells is primarily
observed when looking at the ‘natural’ proteases they release when
degranulating. MCt cells only release tryptase, while MCtc cells release both
tryptase and chymase. This variation in ‘natural’ proteases affects the key
function of each mast cell subclass, with MCt cells playing a more immune
system-focused role, while MCtcs have a more tissue remodelling and
angiogenic function (Zhao et al., 2022, Church and Levischaffer, 1997). It
should be noted, however, despite their primary functions, both subclasses still
express the FceRI receptor and play a role in IgE-mediated responses to
allergens and pathogens. In addition, mast cells located in different tissues also
exhibit functionally distinct heterogeneity. A good example of this is seen in
mast cells found in the skin. These mast cells express CD88, which is a
receptor for anaphylatoxin C5a, allowing these mast cells to also be activated

via the complement system (Oskeritzian et al., 2005).
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Figure 1.1. The two mechanisms of IgE mediated allergy, Sensitization and
Elicitation. Sensitisation: A) Allergens interact with PRRs and penetrate the epithelium.
B) ILC2 induced Pro-Th2 DCs are recruited to the site of allergen infiltration where they
internalise and process allergens. C) Pro-Th2 DCs migrate to the draining lymph nodes
and presents processed allergen via MHC class II to naive CD4+ Cells. D) allergen
presentation stimulates IL-4 secretion and differentiation of ThO to Th2 cells. E) Activated
Th2 cells also recognise B cell MHC class II allergen complexes promoting IL-4 and IL-
13 secretion. F) B cell Th2 interactions also promotes class switching form IgM to IgE. G)
Plasma cells secrete allergen specific IgE. H) Allergen specific IgE binds to effector cells
such as mast cells via the high affinity receptor FCeR1 “priming” them to allergen.
Elicitation: I) Subsequent allergen penetration of the epithelium. J) Crosslinking of
FCeR1 bound allergen specific IgE on mast cells triggers degranulation and the release of
inflammatory mediators. K) Secretion of inflammatory mediators induce the traditional

allergic phenotype.
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Mast cells secrete a vast array of chemical mediators, and due to their
ubiquitous dispersal throughout tissue, these mediators can exert their effect
on a large variety of cell types. Accordingly, mast cells are believed to play a
role in a multitude of diseases ranging from allergy to the promotion of
tumour development (Lichterman and Reddy, 2021). Mast cell mediators can
be broken down into two groups, preformed mediators, like histamine, which
exist in granules prior to activation, and synthesised mediators, such as
chemokines, cytokines, and eicosanoids (prostaglandins, leukotrienes, lipid
mediators and thromboxanes), whose production isn’t triggered until

activation (Murphy et al., 2022, Lundequist and Pejler, 2011).

Preformed granules consist of a crystalline complex of preformed
inflammatory mediators bound to proteoglycans. Upon activation, the granules
lose their crystalline structure as it solubilises. Preformed mediators, such as
histamine, proteases, and proteoglycans, are subsequently released into the

extracellular environment via exocytosis.

Histamine is a key mediator released by mast cells. It plays a central
role in the development of allergic pathology, particularly during the
immediate phase of an allergic response. Histamine exerts its effects through
its interaction with one of four G protein-coupled receptors. The key
interaction is between histamine and its receptor H1. This receptor is found on
blood vessels, and the interaction of histamine with H1 triggers increased local
blood flow and vessel permeability, leading to localised inflammation and
oedema. Histamine is also responsible for other key allergic symptoms, such
as bronchial and intestinal smooth muscle contraction and increased mucus
secretion, as well as itching and sneezing, as it can also activate neural

receptors (Simons and Simons, 2011).

The major mast cell protease common to all mast cell subtypes is
tryptase. Upon its release into the extracellular environment, it becomes
enzymatically active due to the shift towards a neutral pH. Tryptase performs a
variety of functions, the most notable are the cleavage of broncho- and vaso-
dilatory peptides (contributing to bronchial hyperresponsiveness in conditions

such as asthma), the sensitisation of bronchial smooth muscle to contractile
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agents, the stimulation of fibroblasts and epithelial cells to proliferate and the
triggering of chemo-attractant synthesis (such as IL-8), which recruit
granulocytic cells, such as neutrophils and eosinophils (Ramu ez al., 2021,
Church and Levischafter, 1997). Chymase is present in only MCtc mast cells
and is found in the same secretory granules as tryptase, where it is found in its
fully activated form. While MCtcs aren’t believed to play a central role in
allergy, their secreted chymase has been shown to have a downregulatory or
protective function in allergic inflammation, degrading pathogenic cytokines.
This protective function was further observed in clinical studies, where
chymase-positive MCtcs preserved lung function in severe asthma. Further to
this, there is data that also demonstrates that Th2 asthma is associated with a

chymase low phenotype (Zhao et al., 2022, Waern et al., 2013).

Mediators that are synthesised post-activation contribute to both acute
and chronic inflammation. Lipid mediators notably have both immediate and
persistent effects, causing the contraction of smooth muscle, increases in
vascular permeability and mucus secretion, and facilitation of the recruitment
and activation of granulocytes, which further contribute to allergic
pathogenesis. Eicosanoids are synthesised through the cleavage of membrane-
derived arachidonic acid via phospholipase A2, which is activated as a result
of mast cell activation and degranulation. The resulting substrate is then either
oxidised through cyclooxygenase (COX) to form prostaglandin D2, or 5-
lipoxygenase to form leukotriene C4. Prostaglandin D2 is the main
prostaglandin synthesised by mast cells and further facilitates the recruitment
of Th2 cells and granulocytes, such as eosinophils, to the site of activation
through interaction with their PTGDR receptor. Prostaglandin D2 has been
shown to play a critical role in allergic pathogenesis, particularly asthma, with
PTGDR polymorphisms being strongly linked with disease risk (Schauberger
et al., 2016). Two distinct COX enzymes, COX1 and 2, have also been
identified, and both are responsible for mediating different parts of the allergic
response. COX1, which is constitutively expressed in mast cells, is responsible
for the initial generation of prostaglandin D2 upon activation, while COX2 is

synthesised post activation and is responsible for the protracted synthesis of
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prostanoids, such as prostaglandin D2, later in the allergic response (Morita,

2002).

Leukotrienes, especially C4, D4 and E4, help to sustain the
inflammatory responses in tissues. When mast cells are activated, 5-
lipoxygenase translocates from the cytoplasm to the nuclear envelope, where
it binds to 5-1ipoxygenase-activating protein. The locus of this oxidising agent
and its activating peptide can be found on the long arm of chromosome 5q.
This chromosome also encodes the genes for the key cytokines in type 2
immune responses, such as IL-3, IL-4, IL-5, IL-13, as well as granulocyte-
macrophage colony-stimulating factor, whose upregulation is highly
associated with allergic disease pathogenesis. 5-1ipoxygenase is inducible in a
wide range of inflammatory cells situated in the lung, particularly
granulocytes, such as mast cells and eosinophils, and the presence of the
activated oxidising enzyme in urine is used as an indicator of active allergic
disease. Leukotrienes are highly potent mediators controlling contraction of
the bronchial and vascular smooth muscle as well as enhancing permeability
of postcapillary venules. In addition to this, they upregulate bronchial mucus
secretion and eosinophil chemoattraction. TNF-a is another unique mediator
secreted by mast cells. It exists in both preformed granules and is also
synthesised following mast cell activation. TNF-a activates endothelial cells,
stimulating the upregulation in expression of adhesion molecules, such as
platelet activating factor (PAF). This upregulation in PAF promotes the
incursion of pro-inflammatory leukocytes and lymphocytes into tissue through
the upregulation of CD18 on target cells, improving rolling and cell adhesion
(Bebo et al., 1996). This further emphasises the importance of these mast cell
mediators and their pivotal role in elicitation and the pathogenesis of allergies,

particularly asthma.

1.1.4.3.Phases of Allergic Elicitation Response

The allergic elicitation response can be subdivided into two phases: the
immediate response and the late phase response. Upon continuous allergen
exposure, the numbers of sensitised (IgE-coated) mast cells increase. Post
activation of these sensitised mast cells, degranulation takes place, releasing a

vast array of inflammatory mediators into the tissue at the sight of activation.
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As previously discussed, these mediators are released in two waves, the first
wave being the mediators that exist in a preformed active state within the
granules of mast cells (histamine, tryptase and chymase), resulting in a rapid
increase in vascular permeability. During this phase of an allergic response
there is oedema and reddening of the skin. This can be easily observed in the
skin, which presents with lesions called a ‘wheel and flare reaction’ (Figure
1.2). In the airways, smooth muscle constricts, reducing air flow to the lungs,
resulting in shortness of breath, wheezing and tightness in the chest. The
second wave is the release of synthesised de novo mediators (prostaglandin D2

and leukotrienes C4, D4 and E4).

Figure 1.2: Example of a wheel and flare response. Individual with chronic continuous
urticaria. The black arrow points to the localised swelling ‘wheel” and the blue to the
reddened skin or ‘Flare’ image taken from primary care dermatology society’s (PCDS)
website; https://www.pcds.org.uk/clinical-guidance/urticaria-spontaneous-syn-chronic-
ordinary-urticaria (Accessed 2022).

The likelihood of a late-phase reaction is mainly contingent on the

dose of allergen and the individual exposed. The late reaction typically peaks
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at about 3-9 hours post allergen exposure, however, it can persist for 24 hours
or longer. The late phase reaction is generated through the continuous
synthesis of inflammatory mediators by mast cells, particularly vasoactive
mediators, such as calcitonin gene-related peptide (CGRP) and vascular
endothelial growth factor (VEGF). These mediators contribute to symptoms
like oedema through increasing vasodilation and vascular leakage, as well as
the recruitment of granulocytes (Pastwinska et al., 2017, Shaik-
Dasthagirisaheb ef al., 2013). Mast cell derived mediators can influence
endothelial cells to upregulate expression of key adhesive molecules during
the immediate response. Molecules, such as E-selectin, facilitate the adhesion
of circulating leukocytes to the endothelial cells. Subsequent chemoattractants,
such as IL-5, are also secreted by activated mast cells and stimulate the
infiltration of the activation site with granulocytes, T lymphocytes, and
macrophages (Hansen et al., 2004, Bascom et al., 1988, Naclerio ef al., 1985).
These newly recruited cells, such as neutrophils, have been shown to act as
APC:s for local allergen-specific T cells, subsequently stimulating them to
proliferate and secrete cytokines, reactivating the immediate phase
proinflammatory responses (Polak ef al., 2019). This continued response is
what gives rise to the late-phase allergic pathology, such as a more diffuse

oedematous response in skin allergy.

In asthmatic individuals, the allergic response can be nicely mapped
through the measurement of peak expiratory flow rate (PEFR) (Figure 1.3). As
can be seen in Figure 1.3, at around 15 minutes post inhalation of an allergen,
a rapid decline in the PEFR is observed (immediate response). This is caused
by the constriction of the bronchial smooth muscle. Over time this response
starts to attenuate as secreted mediators are metabolised. However, after a few
hours, a second drop in PEFR can be seen again. This second drop in PEFR is
the late phase response and is triggered by the continued secretion of
mediators recruiting granulocytes and other immune cells to the site of

inflammation, which in turn activate and release their own mediators.
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Figure 1.3: Changes in peak expiratory flowrate (PEFR) over time in response to
allergen exposure. Changes in PEFR demonstrate the immediate and late response
experience by an individual during an allergic response. Image taken from (Baldo and

Pham, 2013).

1.1.5. The Airway Epithelium

As previously stated, the airway epithelium was initially thought of as
just a physical barrier which acts to protect the underlying mesenchyme from
the external environment. However, it has now been shown that the epithelial
barrier is an amalgamation of highly specialised cell types, capable of assisting
in host defence through immune cell interactions and maintaining homeostasis
in response to microbes, noxious stimuli and allergens (Hewitt and Lloyd,
2021). The respiratory tract itself is a complex organ system divided into
multiple regions, the upper respiratory tract comprising the nasal cavity,
pharynx, larynx. The lower respiratory tract consisting of the “conducting”
airways, such as the trachea, bronchi and bronchioles. Lasty, the respiratory
zone, which is made up of respiratory bronchioles and alveoli (Figure 1.4A).
Each of these regions has a specific function and consequently regional
differences in cellular composition, which have been extensively profiled
using microscopy and morphological studies (Widdicombe, 2019).
Traditionally, the airway epithelial barrier is believed to consist of basal cells
tightly surrounded by ciliated cells and secretory cells, such as club

(surfactant-secreting) and goblet (mucus-secreting) cells (Figure 1.4Bi)
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(Domingo et al., 2025). Ciliated and secretory cells facilitate the clearance of
pathogens and other particulate matter, such as allergens, through mucociliary
action. While the basal cells they surround are multipotent progenitor cells,
they can generate all other major subpopulations found in the epithelium,
ultimately, facilitating robust regeneration of the epithelium (Basil ef al.,
2020). However, with the adoption of advanced sequencing techniques, the
epithelial barrier has been shown to be a more significantly dynamic structure,
consisting of a variety of different cell types and states capable of responding
to environmental change, interacting with commensal microbial communities
and communicating with other specialised cellular systems, such as neural and

immune (Badaoui and Chanson, 2023).

Single-cell RNA-sequencing (ScCRNA-seq) has revolutionised our
understanding of the epithelium, revealing a level of cellular diversity that
microscopy cannot. This has enabled the comprehensive profiling and
characterisation of individual cells and populations of cells within the
epithelial barrier. While the basal, ciliated and secretory cells (goblet and club)
cells still make up the majority of the airway epithelium, the identification of
new cell types, such as tuft cells, which are believed to have sensory and
immune functions (synthesising leukotrienes) and ionocytes, which facilitate
ion transport and pH regulation, has revealed another level of complexity and
function (Figure 1.4Biii). Not only has SCRNA-seq revealed new cell types,
but it has also identified intrapopulation variation and new cell states. For
example, analysis of air liquid interface (ALI) cultures, allowed for the
identification of a precursor subset of multiciliate cells termed “deutrosomal
cells”, high in expression of DEUP1, CDC20B and FOXN4, which are
involved in the upregulation of centriole and cilia genesis. This population was
later identified in healthy human airways (Deprez ef al., 2020, Ruiz Garcia et
al., 2019). Furthermore, these new cell states are linked to regional locations
within the airways, fulfilling similar, but more specific functions. For
example, one study showed that goblet cells can be subdivided into two
separate classes: goblet 1 and 2. These subclasses are both present in the upper
airway epithelium, while only goblet 2 cells can be found in the lower airway

epithelium, such as the bronchioles. This goblet 2 subset has a more
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immunologically focused function than its counterpart, helping to coordinate
innate immune responses through the upregulation of genes CXCL10, IL19
and CSF3, involved in the recruitment of neutrophils, monocytes, DCs and T
cells. This variation in heterogeneous cell types is not just linked to location,
but also to environmental changes, with cell states varying as a result of
environmental changes such as smoking, pollution and allergen exposure.
Comparisons of the airways of healthy and mild asthma sufferers lead to the
identification of epithelial cell states unique to patients. A “mucous ciliated
cell” expressing both ciliated markers (FOXJ1) and goblet cell markers
(MUCS5AC) is believed to be a transitionary state that results from IL-4 and
IL-13 signalling in asthma (Vieira Braga et al., 2019). This further emphasises
the dynamic state of the epithelial barrier and its ability to adapt and to
coordinate with the immune system to ensure a more robust defence against

inhaled pathogens and allergens.

1.1.6. Epithelial Tight Junctions

As explored in the previous section, the airway epithelium is made up
of a diverse community of cells which enable the epithelium to fulfil a variety
of functions. While the airway epithelium contributes to both sensory and
immune pathways, its primary function is still to act as a physical barrier to
the external environment. Apical junctional complexes (AJCs) facilitate this
barrier function, tightly connecting epithelial cells together to form a
continuous barrier. AJCs consist of tight junctions (TJs), adherens junctions,
desmosomes and hemidesmosomes (Figure 1.4Bii) (Nur Husna ef al., 2021Db).
TJs are the most apically situated junctions and primarily function to regulate
the homeostasis of ions, water and other macromolecules. Consequently, TJs
play a central role in the generation of limiting barrier to pathogens (Citi ef al.,
2024). Adheren junctions are situated below TJs and facilitate cell adhesion,
proliferation and differentiation (Campbell ef al., 2017, Briiser and Bogdan,
2017). Desmosomes are situated close to adheren junctions and play a similar
role in maintaining cellular adhesion and integrity. Finally, hemidesmosomes,
facilitate the adhesion of basal epithelial cells to the basement membrane (Nur

Husna ef al., 2021Db).
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TJs are comprised of three transmembrane proteins, namely occludin,
claudin and junctional adhesion molecules (JAMs). Occludin was the first TJ
protein identified and is comprised of two extracellular loops (Figure 1.4 Bii).
The C-terminal of occludin interacts directly with zonula occludin (ZO-1),
creating barrier integrity, while the N-terminus facilitates paracellular
permeability, allowing for the maintenance of homeostasis (Citi ef al., 2024).
Dysregulation of the epithelial barrier is often linked to the reduced expression
of occludin in the epithelium. Downregulation of occludin allows for easier
allergen and pathogen penetration of the airway epithelium. This has been
observed in the nasal epithelium, where reduced occludin mRNA was detected
in AR patients when compared to healthy controls (Steelant et al., 2018).
Furthermore, reduced occludin expression allows for HLA-DR- and CD11c-
postive-DCs to extend further into the epithelium, closer to the epithelial
surface, allowing DCs to experience environmental agents that haven’t passed
through the TJ (Takano et al., 2005). The Claudin family of proteins consists
of 25 members. These proteins have four transmembrane domains, 2
cytoplasmic and 2 extracellular (Figure 1.4 Bii), which allows them to act as
gates regulating the movement of molecules paracellularly through the
formation of pores (Citi et al., 2024). Like occludin, the C-terminal of claudin
also interacts with ZO-1 to provide stability and barrier integrity (Nur Husna
et al., 2021b). Additionally, reduced expression of claudins is also linked to
dysregulation of epithelial barrier and has been observed in AR patients when

compared with healthy controls (Steelant ef al., 2018).

As discussed previously, the environment plays a significant role in
the development of allergies, through barrier dysregulation. This barrier
dysregulation is predominantly the result TJ disruption. This has been
observed in HDM-sensitised individuals, where reduced expression of both
occludin and claudin-7 mRNA was linked with pollution in urban areas and
second-hand cigarette smoke (Nur Husna et al., 2021a). Other studies have
identified that diesel exhaust particles (DEPs) and other fine particulate around
2.5um in diameter (PM2.5) significantly impact TJ integrity and consequently
epithelial barrier function (Zeng et al., 2024, Park et al., 2019). One example

was a study looking at nasal ALI cultures, which identified significant
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reductions in the expression of TJ proteins, occludin, claudin-1 and Z0-1, as
well as increased epithelial permeability, upon DEP exposure (Zhao et al.,
2018). Additionally, DEP was shown to influence TJ stability through reactive
oxygen species (ROS). ROS were shown to suppress TJ protein expression
through p38 MAPK and p68 NF-kB, and Akt pathways independently of IL-8
through inhibition of tyrosine phosphate (Kim et al., 2018). Lastly, allergens
are also able to disrupt barrier function though TJ dysregulation. This is
partially seen with the respiratory allergen HDM. The major allergenic species
of HDM are Dermatophagoidies pteronyssinus (Der p) and Dermatophagoides
farina (Der f). Of these species, Der p, particularly the allergen Der p 1, is
highly associated with epithelial barrier disruption. Der p 1 is a cysteine
protease and its proteolytic activity is capable of cleaving TJ proteins occluidn
and claudin-1, facilitating the allergens’ penetration of the epithelial barrier

and subsequent exposure to the immune system (Nur Husna et al., 2021b)
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Figure 1.4: Airway regions and epithelial barrier composition: A) The three main

divisions of the airways. B) Epithelial barrier composition. Bi) Simplified traditional view

of the epithelial barrier consisting of four cell types: ciliated cells, goblet cells, club cells

and basal cells. Bii) Epithelial barrier AJC comprised of TJs, adherens junctions and

desmosomes which all work to facilitate barrier integrity and impermeability. Biii)

Current understanding of the epithelial landscape consisting of multiple cell types and

states, whose regional expression creates functional specific zones within the divisions of

the airway.
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1.1.7. Airway Epithelial — Immune Crosstalk in Allergy

Due to the diverse and versatile nature of the airway epithelium
composition, it is capable of immune cross-talk via a number of different
mechanisms. One of these mechanisms previously alluded to is the expression
of a variety of transmembrane or intracellular receptors termed PRRs. These
receptors are able to recognise structural motifs unique to bioaerosols, such as
allergens, bacterial endotoxins and fungal spores, called pathogen-associated
molecular patterns (PAMPs) and damage-associated molecular patterns
(DAMPs) (Nabipur et al., 2025). Additionally, as part of facilitating innate
immune responses, PRRs have also been shown to act as helper proteins for
transmembrane receptors, opsonise targets for phagocytosis and trigger innate
and sometimes adaptive immune responses. PRRs are split into two groups,
secreted receptors, consisting of toll-like receptors (TLRs), C-type Lectin
receptors (CLRs), and protease-activated receptors (PARs) and intercellular
cytosolic receptors, such as NOD-like receptors (NLRs) and RIG-I-like
receptors (RLRs) (Whetstone et al., 2022). Activation of these receptors
triggers epithelial cell cytokine secretion (IL-18, IL-6, IL-10, IL-13, TNF-a
and TGF-f) that ultimately helps to activate and coordinate both the innate and
adaptive branches of the immune system (Xu et al., 2025, McClure and

Massari, 2014).

TLRs were the first described human PRRs (Medzhitov et al., 1997).
These receptors are now one of the most extensively researched PRRs and
have been shown to be central in a number of processes, from inflammation,
bridging between innate and adaptive immunity, to cancer cell proliferation
and survival (Maeda ef al., 2019). In humans, currently 10 different
functionally active TLR receptors have been identified (TLR1 through
TLR10). These receptors are classified by their location of expression, as well
as by the PAMPs and DAMPs they recognise. TLR1, TLR2, TLR4, TLRS,
TLR6 and TLR10 are expressed on the surface of cells where they
predominantly recognise lipid and protein motifs, while TLR3, TLR7, TLRS8
and TLR9 are expressed within endosomes and bind to specific nucleic acid
ligands, such as viral double-stranded DNA and sense single-stranded RNAs
(Xu et al., 2025). TLR downstream signalling is divided into two pathways,
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either Myeloid Differentiation factor 88 (MyD88)-dependent or MyD88-
independent. All TLRs, with the exception of TLR3, utilise MyD88-dependent
signalling. The MyD88-dependent pathway activates mitogen-activated
protein kinase (MAPK) and nuclear factor-xB (NF-kB), which in turn allows
for the production of proinflammatory cytokines. Alternatively, TLR3 and
sometimes TLR4 signalling is mediated by TIR-domain-containing adapter
inducing interferon-f (TRIF), which stimulates the synthesis of type 1 IFN to

combat viral infection (Luo et al., 2024).

The expression of TLRs in the airway epithelium is well documented.
While the expression of TLR mRNA is more generally observed in the airway
epithelium, the expression of protein is more variable, being dependent on
tissue site and condition of an individual (healthy vs allergic). TLR activation
of epithelial cells can induce an array of different responses dependent on
tissue location within the respiratory tract. One such response is the production
of mucus, which TLRs can induce both directly and indirectly through the
stimulation of IL-8 and TNF-a production (McClure and Massari, 2014).
While the airway epithelium expresses the majority of TLR receptors, TLR2
and TLR4 are of particular importance. These receptors are typically
expressed in low levels on basal epithelial cells and have been shown to be

significantly upregulated in inflamed tissue (Regueiro et al., 2009).

TLR2 functions through the formation of heterodimers with TLR1 or
TLR6, giving it both a broader range for PAMP recognition and effector
function (Oliveira-Nascimento et al., 2012). TLR2 is believed to alleviate
allergic inflammation, with its activation being shown to inhibit Th2
responses, prevent antibody class switching and promote anti-inflammatory
cytokines such as IL-10 (Xu et al., 2025). Consequently, polymorphisms of
this TLR receptor are strongly associated with allergic sensitisation. For
example, the TLR2/-16934 T allele has been associated with a lower risk of

allergic sensitisation in the children of European farmers (Eder et al., 2004).

TLR4’s specific ligand is a component of gram-negative bacteria
termed lipopolysaccharide (LPS). TLR4 signal transduction can occur via both

the MyD88 or TRIF pathways, inducing different downstream effects.
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Triggering the MyDS88 pathway results in the upregulation of expression of
proinflammatory genes such as TNF-a, IL-6 and IL-18, through the nuclear
translocation of NF-«xB factors (Wu ef al., 2022). Whereas stimulation through
the TRIF pathway is linked to exacerbation of respiratory diseases such as
asthma (Xu et al., 2025). TLR4 expression on the airway epithelium has been
shown to play an important role in the triggering of type 2 inflammation, as
well as granulocytic responses, in allergy. The structural homology between
known allergens, such as the HDM allergen Der p 2 and LPS, allows for the
triggering of TLR4 receptors directly. Allergenic stimulation of TLR4
facilitates the induction of Th2 responses through the modulation of DC
function and the recruitment of effector cells such as mast cells, via the
secretion of epithelial-derived alarmins IL-25, IL-33 and TSLP, promoting
allergic sensitisation and exacerbating elicitation (McAlees et al., 2015,

Trompette et al., 2009, Whetstone et al., 2022).

Epithelial-derived mediators termed alarmin cytokines have been
shown to have a central mechanism in the pathogenesis and exacerbation of
allergic disease. The release of alarmins such as [L-25 (IL17E), IL-33 and
thymic stromal lymphopoietin (TSLP) by the airway epithelium has been
shown to influence the production of an array of type 2 cytokines such as IL-4,
IL-5 and IL-13 from multiple different effector cells. Upregulation of these
type 2 cytokines ultimately promotes the allergic mechanism, such as IgG to
IgE class switching, B cell proliferation, eosinophilic inflammation and mucus

secretion.

IL-25, sometimes referred to in the literature as IL-17E, was initially
identified as a Th2-producing cytokine involved in the polarisation of Th2
responses. IL-25 is a member of the IL-17 family, which is composed of 6
members (A through F). However, IL-25 has a differing biological function
from its other family members (Fort et al., 2001). IL-25 is secreted by
numerous cell types, including some involved in type 2 immune responses,
including epithelial cells, activated Th2 cells, mast cells, alveolar macrophages
and fibroblasts. Despite the extensive expression of IL-25, its receptor, IL-
25R, is more limited. Currently, IL-25R expression has been identified on

ILC2s, mast cells, eosinophils, basophils, invariant natural killer (iNKT) cells
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and APCs (Whetstone et al., 2022). This receptor is comprised of two dimer
subunits IL-17RA and IL-17RB. IL-25 binds directly to the IL-17RB subunit,
which in turn allows for the association of IL-17RA. The engagement of IL-25
and the formation of the IL-17RA/B complex, alongside co-stimulatory
signals CD3 and CD28, promotes the upregulation of key pathways, such as
NF-kB, MAPK p38 and GATA3. Upregulation of these pathways promotes
IL-4, IL-5, IL-6 and IL-13 cytokine secretion as well as CXCL9, CXCL10 and
CCLS5 chemokines. Within the airway epithelium, IL-25 is expressed as a
preformed cytokine, allowing for the immediate secretion upon stimulation by
environmental agents, such as allergens (Cheng ef al., 2014). In addition to the
upregulation of pro-Th2 cytokines and chemokines, airway epithelial secreted
IL-25 induces the proliferation of ILC2 (Han ef al., 2017). The importance of
IL-25 in the pathogenesis of respiratory allergies was emphasised in a study by
Ballantyne ef al., who demonstrated the inhibition of IL-25 attenuates allergic
hyperresponsiveness in the airway, making IL-25 an attractive target for

therapeutic intervention (Ballantyne et al., 2007).

IL-33 is a member of the IL-1 family of cytokines, whose role in the
regulation of immune inflammation is well established (Dinarello, 2018). IL-
33 is constitutively expressed in the nuclei of a number of different cells,
including keratinocytes, fibroblasts, recirculating cells from secondary
lymphoid tissue, and airway epithelial cells (Whetstone et al., 2022).
Uniquely, IL-33 is synthesised with a nuclear localisation sequence and
chromatin binding domain, which gives it both the ability to function as a
cytokine and a transcription factor (Drake and Kita, 2017). To trigger its
downstream effects, IL-33 interacts with its heteromeric receptor, suppression
of tumorigenicity 2 (ST2). This receptor is expressed in two forms, the first
being ST2L, which is IL-33’s active receptor and transduces IL-33 signalling.
The second form of ST2 is sST2, which is an inactive form of the receptor and
acts as a comparative inhibitor, ultimately blocking IL-33 activity (Hayakawa
et al., 2007). The receptor ST2L is highly expressed on an array of mature
leukocytes, such as mast cells, Th2 lymphocytes, ILC2s, basophils,
eosinophils and macrophages. Engagement of IL-33 with ST2L induces

conformational changes in the receptor, allowing for the recruitment of
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IL1RACcP. Formation of a IL33/ST2/IL1RAcP complex facilitates activation
of key type 2 immune response pathways, such as NF-kB, MAPK p38, JAK2
and PI3K. Triggering of these pathways induces the synthesis and release of
proinflammatory mediators IL-6, IL-8, MCP-1 and MCP-3 (Whetstone et al.,
2022). The pathways and consequently the downstream effects that IL-33
activates are cell-specific. For example, in ILC2 cells, IL-33 signalling
activates p38 MAPK, which in turn promotes subsequent GATA3 signalling,
resulting in the production of IL-5 and IL-13. In contrast, IL-33 signalling in
basophils and eosinophils activates NF-kB, promoting type 2 inflammation
(Liew et al., 2016). Within the airway epithelium, IL-33 is highly expressed,
particularly by bronchial epithelial cells. This expression is known to be
further upregulated by exposure to environmental agents, such as allergens. In
addition to the expression of IL-33, bronchial epithelial cells also express the
functional receptor ST2L. Expression of this receptor creates a positive
feedback loop, which further promotes Th2 responses in the airway (Yagami et
al., 2010). 1L-33 is one of the first cytokines to be secreted by the airway
epithelium in response to allergen challenge. A primary target of this fast
cytokine response are ILC2s, inducing IL-5 and IL-13 secretion as previously
stated. This activation is potent, and has been shown to induce almost 10-fold
more cytokine secretion than ILC2s activated by type 2 T cells (Chen et al.,
2017). In addition to ILC2 signalling, IL-33 can also induce IgE-dependent
and independent release of inflammatory mediators, such as histamine, IL-4,
IL-5, IL-6, IL-8 and 13 in basophiles, further emphasising the importance of
IL-33 in the pathogenesis of hypersensitivity disorders (Whetstone ef al.,
2022).

Initially, TSLP was identified as a pre-B cell growth factor. TSLP has
two main isoforms in humans. A short isoform that is expressed under basal
conditions and a long isoform whose expression is induced as a result of
contact with environmental stimuli such as allergens (Dong ef al., 2016).
TSLP is expressed by a diverse range of immune and epithelial cells, including
airway epithelial cells and keratinocytes, as well as monocytes, basophils,
macrophages and myeloid DCs. Of the three key alarmin signals involved in

the development of Th2 responses, TSLP has the most diverse range of targets.
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CD4+, CD8+, myeloid cells, T regulatory cells (Tregs), monocytes, mast cells,
basophils, eosinophils, B cells, NKT cells and airway smooth muscle cells all
express TSLP’s receptor TSLPR (IL-7Ra) (Whetstone et al., 2022). TSLP,
alongside TLR stimuli, such as LPS, promotes DC maturation and the
upregulation of MHC class II, as well as key co-stimulatory molecules CD40,
CD56, CD80, CD83 and CD-LMAP (Froidure et al., 2014). TSLP does not
directly stimulate the production of pro-inflammatory cytokines like the other
alarmins, but instead inhibits Th1-polarising cytokines such as IL-12 and type
1 IFNs. TSLP primes DCs promoting the expression of OX40L, which
facilitates the skewing and polarisation of naive T cells towards a Th2
phenotype. These Th2 cells subsequently produce IL-4, IL-5, IL-13 and TNF-
a, further promoting a type 2 immune response (Watanabe et al., 2004). TSLP
has also been shown to promote DCs, facilitating the induction and expansion
of Th2 memory cells, further exacerbating allergic disease (Wang et al., 2006).
In addition to DCs, TSLP has a potent effect on granulocytic cells, facilitating
their recruitment into the airways through the upregulation of the adhesion
molecule CD18 and the chemokines CXCL8, CXCL1 and CCL2. The
interaction of TSLP with mast cells, in conjunction with other signals such as
IL-1B and TNF-a, has also been shown to further promote the secretion of pro-
Th2 cytokines IL-5, IL-13, IL-6 and IL-8. Furthermore, studies have shown
TSLP signalling with mast cells can act as a positive feedback loop, with
TSLP mast cells being shown to directly upregulate the expression of

epithelial-derived TSLP (Allakhverdi et al., 2007, Miyata et al., 2008).

The airway epithelium also expresses both the high and low affinity
receptors for IgE, FceR1 and FceRII, respectively (Campbell et al., 1998,
Campbell ef al., 1994). Both receptors play an important role in the
pathogenesis of allergic inflammation and have been shown to be upregulated
in patients with allergic asthma when compared with healthy participants
(Domingo et al., 2025). Expression of the high affinity receptor for IgE,
FceRI, on airway epithelial cells has also been shown to enhance allergic
sensitisation and elicitation. In addition, cross-linking of FceRI-IgE complexes
on the epithelium promotes barrier dysfunction, disrupting tight junction

formation by down-regulating key junction proteins, such as zonula
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occludens-1 (ZO-1), E-Cadherin and claudin-18. Furthermore, the IgE doesn’t
have to be allergen specific, with microbial colonies, particularly
staphylococci populations, being shown to produce “superantigens” capable of
facilitating class switching in local B cells to IgE (Huvenne et al., 2010,
Gould et al., 2007). This IgE synthesis in turn upregulates the expression of
FceRI receptors on epithelial cells, resulting in the formation of IgE- FceRI
complexes on epithelial cells. Consequently, IgE crosslinking then
downregulates junction proteins, increasing transepithelial permeability and
facilitating allergen immune interactions, thereby promoting allergen
challenge and sensitisation. Additionally, airway epithelial FceRI-IgE
engagement upregulates the expression of epithelial growth factor receptor
(EGFR), whose activation plays an important role in the secretion of key Th2
response-inducing alarmin cytokines IL-25, IL-33 and TSLP (Weng et al.,
2023).

FceRII (CD23), the low affinity receptor for IgE, has also been shown
to play an important role in airway epithelial allergen interactions and
subsequent immune response. This receptor acts as a bidirectional transporter,
facilitating the movement of IgE from the basolateral side of the epithelium to
the apical luminal side, and vice versa. Allergen-specific IgE released into the
lumen can subsequently bind to inhaled allergen. The IgE—allergen complex is
then transported back across the epithelial barrier, via CD23, to the lamina
propria, where it allows for direct communication of the epithelium with key
effector cells, such as mast cells, crosslinking allergen-specific IgE-FceRI
complexes, triggering degranulation and the induction of a hypersensitivity

response (Domingo et al., 2025, Palaniyandi ef al.,, 2011).
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1.1.8.Extracellular vesicles

Extracellular vesicles (EVs) are defined as particles secreted by all
cells, delimited by a lipid bilayer, and cannot replicate on their own (Welsh et
al., 2024). These particles act as a mechanism for extracellular communication
due to their immense functional variability. This functional variability is due to
the fact that an EV is capable of containing any biomolecule category, such as
proteins, lipids, nucleic acids, and sugars, that are synthesised within the cell
of origin. These lipid-bound vesicles act as both a protective and targeted way
to deliver multiple signals simultaneously to cells in the immediate
extracellular environment, as well as to sites further removed within an
organism. EVs are classified based on three key factors, their biogenesis
(exosomes, microvesicles, apoptosomes and autophagic EVs), their inferred
role (oncosome, matrix vesicles, stress EVs and migrasomes), and lastly their

size (small EVs and large EVs) (Sheta et al., 2023).

Exosomes are secreted by all cell types and have been identified in a
vast array of biological fluids, such as bronchial fluid, breast milk, urine,
amniotic fluid, tears and gastric acid, emphasising the vast potential and
functionality of EVs (Doyle and Wang, 2019). The term “exosome” is an
amalgamation of the terms used to describe their biogenesis and secretion,
endosome and exocytosis. Exosomes are formed from the inward budding of
the limiting membrane of endosomes and are typically considered to be 30-
150nm in diameter (Bebelman et al., 2018). It is experimentally difficult to
distinguish exosomes from other EV subtypes, as it requires the confirmation
of exocytosis for an accurate identification. Currently, a lot of literature uses
the tetraspanin markers CD9, CD63 and CD81 as a mechanism for the positive
identification of exosomes. However, the universality of these markers is not
fully understood and consequently is not suitable alone for the accurate
identification of exosomes. This is often overlooked in the literature, and so
consequently it is now suggested that exosomes be called “small EVs” unless
exocytosis is confirmed (Sheta et al., 2023, Welsh et al., 2024). Furthermore,
it has also been suggested that the subtype of exosomes should be further
divided into small exosomes (Exo-S), ranging from 30-80nm and large

exosomes (Exo-L), ranging from 80-150nm. The biogenesis, sorting and
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subsequent release of exosomes involves a sequence of highly regulated
processes. Firstly, the formation of early endosomes (EEs), then the
maturation of these EEs into late endosomes (LEs), coupled with inward
budding and the formation of multivesicular bodies (MVBs) containing
intraluminal vesicles (ILVs). These MVBs are then subsequently transported
to and then fused with the plasma membrane, facilitating their release into the
extracellular space. ILVs expelled into the extracellular space via exocytosis
are termed exosomes (Figure 1.5) (Wang et al., 2025b). EEs are formed by
the invagination and endocytosis of ubiquitinated regions of the plasma
membrane (Figure 1.5A). After internalisation, EEs undergo additional
invagination, producing vesicles within the complex called ILVs (Figure
1.5B). This process is highly regulated and is primarily driven by the
Endosomal Sorting Complex Required for Transport (ESCRT) (ESCRT-
dependent pathway). Additionally, other proteins also play a central role in the
biogenesis of exosomes in an ESCRT-independent pathway, such as
cholesterol, sphingomyelinase 2 (nSMase2) and tetraspanins. The ESCRT-
dependent pathway is regulated by five sequential proteins, ESCRT-0, ESCRT-
I, ESCRT-II, ESCRT-III and VPS4-VTA1. ESCRT-0 fulfils two roles in the
biogenesis of exosomes. Initially, ESCRT-0 acts as a clustering protein for
exosome cargo, engaging and binding ubiquitinated cargo molecules
designated for exocytosis (Figures 1.5Bi). Additionally, it also segments the
plasma membrane of EEs, binding to ubiquitinated sites and recruiting
clathrins and ubiquitin ligases. ESCRT-I also binds with and clusters
ubiquitinated cargo molecules as well as forming complexes with both
ESCRT-0 and ESCRT-II. Formation of ESCRT-0-I-1I complexes invaginates
the EEs plasma membrane around these cargo rich microdomains (Figure
1.5Bii). Additionally, the formation of the ESCRT-0-I-I1 complexes recruits
ESCRT-III, maturing these domains into vesicles attached to the limiting
membrane by a constricting neck region (Figure 1.5Biii). ECRT-III
additionally recruits deubiquitinating machinery to the vesicle, removing
cargo ubiquitin markers. Lastly, VPS4-VTA1 scissions off the mature bud into
the intraluminal space, creating ILVs (Figure 1.5BiV&BV) (Wang et al.,
2025b). The repetition of this process transitions EEs into LEs and ultimately
into MVBs, which contain vast numbers of synthesised ILVs (Figure 1.5C).
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MVB:s are then transported to the plasma membrane of cells, binding and
releasing their ILVs into the extracellular space, where they are termed

exosomes (Figure 1.5D).

Knockout of ESCRT ultimately led to the identification of the ESCRT-
independent pathway, with the identification of secreted exosomes expressing
CD63 (Trajkovic et al., 2008). Studies identified that exosome release is also
facilitated by the enzyme nSMase2. This metabolises sphingomyelin into
ceramides, which are lipids that play an important role in the organisation of
the plasma membrane, creating lipid raft microdomains which contain
flotillins and cholesterol, which play a central role in forming ILVs.
Tetraspanins also play an important role ESCRT-independent biogenesis,
acting as membrane scaffold proteins that recruit cargo to the microdomains
like ESCRT-0-I-I1 complexes. This was demonstrated in APCs, where the
recruitment of MHC-Class II was shown to be ubiquitin independent, relying
on CD9-enriched areas of the plasma membrane for its recruitment (Buschow
et al., 2009). Within the tetraspanin family, CD9, CD63 and CD81 are core
components in the biogenesis of vesicles, hence why the literature often uses

them as exosome-specific markers.

Microvesicles are another subpopulation of small EVs, ranging from
100-500nm (Sheta et al., 2023). Experimentally, these EVs are hard to
distinguish from exosomes and other EV subtypes due to their overlapping
size ranges. Consequently, there has been a recent push in the literature,
particularly by the International Society of Extracellular Vesicles (ISEV), to
discourage this term in reporting, preferring small EVs as an umbrella term,
unless biogenesis is confirmed (Welsh et al., 2024, Théry et al., 2018).
Microvesicles differ from exosomes, not just in their maximum size, but also
in biogenesis, shedding or blebbing from the membrane of cells (D'Souza-
Schorey and Clancy, 2012). Due to the heterogeneity of microvesicles, the
mechanisms underlying their biogenesis are not fully understood, however,
several mechanisms have been outlined (Sedgwick and D'Souza-Schorey,
2018, Bebelman et al., 2018, Abels and Breakefield, 2016, D'Souza-Schorey
and Clancy, 2012). Initially, ADP-ribosylation factor 6 (ARF6) triggers a

cascade which activated phospholipase D. This is followed by the recruitment
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of the extracellular signal-regulated kinase (ERK) to the plasma membrane at
the site of budding, where it is phosphorylated and, in turn, activates myosin
light chain kinase (MLCK). Subsequent phosphorylation of MLCK tiggers the
shedding of microvesicles (Bebelman ef al., 2018). ARF6 has also been
identified to play a role in the selective trafficking of cargo to sites of budding
(Tricarico et al., 2017). Additionally, ESCRT-I, in conjunction with protein
TSG101 and arrestin domain-containing protein 1 (ARRDC1), has been
shown to play a role in their biogenesis, facilitating the recruitment of VPS4-
VTALI, which scissions off buds, releasing them into the extracellular

environment. (Nabhan ez al., 2012).
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Figure 1.5: Biogenesis and budding and exosomes. A) Invagination and endocytosis of
the cell’s plasma membrane, leading to the formation of an EE. B) Loading ubiquitinated
cargo and budding of EEs regulated primarily by the ESCRT pathway. Bi) Binding of
ESCRT-0 to the EE plasma membrane, recruiting and clustering ubiquitinated cargo
molecules. Bii) Formation of an ESCRT-0-I-II complex, tiggering the initial invagination of
the EE plasma membrane around cargo rich microdomains. Biii) ESCRT-0-I-I1 facilitates
the recruitment of ESCRT-III and the subsequent binding of deubiquitinating machinery.
BiV) ESCRT-III promotes the maturation of the cargo rich domains into vesicles pinching
the two sides of the domain together and forming a neck region. BV) VPS4-VTA1 binds to
the ESCRT-III and scissions off the vesicle creating an ILV within the EE. C) Formation of
multiple ILVs within an EE sees it mature into an LE and ultimately into an MVB. D)
MVBs are transported to the plasma membrane where they bind and release their ILVs into

the extracellular space. Exocytosis ILVs are termed “Exosomes”.
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1.1.9. Extracellular Vesicles as Immune Modulators

The diversity of EV cargo resulting from their ability to package and
transmit any category of biomolecule from within the cell of origin makes
them a potent mechanism for intercellular communication. Consequently, over
the last decade, research into EVs and the role they play in the regulation and
maintenance of homeostasis is a rapidly developing field, with EVs being
shown to play an important role in a wide range of mechanisms, including —
angiogenesis, tissue repair and re-modelling, endogenous regeneration, anti-
apoptosis and immunomodulation to name but a few (Mohammadipoor ef al.,

2023).

Within the immune system, EVs and their secretion from all types of
immune cells play an important role in the initiation, maintenance and
attenuation of immune responses, both of the innate and adaptive branches of
the immune system (Buzas, 2023). During innate immune responses EVs play
a key role in the generation of inflammation. One mechanism through which
this is achieved is the secretion of inflammatory mediators by DCs and
macrophages. These DC and macrophage-derived EVs, contain lipid
mediators such as eicosanoids as well as functional enzymes involved in the
biogenesis of leukotrienes, facilitating the recruitment of granulocytes
(Boilard, 2018, Esser ef al., 2010). Additionally, necroptotic-derived EVs were
shown to be able to induce the secretion of TNF-a and CCL2 in macrophages,
promoting inflammation (Shlomovitz et al., 2021). Furthermore, activation of
the inflammasome during pyroptosis results in a significant increase in EV
secretion, as well as the selective loading of pro-inflammatory miRNAs (hsa-
miR-124-3p, has-miR155-5p and miR-126-3p). Neutrophil-derived EVs also
play an important role in either regulating inflammation, either promoting or
inhibiting depending on the environment at the time of biogenesis.
Complement receptor Macl on neutrophils is central to this functioning as a
switch for the production of pro- or anti-inflammatory EVs (Szeifert ef al.,

2021, Kolonics et al., 2020).
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Within adaptive immunity, EVs have been shown to play an important
role in all stages of the development of antigen-specific responses. Starting
with T cell development, where it has been demonstrated that EVs can
contribute to the negative selection of T cells specific to self-antigens, through
their secretion in the thymic microenvironment. These EVs are predominantly
secreted by thymic epithelial cells and deliver tissue-restricted antigens to
conventional DCs (Skogberg ef al., 2015). Furthermore, thymic epithelial-
derived EVs have also been shown to carry an array of proteins that promote
the maturation of CD4+ and CD8+ T cells, such as sphingosine-1-phosphatase
lysase (SGPL1) and p21-protein-activated kinase-2 (PAK2). EVs have also
been linked to B cell development and differentiation. Antibody mediated
engagement of CD24 on immature bone marrow B cells induced secretion of
CD24+ EVs, facilitating B cell selection and development (Ayre ef al., 2015).
One of the most important and well-established mechanisms through which
EVs can modulate adaptive immunity is through the presentation of antigens.
EVs were first shown to carry MHC in 1996 by Rapose ef al., where they
demonstrated that B cell-derived EVs carried functional MHC-antigen
complexes (Raposo ef al., 1996). Subsequent studies have further
demonstrated this, with DCs pulsed with antigen/MHC class 1 complexes
being able to prime naive CD8+ T cells. Additionally, the synaptic transfer of
EVs between donor and recipient DCs has also been shown to facilitate the

cross-priming of CD8+ cells (Balan and Bhardwaj, 2020).

EVs don’t just play a role in the activation of immune responses, they
are also involved in the regulation and suppression of immune responses.
Immunoregulatory molecules such as cytotoxic T lymphocyte antigen 4
(CTLA-4), programmed death ligand 1(PDL1) and ectoenzymes CD39 and
CD73 have all been shown to be expressed on the surface of EVs (Buzas,
2023). T regulatory cells (Tregs) have specifically been shown to produce
CD73-expressing EVs, these EVs contribute to immune suppression by
facilitating the production of adenosine, suppressing T cells and NK cells
(Smyth et al., 2013). Treg-derived EVs have also been shown to modulate
DCs. Delivery of miR150-5p and miR142-3p by EVs to LPS-activated DCs

has been shown to promote IL-10 secretion and downregulate IL-6, suggesting
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a possible role for EVs in the generation of tolerogenic DCs (Tung et al.,

2018).

1.1.10.Extracellular Vesicles in Allergic Sensitisation

The role that EVs play in the development of allergies is extensive,
ranging from acting as inhaled carriers of allergens (pollenosomes), to
modulators of the immune system promoting both allergic sensitisation and
tolerance (Tucis et al., 2024, Prado et al., 2015). Host-derived EVs play a
central role in allergic sensitisation. These EVs are secreted by immune cells
such as DCs, B cells and TfH cells, as well as epithelial cells. DC-derived EVs
play an important role in the development of Th2 responses. A study by Huang
et al. demonstrated that EVs isolated from TSLP stimulated DCs promoted the
proliferation of CD4+ T cells as well as the elevation of IL-4 and
differentiation towards a Th2 phenotype (Huang et al., 2019). Additionally,
DC-derived EVs also act as a vector for the presentation of allergens, inducing
the production of pro-Th2 cytokines, such as IL-4 (Vallhov et al., 2015).
Conversely, DC-derived EVs have also been shown to have a tolerogenic
effect, promoting a Th1-like response and the generation of allergen specific
IgG, as well as the proliferation of ovalbumin (OVA) specific CD8+ T cells
(Wahlund et al., 2017). DCs cultured with OVA and IL-2 were also able to
induce tolerance through the secretion of EVs containing IL-2 and OVA-MHC
complexes. These EVs bind to the surface of allergen-specific CD4+ T cells
inducing their differentiation into Treg cells and the subsequent suppression of
Th2 responses (Yu et al., 2020). T follicular (Tth) cell derived EVs also
facilitate allergic sensitisation, through the secretion of miR142-5p-containing
EVs. These EVs promote the maturation of DCs through the inhibition of
CDKS. The maturation of these DCs promoted the polarisation of Th2
responses in naive mice, elevating IL-13 and IgE secretion while also
supressing the secretion of [IFN-y and IL-17 (Teng et al., 2022). A study
investigating the role of B cell derived EVs in allergy, demonstrated that they
could promoted allergic sensitisation through the presentation of allergen-
MHC complexes to T cells. Presentation of these complexes induced the
proliferation of allergen specific T cells as well as the secretion of Th2-like

cytokines IL-5 and IL-13 (Admyre et al., 2007). Lastly, EVs isolated from the
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plasma of individuals with allergic rhinitis were shown to contain higher
amounts of Der p 1 relative to healthy donors. As observed with B cell derived
EVs, these plasma membrane derived EVs were also capable of allergen
presentation, promoting T cell differentiation and increased secretion of IL-13

(Fang et al., 2021).

In addition to the promotion of sensitisation, host derived EVs can
promote tolerance. Mesenchymal stromal cells (MSCs)-derived EVs in
particular appear to have an important role in the development of immune
tolerance (Tucis et al., 2024). One mechanism through which they induce
tolerance is through the release of miR146a-5p-containing EVs. These EVs
were shown to inhibit Th2 differentiation through the miR146a-5p inhibition
of SERPINB?2, preventing allergic sensitisation (Zhou et al., 2021).
Additionally, MSC-derived EVs can directly modulate DCs. A study by Peng
et al. demonstrated that MSC-derived EVs were able to inhibit the
differentiation of monocytes into immature DCs, down regulating the
expression of CD40, CD80, CD86 and HLA-DR. Furthermore, mature DCs
when cultured with these MSC-derived EVs suppressed Th2 responses, down
regulating the production of IL-4, IL-9 and IL-13 through the upregulation of
IL-10 and Treg cells (Peng ef al., 2022). Finally, MSC-derived EVs
containing OVA were shown to have a prophylactic effect in mice, preventing
sensitisation to OVA and inducing tolerance through decreasing the expression
of IL-4 and IgE (Asadirad et al., 2023). Epithelial-derived EVs have also been
shown to significantly influence both allergic sensitisation and tolerance. The
role of epithelial-derived EVs in allergic sensitisation is included in the
systematic review presented in the first results chapter of this thesis (Browne

et al., 2025).

Exogenous EVs can also influence allergic sensitisation. This occurs
primarily through one mechanism, the disruption of the skin epithelium by
commensal and pathogenic bacterial-derived EVs (Tucis et al., 2024). EVs
secreted by staphylococcus aureus were shown to induce the expression of key
pro-inflammatory mediators such as IL-6 and TSLP in dermal fibroblasts.
Furthermore, when S. aureus EVs were applied to damaged epidermis in vivo

enhanced production of IL-4, IL-5, IFN- y and IL-17 was observed alongside
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the recruitment of granulocytes such as mast cells (Hong et al., 2011). Further
review of the S. aureus colonies found on patients with atopic dermatitis (AD)
revealed increased levels of a-hemolysin in comparison to colonies on healthy
individuals. Secretion of a-hemolysin in EVs demonstrated a more cytotoxic
effect on keratinocytes than solubilise forms, suggesting a-hemolysin-
containing EVs play an important role in epithelial barrier disruption,
facilitating allergen penetration and promoting sensitisation (Hong et al.,
2014). Lastly, EVs derived from resistant strains of S. aureus have been shown
to act as immunostimulants, promoting Th2 inflammatory responses and the
upregulation of Th2-like cytokines IL-4 and IL-5, promoting [gE-mediated
hypersensitivity (Asano et al., 2021).

1.1.11. Study Aims

The presented work aimed to assess the role of airway epithelial-
derived small EVs in the promotion of allergic sensitisation. A humanised 3D
cell culture model of bronchial epithelium was developed and stimulated with
a traditional respiratory allergen, Der p 1, and a non-traditional respiratory
allergen, Can f 1. Subsequently, Th2-promoting cytokine secretion was
evaluated to indicate epithelial stimulation. EV responses were quantified and
characterised using optimised imaging flow cytometry and EV cargo was

evaluated using transcriptomic analysis.
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Chapter 2: Materials and Methods

2.1. Materials

2.1.1. Epithelial Cell Lines

Transformed bronchial epithelial cell lines BEAS-2B (Cat.no. CRL-
3588) and Calu-3 (Cat.no. HTB-55) were purchased from the American Type
Culture Collection (ATCC). While the cells lines A549 (ATCC, Cat.no. CCL-
185) and primary bronchial epithelial cells (kindly donated by Professor lan
Sayers (University of Nottingham, UK) in (June 2022)) were sourced from

within the university.

2.1.2. 2D Cell Culture

All cells were cultured in either Corning T25 (Cat.no. 430639,
Corning, UK) or T75 Flasks (Cat.no 430641, Corning, UK).

BEAS-2B cells were cultured in un-supplemented LHC-9 serum-free

culture media (Cat.no. 12680013, Thermofisher, UK).

Initial Calu-3 passages were cultured in Advanced Dulbecco’s
Modified Eagle Medium (DMEM) (Cat.no. 12491015, Thermofisher, UK)
supplemented with 4mM GlutaMAX (Cat.no. 35050-038, Thermofisher, UK)
and Penicillin (100IU)-Streptomycin (100pg/mL) (Cat.no. P0781, Merk, UK)

Due to advanced DMEM’s pre-supplementation with bovine
AlbuMAX, cultures were ultimately transferred into Minimal Essential Media
(MEM) culture media (Cat.no. 51200046, Thermofisher, UK), supplemented
with 4mM GlutaMAX (Cat.no. 35050-038, Thermofisher, UK ), 1% Sodium
Pyruvate (Cat.no.S8636, Merk, UK), 1% non-essential amino acids (Cat.no.
M7145, Merk, UK), Penicillin (1001U)-Streptomycin (100png/mL) (Cat.no.
P0781, Merk, UK) and 5% heat inactivated human AB serum (Cat.no. H5667,
Merk, UK).

Cell counting was conducted using Trypan Blue (Cat.no.

T10282,ThermoFisher, UK) and disposable Countess cell counting chamber
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slides (Cat.no. C10283) on a Countess 3 Automated Cell Counter (Cat. no.
A49862, ThermoFisher, UK).

2.1.3. 3D Air Liquid Interface Culture

Calu-3 Cells were grown on Costar 6.5mm, 0.4um pore polyester ALI
Inserts (Cat.no. 3413, Merk, UK). After submerged culture set up, inserts were
cultured in MucilAirTM Culture Medium (Epithelix, Switzerland).

2.1.4. Flow Cytometry

Multiple flow cytometry machines provided by the University of
Nottingham’s Flow Facility were utilised. Epithelial cell staining experiments
were performed on either the CytoFLEX S (Beckman Coulter, UK) or ID7000
(Sony, UK) spectral cytometer. Antibodies used for epithelial cell

characterisation are shown in Table 2.1.

Table 2.1. Antibodies used for the profiling of 2D and 3D epithelial cell
cultures, listing: target, fluorophore, brightness, manufacturer, category

number and staining volume used.

Antibody Fluorophore Manufacturer Cat.no. S\::ll::lleg

Target (ul)

BIV- Tubulin AlexFlour488 Abcam Ab237201 0.5

Tspan8 PE-Vio770 Miltenyi 130-106-865 10
EpCAM PE-Cy7 Biolegend 369816 5
E-Cadherin APC Biolegend 324107 5
CD66 BV605 Biolegend 342323 5
CD271 PE Biolegend 345105 5

EV quantification and Tetraspanin characterisation was performed on
an ImageStreamX MKII (ISX) (Luminex Corporation, UK). The antibody
panel to profile both general EV markers and tissue specific EV markers are

shown in Table 2.3
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Table 2.2. Fluorescent antibodies used for the comparison of REAaffinity and

conventional antibodies, their fluorophore, manufacturer and antibody type.

Target Fluorophore Brightness Manufacturer Cat.no. Type Cailgc/.nlljlf;d
CDhY APC 4 Miltenyi 130-118-808 REAffinity 2.5
CD63 PE 5 Miltenyi 130-118-077 REAffinity 25
CD81 PE-Vio615 5 Miltenyi 130-131-387 REAffinity 25
CD63 APC 4 Miltenyi 130-119-787 REA(ffinity 2.5
CD81 APC 5 Miltenyi 130-118-078 REA(ffinity 2.5
CD9 APC 4 Biolegend 312017 Conventional 2.5
CD63 PE 5 Biolegend 353004 Conventional 2.5
CD81 PE-Vio615 5 Biolegend 349520 Conventional 2.5
CD63 APC 4 Biolegend 353008 Conventional 2.5
CD81 APC 5 Biolegend 349510 Conventional 2.5

Table 2.3 Antibodies used in the final assay EV characterisation, listing: target,

fluorophore, brightness, manufacturer, category number and staining

concentration used.

Conc. Used
Antibod Fluorophore Brightness Manufacturer Cat.no.
y P & (ng/mL)
CD9 APC 4 Miltenyi 130-118-808 2.5
CD63 PE 5 Miltenyi 130-118-077 2.5
CD81 PE-Vio615 5 Miltenyi 130-131-387 2.5
EpCAM PE 5 Miltenyi 130-110-999 2.5
E-Cadherin PE-Vio615 5 Miltenyi 130-125-732 2.5
Tspan8 APC 4 Miltenyi 130-128-391 2.5
REA Control Antibody . .
Human IgG1 APC 4 Miltenyi 130-113-434 2.5
REA Control Antibody . .
Human IgG1 PE 5 Miltenyi 130-113-450 2.5
REA Control Antibody v/ 65 5 Miltenyi 130-113-439 25
Human IgG1
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Cells were washed with phosphate buffer albumin (PBA) as part of
intracellular and extracellular staining. PBA was made in-house, comprising of
1X phosphate buffered saline (PBS) (Cat.no. BP399-4, Fisher Scientific, UK)
with 30% bovine serum albumin (BSA) (Cat.no. A7284, Merk, UK) and 20%
Sodium Azide (Cat.no. S2002, Merk, UK).

4% paraformaldehyde fixation buffer was purchased from Biolegend
(Cat.no0.420801, UK) and permeabilisation buffer was purchased from
Thermofisher (Cat.no.00-8333-56, UK) for the fixation and permeabilization

of cells for intracellular staining, respectively.

2D Cell Culture viabilities were assessed using an Annexin V and PI
Staining kit (Cat. No 120-092-052, Miltenyi,UK). Annexin V/PI Kits required
the use of Annexin binding buffer (Cat.no. 130-092-820, Miltenyi, UK).

The limit of detection (LoD) for fluorophores was assessed on ISX
and CytoFLEX using Anti-Human (Cat.no. 816B, Bangs Laboratories, US )
and Anti-Mouse (Cat.no. 815B, Bangs Laboratories, US) IgG Quantum™
Simply Cellular microspheres according to the manufacturer’s instructions

(Bangs Laboratories, Fishers, IN, USA).

Sizing sensitivity was assessed on the ISX and CytoFLEX using NIST
beads (60 nm, 80 nm, 101 nm, 125 nm, 151 nm,) (ThermoFisher 3060A,
3080A, 3125A, 3100A and 3150A). Additionally, sizing on the sizing on the
ISX was performed with a the vVFC™ EV analysis assay kit (Cellarcus

Biosciences, US)

Calcein -AM 1mM stock solutions were prepared by dissolving 1 vial
of lyophilized Calcein-AM dye (Cat.no. 42520, Biolegend, UK) in 50ul
DMSO (Cat.no. D8418, Merk, UK).

2.1.5. Confocal and Scanning Electron Microscopy

0.5% Triton-X permeabilisation buffer was prepared by dissolving
50ul of 100% Triton-X (Cat.no. 10671652, Fisher Scientific) in 9.5 ml of 1X
PBS (as above). Immunofluorescence buffer was prepared by dissolving
833.3ul of 30% BSA, 100ul of 100% TritonX and 25ul of 100% Tween-20 in
9ml of 1x PBS. Fluorescent conjugated antibodies for ZO-1 (Cat.no. MA3-
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39100-A647, Thermofisher, UK) and Occludin (Cat.no. 331588,

Thermofisher, UK) were used to stain tight junctions.

2.1.6. Lactate Dehydrogenase (LDH) Viability

Promega’s RealTime-Glo™ MT cell viability assay (Cat.no.G9711)
was utilised to assess 3D culture viability. A 2x RealTime-Glo™ reagent was
prepared prior to assay, by adding 2ul of MT cell viability substrate (1000x)
and 2ul if NanoLuc® Enzyme (1000x) (components of kit) to 996ul of culture
media. Assays were performed in opaque non-binding surface 384 well plates
(Cat.no. CLS3574, Merk, UK) and samples analysed using a GloMax Explorer
Microplate Reader (Promega, US).

2.1.7. Allergens

Low-endotoxin Der p 1 (Cat.no. LTN-DP1-1) and low-endotoxin Can
F 1 (Cat.no. LTN-CF1-1) were purchased from Indoor Biotechnologies, UK,
for stimulation of epithelial cells. Der p 1’s proteolytic activity was activated
using L-Cysteine (Cat.no. A10435.18, Thermo scientific, UK) and inhibited
when relevant with E-64 (Cat.no. E3132, Merk, UK). Proteolytic activity of
Der p 1 was evaluated using a Calbiochem protease assay kit (539125, Merk,
UK). As part of the proteolytic activity assay, 5% Trichloroacetic acid (TCA)
was produced by dissolving 1.634g of TCA (Cat.no. T/3000/50, Fisher
Scientific, UK) in deionised water to create a 1m solution. A 5% stock was

prepared by subsequently diluting further (1:20) in deionised water.

2.1.8. Positive Control Stimulants

Polyinosinic-polycytidylic acid (Poly(I:C)) (Cat.no. P1530, Merk, UK)
was utilised as a positive control for stimulating epithelial cells.
Lipopolysaccharide (LPS) from Escherichia Coli O111:B4 purified using gel-
filtration chromatography (L4391, Merk, UK) and purified using phenol
extraction (L2630, Merk, UK) were also assessed. Carrier free LPS binding
Protein (LPS-BP) (Cat.no. 8§70-LP-025/CF) was also utilised to enhance LPS

stimulations.
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2.1.9. Bacillus Protease Assay

Bacillus protease activity was measured using a EnzChek™ Protease
Assay Kit (Cat.no. E6639, ThermoFisher, UK). BODIP TR-X solution was
prepared by adding 0.2ml of 0.1M sodium bicarbonate (8.3 pH) to a
lyophilized substrate vial. 1x digestion buffer was prepared by diluting 20x
digestion buffer in deionised water to a final volume of 50ml. 10pg/ml
BODIPY casein working solution was prepared by adding 0.2ml of BODIP
TR-X solution to 19.8ml of 1x digestion buffer. Samples analysed using a
GloMax Explorer Microplate Reader (Promega, US).

2.1.10. Cytokine ELISAs

Cytokine secretion was profiled using R&D systems DuoSet ELISA
kits; IL-1B (DY201), IL-6 (DY206), IL-8 (DY208), IL-17E (DY 1258-05), IL-
33 (DY3625B) and TSLP (DY 139). To prepare standards, 1X reagent diluent
was made in house by diluting 10X reagent diluent concentrate 2 (Cat.no.
DY995, R&D systems) in PBS to ensure absorbance could be measured.
Samples were assessed with an Agilent BioTek Epoch Microplate

Spectrophotometer (Aglient, UK)

2.1.11. Nebuliser

A Cloud Alpha AX12 Vitrocell Chamber (Vitrocell, Germany) was
utilised for nebulisation experiments. The nebuliser used was an Aerogen Pro-

Nebulsier (2.6-6.0 vMD) (Cat.no 90-002, Aerogen, Ireland).
2.2. Methods

2.2.1. Cell Culture

2.2.1.1. 2D Epithelial Cell Culture and Subculture

25c¢cm? Corning flasks containing 7ml of supplemented MEM culture
media (Section 2.1.2.) were seeded with 1x10° Calu-3 cells and incubated at
37°C and 5% CO (2x10° cells in 75cm2 flasks). Culture media was changed
every two days until cultures reached 80-90%, where they were then
subcultured. At confluence, culture media was aspirated from flasks and
cultures were washed three times with S5ml of 37°C PBS. Washed cultures

were subsequently incubated in 7ml of 37°C TrypLE Express (10ml in 75¢cm?
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flasks). Cultures were incubated in TyrpLE until cells had fully detached from
flasks, which was assessed using a brightfield microscope. 8ml of 37°C was
then added to the culture flask, and the content was then transferred into 15ml
Falcon tubes, which were subsequently centrifuged at 150g for 10 minutes.
After centrifugation, the supernatant was aspirated and the pellets were
resuspended in 2ml of culture media. Cell counts were performed on cell
suspensions, and flasks were seeded appropriately. Cells used for experiments
were seeded into 96-well plates at a density of 50,000 cells per well and
incubated at 37°C and 5% COx. Cells not utilised were frozen and stored in

liquid nitrogen.

2.2.1.2. Cell Count

Cell counts were performed using Trypan blue staining and analysed
using a Countess 3 Automated Cell Counter. 10ul of cell suspension was
mixed with 10ul of Trypan Blue and pipetted into a disposable Countess slide.
Slides were inserted into the Countess 3 and counts were performed

automatically.

2.2.1.3. 2D Epithelial Stimulation

Cells were cultured in 96-well plates until 80% confluence, which was
assessed using a brightfield microscope (37°C and 5% COz). Upon reaching
the desired confluence, media was changed to serum-free LHC-9 and
incubated for three days. To stimulate, media was aspirated from wells and
replaced with 200ul LHC-9 media supplemented with relevant stimulant
concentration. Cells were incubated at 37°C and 5% CO until samples were

collected after 24- or 48- hours.

2.2.1.4. 3D Epithelial Cell Culture

The apical side of 6.5mm (0.4um pore and 0.33cm? culture surface)
trans wells inserts were seeded with 200ul of 5% HS-supplemented MEM
culture media (Section 2.1.2.) containing 7x10* Calu-3 cells. 0.5ml of 5% HS-
supplemented MEM culture media was also added to the basolateral side
(500pl). Cells were cultured under submerged conditions, changing basal
media every two days until confluence was reached (37°C and 5% COx).

Apical media was aspirated after reaching confluence and basal media was
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replaced with MucilAir™ Culture media (500ul). Inserts were cultured at ALI

for 21 days before use, replacing media every 2 days (37°C and 5% COs).

For submersion experiments, stimulation stocks were made up to final
stimulation concentration by diluting stimulants in 0.22um sterile filtered
PBS. Basal chamber media (MucilAir™ culture media) was changed prior to
stimulation (500ul per chamber) and 50ul of stimulation stock was added to
the apical chamber for relevant exposure durations (37°C and 5% COx).
Following 24- and 48-hour exposure, the 50ul of stimulation stock was
removed and placed into Eppendorf’s. Apical surfaces were then washed with
200pl of 37°C sterile filtered PBS for 3 minutes and this was added to
Eppendorf’s. This was repeated and Eppendorf’s were topped up with a
further 50ul to give a total volume of 500ul. This allowed for direct

comparison of apical and basal concentrations.

For 2- and 8-hour exposure, stimulation preparation was conducted as
previous. However, after relevant exposure durations, the stimulants were
aspirated and inserts were left to incubate for 24- and 48- hours post initial
addition of stimulant (37°C and 5% CO.). Apical samples were collected as
previous with two 3-minute 200ul sterile PBS washes (37°C), which was

topped up with 100ul of PBS to create a total volume of 500ul.

ELISAs were conducted as outlined in Section 2.2.11. All Cytokines
were run on neat sample with the exception of IL-8 which was analysed using

samples diluted 1:10 in PBS.

2.2.1.5. Nebulisation of 3D Inserts

ALI Cultures generated as above, were used as soon as possible to
ensure low mucus cover of the inserts. ALI inserts were apically washed with
200ul of 37°C 0.22um filtered sterile PBS for 10 minutes at 37°C and 5% CO:
to clear any mucus on inserts two days prior to exposure. Samples were
nebulised using a Cloud Alpha AX12 control chamber and Aerogen Pro-
Nebuliser (2.6-6.0 vMD). Prior to exposure, concentrations required for
nebulisations were calculated using the equations below, as per manufacturer’s

instructions.
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The following equation determines the mass of test substance
introduced into the chamber. M = Mass, C = Concentration added to the

nebuliser and Vneb is the volume of stimulant added to the nebuliser.
m=C XVneb

The following equation determines the mass deposition on the cross-sectional
area of the aerosol chamber (assuming 100% nebulisation of liquid reaches the
bottom of the chamber). Dep= Deposition of nebulised liquid (ng/cm?), Ac =

Cross-sectional area of the chamber (200.54cm?).

C XVneb

D =
ep Ac

The following equation determines the mass deposited in a cross-
sectional area of an individual ALI insert. Depinsert = mass deposited in insert

(ug) , Ai= area of inserts (0.33cm?) and Dep is previously calculated.
dePinsert = dep X 4;

Typically, 80% of nebulised mass reaches the bottom of the chamber, and so
M is factored accordingly. However, with the configuration available,

deposition was shown to be 35% (Chapter 5).

After calculating concentrations of stimulant required (compensating
for 35% deposition) for nebulisation, individual stocks were produced, Table
2.4 shows final volumes and concentrations added to the nebuliser for each
stimulant. Der p 1 was activated 20 minutes prior to nebulisation through the
addition of 5SmM L-Cysteine. Additionally, inactive Der p 1 was produced by
adding 10uM of E-64 to the Der p 1 stock 20 minutes prior to nebulisation.
The nebuliser was loaded with relevant stimulant, and 24-well plates
containing inserts in culture media (37°C) were placed in the chamber. The
chamber was sealed to prevent leaking of nebulised simulant, and the
nebuliser was run until the liquid was fully nebulised. The Chamber was left
sealed for 10 minutes to allow for full deposition of stimulants. The chamber
was then opened and inserts were transferred into new 24-well plates with
500ul of 37°C culture media and incubated for 24 or 48 Hours (37°C and 5%

CO»). Between stimulations, both the nebuliser and chamber were cleaned
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with ethanol as per manufacturer’s instructions to ensure inserts were only

exposed to relevant stimulants.

Table 2.4. Stimulants added to nebuliser in final experiment, Concentration
added to the nebulised, volume added to the nebuliser and the deposition on

ALI inserts.

Concentration

Stimulant added to Nebuliser \(l::l:;) Dep(;sm;m
(mg/ml) (ug/em”)
PBS (Unstimulated) Neat 0.3
Poly(I:C) 2.0 0.3 1.0
Active Der P 1
(Der P1 and L- 1.0 0.2 0.35
Cysteine)
Inactive Der P 1
(Der p 1 and E-64) 1.0 0.2 0.35
CanF1 1.0 0.2 0.35

2.2.2. 3D Insert Microscopy

2.2.2.1. Tight Junction Staining

Culture media was aspirated from wells of inserts randomly selected
for staining. To remove any debris, cells were washed with 200ul of room
temperature 0.22um filtered sterile PBS for 5 minutes. This PBS was aspirated
and washes were repeated four more times for a total of five washes per insert.
Cells were then fixed by adding 4% formaldehyde to the apical chamber
(200ul) and basal chamber (750ul) for 30 minutes at room temperature.
Fixation buffer was removed and cells were permeabilised by adding 0.5%
TritonX in PBS to the apical (200ul) and basal (750ul) chambers for 30
minutes at 4°C. Inserts were then washed for 5 minutes with PBS at room
temperature, 200ul in the apical chamber and 1ml in the basal chamber. This
was repeated two times for a total of three washes. Cells were blocked with
the addition of 100ul of 5% BSA in immunofluorescence buffer (Section
2.2.20) to the apical chamber. Inserts were subsequently stained with 50ul of
Spg/ml Occludin AF488 and ZO-1 AF647-conjugated antibodies in
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immunofluorescence buffer. Samples were incubated overnight in the dark at
4°C. Cells were then washed with 1ml of room temperature
immunofluorescence buffer for 5 minutes before aspiration. Insert membranes
were cut using a scalpel and placed on to coverslips. Coverslips were placed in
24 well plates and submerged in 2ml of PBS and stored at 4°C. Samples were
analysed on a Zeiss LSM9000 with AiryScan, Objective: Plan-Apochromat
20x, numerical aperture: 0.8, Lasers used: AlexaFlour488 and AlexaFlour647,
pixel size: 0.074x0.074um, Z step size: 0.7um. Images were analysed using

Zen3.5 software.

2.2.2.2. Scanning Electron Microscopy

Inserts were initially washed and fixed as previously described (see
above). Membranes of selected inserts were subsequently cut out using a
scalpel and placed into individual wells of a 24 well plate. Cells were then
dehydrated using 200pul of a graded series of ethanol dilutions; 50, 70, 90 and
100% for 10 minutes per dilution. 100% ethanol dehydration was repeated for
10 minutes. After dehydration cells were submerged in 100ul of
hexamethryldisilazane and left until the solution had evaporated. Samples
were mounted on to aluminium stubs and sputter coated with platinum before
analysis with a JEOL JSM IT-200 LV SEM using a voltage of 5 kV and a

working distance of 10 mm.

2.2.3. Cellular Flow Cytometry

Cells were isolated from culture wells using 200ul Accutase
(Thermofisher, UK) before staining with fluorescently conjugated antibodies.
Detachment was assessed using a brightfield microscope. All antibodies were
added at manufacturer’s recommended concentrations. Analysis was either
performed on either Kaluza Analysis 2.1 (conventional and spectral flow

cytometry) or on Ideas6.2 (Imaging flow cytometry) software.

2.2.3.1. Extracellular staining

200ul of cell suspensions were harvested into FACS tubes, 1ml of PBA
was added and centrifuged at 300xg for 5 minutes. Supernatants were
aspirated and pellets were tapped to resuspend. Appropriate antibody volumes

(Table 2.1) were added to the cell suspension and incubated in the dark for 30
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minutes at 4°C. 2ml of PBA was then added to the cells and centrifuged at
300g for 5 minutes. Supernatants were aspirated and pellets resuspended
through tapping. Cells were fixed in 300yl of fixation buffer (4%
formaldehyde fix in 1X PBS) and analysed using flow cytometry or stained for

intracellular markers (see below).

2.2.3.2. Intracellular Staining

After Extracellular Staining (see above), cells were left in fixation
buffer for a minimum of 30 minutes. Cells were then centrifuged at 300g for 5
minutes. Supernatant was aspirated and pellets were resuspended through
tapping. 2ml of permeabilisation buffer was added to cells and incubated in
the dark for 30 minutes 4°C. Cells were again centrifuged for 5 minutes at
300g and supernatants were aspirated, and pellets resuspended through
tapping. Appropriate antibody volumes (Table 2.1) were added and incubated
in the dark for 30 minutes at room temperature. Finally, cells were centrifuged
at 300g for 5 minutes, supernatants were aspirated and pellets resuspended
through tapping. 300ul of fixation buffer was added to suspensions and cells

were subsequently analysed using flow cytometry.

2.2.4. Calibration of Flow Cytometry

Evaluation of two flow cytometry techniques were assessed for their
EV quantification and characterisation suitability. A Cytoflex S (conventional
flow cytometry) and an ImageStream X MKII (ISX, Imaging flow cytometry)

were compared.

2.2.4.1. Sizing Limit of Detection

National Institute of Standards and Technology (NIST) certified
polystyrene size standards (60 nm, 80 nm, 101 nm, 125 nm, and 151 nm,
(ThermoFisher 3060A, 3080A, 3125A, 3100A, and 3150A)), were utilised on
ISX, CytoFLEX S, and NTA. Beads were diluted in 0.22 pum sterile-filtered
PBS accordingly for each machine; 1:10,000 and 1:100,000 for ImageStream
X MKII and 1:100,000 for CytoFLEX S. Additionally, NIST certified
polystyrene size standards (80 nm, 101 nm, 200 nm, 300 nm, and 450 nm,
(Thermo Fisher 3080A, 30100A, 3200A, 3300A, and 3450A)) were used and
diluted at 1:100,000. Light scattering signals of NIST bead populations run on
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the CytoFLEX S were then fitted with Mie theory using FCMPASS software
(Welsh et al., 2020). The refractive index of each bead (specified by the
manufacturer) was input into the software. Scattering cross sections of the
calibration beads were calculated by integrating the amplitude scattering
matrix elements over 576 collection angles. Data and theory were logio-
transformed to scale the data into the theory using a least-square-fit.
Transformation of this data provides trigger threshold in the context of EV

size, giving the limit of detection.

Sizing was also performed using a vVFC™ EV analysis assay kit run on
the ISX. The ISX was first calibrated using vCal™ nanoRainbow beads and
the manufacturer’s provided IDEAS layout. 5 uL of a synthetic vesicle size
standard, Lipo100™, or 5 uL primary epithelial cell supernatant, were then
stained with vFRed™ at 1x concentration in vFC™ staining buffer, in a total
volume of 50 pL for 60 minutes at room temperature, in the dark. Samples
were then diluted 1:30 in staining buffer before running on the ImageStream X
MKII. Files were imported into IDEAS software and exported as FCS files,
before analysing in FCS Express (DeNovo software) using the manufacturer’s
provided layouts. Using the Lip100™ size standard, vFRed-positive events
were selected and calibrated using FCS Express transformations tool and
inputting a surface area equation generated by the manufacturer's layout. This
size calibration was then applied to samples from primary epithelial cells to

size the EVs.

2.2.4.2. Fluorescent Limit of Detection

Anti-Human and Anti-Mouse IgG Quantum™ Simply Cellular
fluorescent standardisation beads (Bangs Laboratories, Fishers, IN, USA)
were used to assess antibody binding capacity on ImageStream X MKkII and
CytoFLEX S. 50ul of PBS was added to five different bead populations of
differing binding capacity. Four of these bead populations were stained with
double the recommended staining concentration of the antibody (defined by
antibody manufacturer), ensuring saturation. The blank population remained
unstained. Samples were incubated in the dark for 30 minutes at room

temperature. 1ml of PBS was added to the samples and centrifuged at 2500¢g
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for 5 minutes. Supernatants were aspirated and samples were resuspended in
Iml of PBS and centrifuged again at 2500g and resuspended in 500ul for
Cytoflex S and 50ul for ImageStream X MKII to ensure all unbound antibody
was washed away. LoDs were determined using product-specific templates
provided by the manufacturer. All instrument lasers were set to max power for

LoD analysis (unless stated otherwise).

2.2.5. Extracellular Vesicle Calcein-AM and Tetraspanin Staining

20ul of culture supernatant was isolated from stimulated samples at
relevant time points and was stained and run immediately to prevent EV
degradation in samples. 20ul of sample was stained with 10um calcein-AM
(Section 2.1.4) and 2.5ug/ml of antibody (Table 2.1) and incubated for 60
minutes (37°C & 5% COy). EV staining was done in duplicate using 2
different antibody panels. A general EV tetraspanin panel stained for CD9,
CD63 and CD81 and an Epithelial marker panel stained for EpCAM, Tspan8
and E-Cadherin (Table 2.1 shows all antibodies used, their staining
concentration and fluorophore). Samples were then diluted 1:5 in 0.22pum
filtered PBS and analysed using an ISX imaging flow cytometer (settings
listed below).

2.2.6. ImageStream X MKII Acquisition Settings

ImageStream X Mk II (ISX) was equipped with 405nm (120mW) 488
nm (400mW), 561 nm (200 mW) 642 nm (2 mW) and 785 nm (100mW)
lasers. All lasers were run at their maximum power unless specified. The
sample flow rate was set to 44mm/sec (Setting: Speed to Low and Sensitivity
to High). High Gain was turned on and magnification was set to 60x. Both
camera | and 2’s sensitivities were set to 32 for all channels and both camera’s
gains were 1. Eppendorf’s containing a minimum of 20l were loaded into the

autosampler for analysis.

2.2.7. Size Exclusion Chromatography

Before analysis of EVs with Transmission Electron Microscopy
(TEM), Transcriptomics cargo analysis and Nanoparticle Tracking Analysis

(NTA), EVs were isolated and concentrated. Cell supernatants were removed
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from wells and centrifuged for 5 minutes at 300g to remove cell debris. EVs
were then isolated by size exclusion chromatography (SEC) using qEV
original 35 columns with an automated fraction collector (Izon Science).
Fractions 1-7 of 500 pL were collected, pooled, and concentrated by
centrifuging at 4000g for 10 minutes using 10 kDa Amicon columns (Merck,
UK).

2.2.8. Transition Electron Microscopy of Extracellular Vesicles

SEC isolated EVs were placed on carbon-coated 300 Cu mesh TEM
grids (Cat.no. AGG2300C, Agar Scientific, UK) for 15 minutes and then fixed
with 2% paraformaldehyde for 10 minutes. The grids were washed 5 times
with deionised water before incubating with 4% Uranyl Acetate for 10
minutes. Excess stain was removed before allowing to dry completely, and
then grids were imaged using a Tecnai BioTwin TEM, operating at 80kV, and

images were recorded on a Gatan Orius camera.

2.2.9. Nanoparticle Tracking Analysis

SEC isolated EVs were diluted 1 in 1000 in 0.22 pM filtered PBS and
inserted into an Analytik Zetaview mono (Analytik LtD, UK) to determine
particle size distribution and quantification. Prior to analysis, a 1:10 dilution of
100 nm carboxylated polystyrene (IZON) and a 1:1000 dilution of 200 nm
polystyrene (Malvern Panalytical) nanoparticles were used to calibrate the
sensitivity of the instrument. Automatic settings were applied for the minimum
expected particle size, minimum track length, and blur settings. Sensitivity
was set at 78, gain at 26.88, and temperature set at 21 °C. National Institute of
Standards and Technology (NIST) beads were run at a sensitivity of 65. Data
processing and analysis of particle size distribution were performed using

ZetaView Software (8.05.16.SP7) (Analytik LtD, UK).

2.2.10. Viability Assays

In accordance with MISEV recommendations viability of samples was

assessed at sample collection time points (24 and 48 hours).
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2.2.10.1. Annexin-PI

Annexin V and Propidium lodide (PI) staining was used in 2D
optimisation to assess culture viability. 10x Annexin binding buffer was
diluted to 1x in deionised water. 200ul detached cell suspensions were
harvested into FACS tubes, 1ml of 1x annexin binding buffer and centrifuged
for 10 minutes at 300g. Supernatants were aspirated and pellets resuspended in
50ul of 1x binding buffer. Sul Annexin V (FITC) as per manufacturer’s
instructions was added to cells and incubated at room temperature for 15
minutes. Iml of 1x annexin binding buffer was added to the samples and
centrifuged at 300g for 5 minutes. Supernatants were aspirated and pellets
were resuspended in 200ul of binding buffer. 0.33ul of 1mg/ml PI staining
solution was added to samples which were analysed immediately using flow

cytometry.

2.2.10.2. Lactate Dehydrogenase (LDH) Assay

LDH assays were used to profile 3D culture viability. Culture media
was isolated from stimulated culture at sampling time points (24 and 48 hours)
and diluted in LDH storage buffer (1:5 dilution). Diluted samples were kept at
-20°C until assayed. Diluted samples were thawed prior to assays and 20l of
dilutions were transferred into opaque 384-well plates in duplicate. LDH
standard was diluted in LDH storage buffer (as per manufactures instructions)
and 20ul of serially diluted standard was plated in duplicate. 20ul of LDH
detection reagent was added to all samples after preparation (Section 2.1.5.).
Plates were sealed and incubated for 60 minutes at room temperature.
Luminescence was measured using a GloMax Explorer Microplate Reader
(Promega, US) with an integration of 1 second per well. The standard’s known
concentrations were plotted against luminesce scores (subtracted from blank
sample) and fitted with a hyperbola curve using Graphpad Prism (10.5.0
software version). Sample LDH concentration (mU/ml) were interpolated

from standards curves.

Percentage viability was calculated using the following equation:

Sample LDH Comcentration )

Loy _ x
Percentage Viability = 100 (100 TritonX LDH Concentration
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2.2.11. Cytokine ELISAs

Culture supernatant was harvested after incubation with different
stimuli and concentration of cytokines IL-18, IL-6, IL-8, IL-17E, IL-33 and
TSLP were assessed by ELISA (R&D, UK) following manufacturer’s

instructions.

In brief, 384 well plates were coated with appropriate concentrations of
capture antibody dissolved in PBS, as per manufacturer’s instructions (Table
2.5) for relevant cytokines. Plates were sealed and incubated overnight at 4°C.
Capture antibody was the aspirated from wells and plates were washed three
times with wash buffer (PBS-0.05%Tween-20) using a Biochrom ASYA
Atlantis plate washing robot. Plates were then blocked with 100ul of 1X
reagent diluent (Section 2.1.8.) and incubated for 1 hour at room temperature.
Plates were then washed again as previous. Samples were diluted
appropriately depending on cytokines evaluated (neat sample for all cytokines
except IL-8, which was measured with 1:10 and 1:20 dilutions) and 20pul of
dilutions was plated into 384 well plates in duplicate (unless stated otherwise).
Standards were diluted in 1X reagent diluent and serially diluted in
concentration ranges specified by manufacturers (Table 2.5). 20ul of standards
was plated into 384 well plates in duplicate, with final wells of standards
containing just 1x reagent diluent so background could be subtracted during
analysis. Samples and standards were incubated at room temperature for 2
hours. Plates were washed again as previously and 20pul of appropriate
detection antibodies diluted in 1X reagent diluent as per manufacturer’s
instructions (Table 2.5) were added to plates. Plates were incubated for 2 hours
at room temperature and washed again as pervious. 20ul of 40-fold diluted
Streptavidin-HRP was added to 384-well plates and incubated for 20 minutes
at room temperature before washing as previously. 50ul of ultra TMB
substrate solution was added to wells and incubated in the dark for 20 minutes
at room temperature. Finally, 50ul of stop solution was added to plates and
absorbance of samples was measured at 570nm (Reference wavelength) and
450nm (test wavelength) using an Agilent BioTek Epoch Microplate
Spectrophotometer. Absorbance of known standard concentrations (Table

2.5) was plotted and fitted with a hyperbola curve to generate standard curves,

55



Chapter 2: Materials and Methods

from which sample concentrations could be interpolated (pg/ml) (Graphpad
Prism 10.5.0 Software).

Table 2.5. Table showing working concentrations of capture and detection

antibodies for each cytokine assessed as well as the standard curve ranges.

Capture Antibody Detection Antibody Standard

Cytokine working Concentration working Concentration = Curve Range

(ug/ml) (ng/ml) (pg/ml)

IL-1B 4.0 75 3.91-250
IL-6 2.0 50 9.38-600
IL-8 4.0 10 31.2-2000
IL-17E (IL-25) 2.0 15 11.7-750
IL-33 1.0 30 23.4-1500
TSLP 0.8 3 31.2-2000

2.2.12. Der p 1 Cysteine Protease Activity

To assess the functionality of Lotox Der p 1 allergen stocks (Indoor
Biotechnologies, UK), proteolytic activity was confirmed using a cysteine
protease activity kit (Calbiochem®, UK). Test samples were made by diluting
20pg/ml Der p 1 to a final concentration of 10pg/ml in either 0.22pum sterile
filtered PBS or 0.22um sterile filtered PBS combined with SmM L-cysteine
(active Der p 1) or SmM L-cysteine and 10uM E-64 (Inactivated Der p 1).
10ul of test samples and 1mg/ml trypsin control were separately plated into
96-well plates and combined with 25ul of FTC-casein and 25ul incubation
buffer and incubated for 24 hours (37°C). 120ul of 5% TCA (Section 2.1.7.)
was added to each well and incubated for 20 minutes at 37°C. Plates were
centrifuged at 400xg and 4°C for 15 minutes. 40ul of supernatant was isolated
from samples and plated into a 96-well flat bottom plate. Each sample was
mixed with 160ul of assay buffer and absorbance of samples was measured at

492nm using an Agilent BioTek Epoch Microplate Spectrophotometer.

2.2.13. Bacillus Protease Activity

An EnzChek® Protease Assay Kit (Invitrogen, UK) was used to assess

the protease function after nebulisation. 500ul of sample was isolated from all
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wells of a 24-well plate, nebulised with protease, diluted in 500ul 1X
digestion buffer (Section 2.1.9). 100ul of dilution of each sample was plated in
duplicate into 384-well microplates and 100ul of 10pg/ml BODIPY TR-X
casein (Section 2.1.9) was added to the samples. A standard was prepared by
performing 1:2 serial dilutions of protease stock and subsequently were
prepared and plated as previously described. Samples were incubated in the
dark at room temperature for 60 minutes. Sample florescence was read at
645nm and standard sample fluorescence was plotted against known
concentration and fitted with a curve to allow for interpolation of unknown

sample concentrations.

2.2.14. Transcriptomic Analysis

To ensure enough EVs were present in samples to get robust data, 70l
of 48-hour basal samples was collected from each of the six repeats. These six
samples were combined in pairs to create three samples and EVs were isolated
and concentrated as described (Section 2.2.7). Samples were stored at -80°C
until being shipped to TAmiRNA (Austria) for RNA isolation and

transcriptomic analysis.

2.2.14.1. RNA Isolation of EVs
RNA isolations were performed by TAmiRNA on SEC isolated EV

samples. Total RNA was extracted from EV suspension using the miRNeasy
Mini Kit (Qiagen, Germany, Cat. 217004). Each sample was treated with 1ml
of Qiazol. Additionally, a synthetic RNA oligonucleotide mix obtained from
the miRCURY Spike-In kit (Qiagen, Germany, Cat. 339390) was added to
each sample at equimolar amounts to monitor RNA extraction efficiency. After
incubation at room temperature for 15 minutes, 200 puL chloroform were
added to the lysates followed by cooled centrifugation at 12,000g for 15
minutes at 4°C. Precisely 650uL of the upper aqueous phase were mixed with
7uL glycogen (5mg/mL) to enhance precipitation. Samples were transferred to
a miRNeasy mini column, and RNA was precipitated with ethanol followed by
automated washing with RPE and RWT buffer in a QiaCube liquid handling
robot. Finally, total RNA was eluted in 30 pL nuclease free water and stored at

-80°C until further analysis.
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2.2.14.2. Small RNA Sequencing Analysis

For all samples, 4,25 pL of total RNA was used as an input for small
RNA sequencing library preparation. To each RNA sample 1uL of miND spike-
in standards (TAmiRNA, Austria) were added prior to small RNA library
preparation using the RealSeq Biofluids library preparation kit (RealSeq
Biosciences / BioCat Cat.600-00048-SOM). Adapter-ligated libraries were
amplified with 20 PCR cycles using barcoded Illumina reverse primers in
combination with the Illumina forward primer. Library quality control was
performed using an Agilent Small Fragment Kit (Cat. DNF-476-0500). An
equimolar pool consisting of all sequencing libraries was prepared and
sequenced in single read mode with 100 cycles on an Illumina NextSeq 2000

P2 Flowcell.

2.2.14.3. Transcriptomic Analysis

Transcriptomic analysis was conducted by TAmiRNA. Their analysis
methodology is as follows: Next-generation sequencing (NGS) data was
analysed using the miND® analysis pipeline (Diendorfer ef al., 2022): Overall
quality of the NGS data was evaluated automatically and manually with
fastQC v0.12 (Andrews, 2010) and multiQC v1.14 (Ewels ef al., 2016). Reads
from all passing samples were adapter trimmed and quality filtered using
cutadapt v3.3 (Martin, 2011) and filtered for a minimum length of 17nt.
Mapping steps were performed with bowtie v1.3.0 (Langmead et al.,

2009) and miRDeep2 v2.0.1.2 (Friedlander ef al., 2012), whereas reads were
mapped first against the genomic reference GRCh38.p12 provided by
Ensembl (Zerbino et al., 2018) allowing for two mismatches and subsequently
miRBase v22.1 (Griffiths-Jones, 2004), filtered for miRNAs of hsa only,
allowing for one mismatch. For a general RNA composition overview, non-
miRNA mapped reads were mapped against RNAcentral v23.0 (Sweeney et
al., 2019) and then assigned to various RNA species of interest. Statistical
analysis of preprocessed NGS data was done with R v4.3 and the packages
pheatmap vNA, pcaMethods v1 and genefilter v1. Differential expression
analysis with edgeR v4.0 (Robinson et al., 2010) used the quasi-likelihood
negative binomial generalized log-linear model functions provided by the

package. The independent filtering method of DESeq2 (Love ef al., 2014) was
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adapted for use with edgeR to remove low abundance miRNAs and thus
optimize the false discovery rate (FDR) correction. Additional NGS QC and
absolute quantification of miRNAs was done using miND® spike-

ins (Khamina et al., 2022) based on a linear regression model.

2.2.15. Statistical Analysis

All statistical analysis was performed using GraphPad Prism 10.5.0. p-
values of <0.05 were considered significant fort all experiments. All data was
analysed for normality using Shapiro-Wilk tests. Where normally distributed,
One-way ANOVA with Dunnett’s multiple comparison tests were used. If data
was non-parametric, a Kruskal-Wallis test with Dunnett’s multiple comparison
was used instead. The majority of tests used were One or Two-way ANOVA’s
with Dunnett’s multiple corrections tests. Figure legends outline specific tests

and corrections used to calculate shown significances.
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Chapter 3: The Role of Epithelial-Derived
Extracellular Vesicles in Allergic Sensitisation: A

Systematic Review

3.1. Introduction

IgE-mediated allergy, also known as Type 1 hypersensitivity or atopic
allergy, is a subtype of allergy involving immunoglobulin E (IgE) and is
characterised by the rapid onset of symptoms after contact with an allergen.
This type of allergy has seen an increase in prevalence over the past decades,
with up to an estimated 30% of adults and 40% of children now being
sensitised to at least one allergen, such as pollen, dust or food (Pawankar,
2014). In conjunction with this, there has also been an increased burden on
healthcare systems (Pawankar, 2014, Warren ef al., 2020). Sensitisation is the
first stage in the development of an IgE-mediated allergy. It occurs after initial
allergen exposures and results in an individual's mast cells and basophils
becoming primed with IgE-specific antibodies to a given allergen. Once
sensitised, individuals can progress to being symptomatic with further
exposures to an allergen leading to cross-linking of IgE and release of
chemical mediators from mast cells and basophils that cause symptoms such
as rhinitis, asthma, urticaria and in rare cases anaphylaxis. Proteins are the
predominant triggers of allergic sensitisation and the most common target of
the triggered IgE response, however recent research has also implicated both
lipids (Hopkins et al., 2022, Hopkins et al., 2023, Tordesillas et al., 2017) and
carbohydrates (Hils et al., 2020, Keumatio Doungstop et al., 2021, Royer et

al., 2010) as other molecules that can influence allergic sensitisation.

The epithelium serves as the first barrier to the external environment
and allergens. Once thought of as just a physical barrier, the epithelium has
now been shown to have a more complex relationship with the immune
system, interacting with and helping to orchestrate immune responses through
its communication with dendritic cells, effector T cells and macrophages
(Jakwerth et al., 2022). Dysfunction and penetration of the physical barrier are

frequently observed in allergic diseases, representing one of the initial steps in
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allergic sensitisation. Some allergens have been shown to cleave tight
junctions (TJ) between cells, facilitating allergen entry and driving subsequent
allergic sensitisation (Georas and Rezaee, 2014, Hellings and Steelant, 2020,
Jakwerth et al., 2022, Wan et al., 1999). This forms the basis of the epithelial
barrier hypothesis, where penetration of these TJs has been shown to facilitate
induction and polarisation of the immune system towards a Th2 response
through the secretion of cytokine mediators, such as Interleukin (IL)-25, IL-33
and Thymic Stromal Lymphopoietin (TSLP) (Akdis, 2021, Grotenboer et al.,
2013, Michaudel et al., 2018, Sugita and Kabashima, 2020, Ziegler, 2012).
Moreover, the route of allergen exposure is believed to in-fluence allergic
sensitisation. The dual allergen exposure hypothesis suggests that early oral
exposure to peanuts promotes tolerance, while exposure through the skin,
without concurrent oral exposure, leads to allergy (Du Toit ef al., 2018).
Additionally, more recent studies have updated the initial hypothesis to also
include the airway as an alternative route of sensitisation to peanut leading to
food allergy (Kulis ef al., 2021). Consequently, it is now well-established that
epithelial cells play a key role in IgE-mediated allergic sensitisation, though

details of the mechanisms involved are still to be fully elucidated.

Recent research has started to shed light on a new potential mediator,
extracellular vesicles (EVs), secreted by epithelial cells, that could influence
the development of an allergic phenotype (Hovhannisyan et al., 2021). EVs
are defined as membrane-bound particles released from cells, including
epithelial cells, fibroblasts, mesenchymal cells, dendritic cells, B cells, T cells,
mast cells and tumour cells, among others. They have an inability for self-
replication and can serve as intercellular communicators (Welsh et al., 2024).
The presence of EVs has also been shown in multiple body fluids, including
saliva, plasma, breast milk, urine, bronchoalveolar lavage and malignant
effusions. EVs vary significantly in size, ranging from 30nm to 10um, and are
currently divided into the subtypes: microvesicles, exosomes, apoptosome and
autophagic EV. This classification reflects their size, biogenesis, method of re-
lease and function (Doyle and Wang, 2019, Jeppesen et al., 2019, Johnson et
al., 2020, Sheta et al., 2023). EVs can facilitate intercellular communication

through the transmission of various biomolecules (lipids, proteins, sugars and
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nucleic acids) (Johnson et al., 2020, Yafiez-Mo et al., 2015). The transmission
of these biomolecules or “cargo” to other cells, or simply receptor-mediated
binding of EVs at the cell surface, results in the downstream influence of
essential cellular processes required for the maintenance of homeostasis (El
Andaloussi ef al., 2013, Mohammadipoor et al., 2023), with EVs being shown
to influence processes such as immune surveillance (Raposo et al., 1996),
tissue repair (Gatti et al., 2011), and blood coagulation (Del Conde et al.,
2005).

Epithelial-derived EVs have recently been highlighted in the
pathogenesis of allergies, with roles in type 1 hypersensitivity disorders, such
as asthma and allergic rhinitis (AR) being reported (Fang et al., 2021, Harvey-
Seutcheu ef al., 2024, Hovhannisyan et al., 2021, Sangaphunchai et al., 2020).
Although the literature is limited, research into epithelial-derived EVs and
their facilitation of immune communication could provide the potential to
better understand the mechanisms that underpin allergic sensitisation. In
addition, this may lead to an insight into new therapeutic strategies, as well as
interventions, to help mitigate the ever-increasing prevalence of Type 1
hypersensitivities. Thus, this systematic review aims to investigate the current
understanding of the potential role of epithelial-derived EVs in IgE-mediated
allergic sensitisation, whether indirectly (e.g. through affecting epithelial
barrier integrity) or more directly through alteration of the immune

environment (e.g. promoting a Th2-dominant milieu).
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3.2. Materials and Methods

3.2.1. Search Strategy

This review was conducted following the Preferred Reporting Item for
Systematic Re-views and Meta-Analyses (PRISMA) 2020 guidelines.
Relevant articles were identified using three databases: EMBASE, PubMed
and Web of Science up to 30th January 2025. A search for grey literature was
also conducted with no relevant articles being found. Databases were filtered

for the removal of review articles as well as articles not published in English.

The search terms used, constructed around the two key terms
‘epithelial vesicles’ and ‘allergy’, were: “Epithelial,” “Epithelium,” “BALF,” *
Bronchoalveolar Lavage Fluid,” “Lavage” and “Extracellular Vesicles,”
“EVs,” “Microvesicle,” “Exosome,” “Ectosome,” “Shedding Vesicle,”
“Microparticle” and “Allergic Response,” “Allergy,” “Allergen,”
“Sensitisation,” “Type 1 Hypersensitivity,” “IgE,” “Tolerance” using the
advanced search settings for each database, as per Supplementary Document

1.

The search yielded a total of 608 articles: 284 from PubMed, 213 from
Embase and 111 from Web of Science. Articles from the searches were
imported into EndNote where duplicates were removed and the remaining
articles were screened initially by title and then subsequently by abstract to
remove articles not relevant to the potential role of epithelial-derived EVs in
IgE-mediated allergic sensitisation. This initial screening was subsequently
validated by an independent reviewer. The remaining articles then had their
full texts screened and were evaluated by WB, and independently by GH, for
inclusion in the study using the inclusion/exclusion criteria outlined in Table
3.1. A PRISMA 2020 diagram outlines the process followed for the
identification and inclusion of relevant articles in this systematic review

(Figure 3.1).
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Table 3.1: The inclusion and exclusion criteria used to determine eligibility.

Inclusion

Exclusion

IgE-mediated allergy

Non-original research paper, e.g.
reviews, commentary, case report, etc.

Epithelial-derived EVs

Non-IgE-mediated allergies

Allergic sensitisation

Non-English language publications

Clinical data

Conference abstract

Experimental data

Research involving nanoparticles
but not extracellular vesicles from a cell

source
Healthy subjects Pre-prints
Allergic subjects correspondence

Human studies

Animal models

Research involving the
extraction, identification, or
production of EVs or their contents,
such as DNA, miRNA, or protein

Isolation method of EVs
included
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Identification

Screening

Included

Identification of studies via databases and registers ]

Records identified from database search: (n
=608)

PubMed (n= 284)
Embase (n =213)

Web of Science (n=111)

Records removed before screening:

Duplicate records removed (n = 101)

v

Records screened

(n = 507)

r

Reports sought for retrieval

(n=88)

A\

Records excluded

(n=419)

A4

Reports assessed for eligibility

(n = 88)

Reports not retrieved

(n=0)

Studies included in review

(n=19)

Reports excluded:
Not IgE Sensitisation (n = 31)
Review (n = 20)
Conference Abstracts (n = 15)

Nanoparticles from a non-cell source (n = 2)

Figure 3.1. A PRISMA 2020 Flow diagram summarising the process for the selection of

article within the study.
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3.2.2. Data extraction and quality assessment:

Ultimately, 18 papers were found to provide information on the
potential role of epithelial-derived EVs in IgE-mediated allergic sensitisation
and so were eligible for inclusion. Data regarding the design of the research
was subsequently reviewed and the studies’ quality was scored based on a set
of criteria outlined in Table 3.2. Scores were attributed to each paper under the
following sections: Model used, Allergen Characterisation, Robustness of the
model, Sample size, EV isolation and EV characterisation. Due to the variety
of different models utilised in the papers, it is possible for studies to receive
multiple scores relating to the models, their robustness, and sample size.
Consequently, a paper’s final score is reflected as a percentage of the
aggregate total marks for all models. The aim of this scoring system was to
allow for a comprehensive evaluation of research by the current guidelines for
EV research, with low scores not reflecting a study's validity and reliability

but lacking factors that could further strengthen the study.
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Table 3.2: Criteria used to derive study quality scores.

Category Scoring Criteria
Model: - Cell Culture (In Vitro - murine) (1)
If multiple - Animal Model (In Vivo) (2)

models used a
combined score
is given

Cell Culture (In Vitro - human) (3)
Human (Ex Vivo) (4)

Material Used - Allergen used to sensitize clearly defined (1)
for - Endotoxin measurements performed (1)
sensitisation: - Protein content measurements performed (1)
Summative

score of all

points

Robustness of
Model:

If multiple
models used a
combined score
is given

Human studies (Ex Vivo):

Allergic Status not specified or not clearly defined (0)
Allergic Patients were sought from a Clinical Setting (1)
Allergic patients were sought from Clinical Setting
AND had a positive testing to allergen (Specific IgE,
skin test or challenge) (2)

Allergic patients were sought from a Clinical Setting
with a non-sensitised control group (3)

Allergic patients were sought from Clinical Setting
AND had a positive testing to allergen (Specific IgE or
Positive allergen Challenge) with a healthy control

group (4)

Animal Model (In Vivo):

Sensitisation of animals not specified or defined (0)
Sensitisation of animals partially defined (Discloses
some but NOT all the following: exposure method,
dosing, and duration) (1)

Sensitisation of animals fully defined outlining
(exposure method, dosing, and duration) (2)
Sensitisation of animals partially defined (Discloses
some but NOT all the following: exposure method,
dosing, and duration) with a negative control group (3)
Sensitisation of animals fully defined outlining
(exposure method, dosing, and duration) with a negative
control group (4)

Cell Culture (In Vitro):

Transformed Cell Line using partially defined exposures
(Discloses some but NOT all the following: exposure
method, dosing, and duration) (1)

Transformed Cell Line using fully defined exposures
(exposure method, dosing, and duration) (2)

Primary Cells using partially defined exposures
(Discloses some but NOT all the following: exposure
method, dosing, and duration) (3)

Primary Cells using fully defined exposures (exposure
method, dosing, and duration) (4)
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Sample Size:
If multiple
models used a
combined
score is given:

Human studies (Ex Vivo):
- Number of participants not defined (0)
- 5 or less participants per group (1)
- 6to 10 participants per group (2)
- 11 or more participants per group (3)

Murine Model (In Vivo):
- Number of animals per group not defined (0)
- 5or less animals per group (1)
- 6to 10 animals per group (2)
- 11 or more animals per group (3)

Cell Culture (In Vitro):

- n not specified (0)
-n=1(1)
-n=3(2)
-n>303)

EV Isolation

No Isolation - precipitation only techniques Studies looking
direct in a liquid with no isolation applied (usually done on very
low volume samples). (0)

Poor — ultra centrifugation at one speed or serial UC without
sucrose cushion. (1)

Fair - size exclusion chromatography (without a precipitation or
concentration step) or Immuno- capture beads for investigation
of non-specific populations. (2)

Good - Size exclusion chromatography with a precipitation or
concentration step or the use of a specific isolation method such
as exosome EV isolation, purification kits or Immuno-capture
beads utilizing a unique marker. (3)

EV
characterisation

No Characterisation — No attempt made to profile or
characterise EVs or Exosomes. (0)

Poor — Use of Just one characterisation technique
(Quantification, sizing, biomarkers, cargo analysis) (1)
Fair — The use of multiple complimentary characterisation
techniques and at least 1 biomarker. (2)

Good — Everything mention prior as well as appropriate
controls (E.g. robust profiling of culture conditions such as
media, inclusion of positive and negative controls such as
those recommended by MISEV2018) (3)

Very Good — Everything mentioned in prior as well the
addition of extra biomarkers (3+) or the utilization of any
other novel techniques. (4)
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3.1.Results

3.1.1. PRISMA and Publication Selection:

A total of 18 publications fulfilling the criteria for inclusion were
identified in this review (Tables 3.3, 3.5 and 3.7). The earliest study was
published in 2008 and from this point onwards there has been a relatively
consistent publication rate (Figure 3.2A). The results indicate that currently, all
research in this area focuses on three epithelial EV sources, namely the nasal,
bronchial/alveolar and intestinal epithelia (Figure 3.2B). In this review, results
have been divided by these three sources of EVs, with details of their potential

role in allergic sensitisation reported.

e

Number of Articles
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Number of Articles
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P g Nasal Bronchial/Alveolar Intestinal
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Figure 3.2. Metrics on publications identified for inclusion in the review (A) Number of

publications over time (B) Number of publications concerning each epithelial barrier.

3.1.2. Nasal Epithelial-Derived Extracellular Vesicles (ne-EVs)

In total, seven publications with information on the potential role of
EVs derived from the nasal epithelium in IgE-mediated allergic sensitisation
were identified (Table 3.3) (Li et al., 2023, Luo et al., 2015, Qiu et al,, 2011,
Qiuet al., 2012, Wang et al., 2021, Wu et al., 2015, Zhu et al., 2020). Two of
the publications appeared to contain repeat data and raised questions regarding
controls and methodologies used. As a result, these are not described in detail
here but are included in Table 3.3 as they met the search and screening criteria
described (Qiu et al., 2011, Qiu et al., 2012). Of the five other publications
identified, four described effects of ne-EVs on Th1/Th2 polarisation, which

could influence IgE-mediated allergic sensitisation. In one paper, IL-10-
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secreting monocytes were shown to be induced by nasal epithelial EVs
containing mRNA-146a. These IL-10+ monocytes exhibited an
immunosuppressive effect on CD4+ effector T cells and subsequent Th2
polarisation (Luo ef al., 2015). In another, the examination of variation in
epithelial EV cargo between healthy patients and individuals with AR revealed
significant differences in the expression of a wide variety of mRNAs.
Specifically, these mRNAs were involved in key pathways associated with
allergic development, such as c-fos, Lyn and MUC7 (Wu et al., 2015).
Investigation into the relative expression of microRNA-146a-5p (miR-1460-
5p) in the nasal epithelial-derived EVs revealed significant downregulation in
AR patients. The expression of miR-1460-5p was shown to play an important
role in the Th1/Th2 differentiation, with lower expression being demonstrated
to promote Th2 differentiation and IL-4 cytokine secretion from naive CD4+ T
cells (Lief al, 2023). Two studies examined the influence of Long non-
coding RNA (IncRNA) cargo in ne-EVs (Wang et al., 2021, Zhu et al., 2020) .
Growth arrest specific 5 (GASS) was identified as a cargo of ne-EVs. GASS5
was shown to influence Th1/Th2 differentiation through the downregulation of
T-bet and the enhancer of Zeste 2 polycomb repressive complex 2 subunit
(EZH2), suppressing Th1 differentiation and promoting Th2 polarisation (Zhu
et al., 2020). Ne-EVs containing LncRNA Nuclear Paraspeckle Assembly
Transcript 1 (NEAT1) were shown to facilitate the pathogenesis of AR through
the induction of IL-13 mediated inflammatory response, as well nasal
epithelial cell apoptosis. The ne-EV-induced damage to the epithelium
facilitates allergen barrier penetration ultimately allergic sensitisation (Wang et

al., 2021).
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Table 3.3. Studies involving Nasal epithelial-derived EVs (ne-EVs).

Characterisation

Reported Findings

. Cells
Title Allergen Responding

First Author

2011
Cytotoxic T lymphocytes
mediate chronic
inflammation of the nasal
mucosa of patients with
atypical allergic rhinitis (Qiu
etal., 2011)

Dendritic Cells
and CD&+ T
cells

Qiu et al, 2011 and DerP1

2012
2012
Antigen-specific activities of
CDB8+T cells in the nasal
mucosa of patients with nasal
allergy (Qiu et al., 2012)

Model Isolation
. Serial
Cell Line . A
(RPMI2650) Ultracentr}fugatlon. 300x
nd Human g 10min, 1200 g
a Pati:msa 20min, 10,000% g 30min,
100,000x g 1h.

EM, Western Blot and
Bradford Assay

Staphylococcal enterotoxin B
(SEB) & Der p 1 pulsed EVs ,
(and those pulsed with LPS),
induced dendritic cell maturation.
DCs matured with SEB & Der p 1
pulsed generated allergen specific
granzyme B and perforin secreting
CD8" cytotoxic T Cells (Qiu et al.,
2011)
A higher frequency of CD8+ T
cells in patient samples compared
to controls (Qiu et al., 2012)

Reduced expression of mRNA-

Epithelial cell-derived
microRNA-146a generates
interleukin-10-producing
monocytes to inhibit nasal
allergy

Luo et al 2015 (Luo N/A Monocytes

et al., 2015)

Serial

Human Patients,
Ultracentrifugation: 300%

Cell Line (RPMI
2650) and g 10min, 1200%x g
Mouse Model 20min, 10,000x g 30min,
(BALB/c) 100,000x g 1h.

Western Blot and
RTq-PCR

1460 in EVs of patients with AR
compared to healthy controls
prevents the induction of IL-10*
monocytes were shown to have a
suppressive effect CD4" effector T
cells and Th2 Polarisation

Cargo analysis of EVs from

Altered microRNA
Expression Profiles of
Extracellular Vesicles in
Nasal Mucus from Patients
with Allergic Rhinitis

Wau et al 2015 N/A N/A

Serial
Ultracentrifugation:
Human Patients
30min, 50,000% g 1h,
100,000 g 1h.

3000% g 15min, 10,000% g

FACS and RTq-PCR

patients with AR compared to
healthy controls showed changes
in expression of a wide variety of
mRNAs involved in key pathways
associated with allergic
development such as the c-fos,
Lyn and MUC7
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Exosomal long non-coding
RNA GASS suppresses Thl
differentiation and promotes

Naive CD4+ T

Human Patients

Serial
Ultracentrifugation:

TEM, Western Blot

GASS can influence Th1/Th2
differentiation downregulating T-

Zhu et al 2020 Th2 differentiation via Ovalbumin cells and Cell Culture 12,000% g 45min, and RTq-PCR bet ultlmgtely suppressing Thl
. (RPMI 2650) 110,000% g 2h, differentiation and promoting Th2
downregulating EZH2 and T- . -
; T 110,000% g 70min polarisation
bet in allergic rhinitis
Exosomal IncRNA Nuclear
Paraspeckle Assembly
Transcript 1 .
(NEAT)contributes to the Human patients N . EVs containing anRNA NEATI
. . Precipitation - EXOQuick TEM, Western Blot induce IL-13 mediated
Wang et al 2021 progression of allergic N/A N/A and Cell Culture . .
e : . Kit and RTq-PCR inflammatory responses and nasal
rhinitis via modulating (Primary Cells) epithelial cell apoptosis
microRNA-511/Nuclear P POPLOSIS.
Receptor Subfamily 4 Group
A Member 2 (NR4A2) axis
ESP-B4 promotes nasal
epithelial cell-derived Human Patients, Serial Down regulation of miR-146a-5p
extracellular vesicles .. Rat Model Ultracentrifugation: in AR patients compared to
.. . . + . .
Li et al 2023 containing miR-146a-5p to Ovalbumin Nalve(::;l)llz T (Wistar Rats) 12,000% g 45min, Lﬁﬁ’gji?m_ggg healthy controls was shown to play
modulate Smad3/GATA-3 and Cell Culture 110,000x g 2h, 4 an important role in the Th1/Th2
thus relieving allergic rhinitis (RPM12650) 110,000% g 70min differentiation

ESP-B4/miR-146a-5p in AR
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With regards to quality scores, all publications reporting information
related to the potential role of ne-EVs in allergic sensitisation utilised human
AR patient samples. In general, all studies received good human study
robustness scores, with all studies seeking allergic patients from a clinical
setting (Li et al., 2023, Luo et al., 2015, Qiu et al,, 2011, Qiu et al., 2012,
Wang et al., 2021, Wu et al., 2015, Zhu et al., 2020). Five publications also
included defined healthy control patient samples (Li ef al., 2023, Luo et al.,
2015, Qiu et al., 2012, Wang et al., 2021, Wu et al., 2015, Zhu et al., 2020).
Six studies describe using a diagnostic test such as serum-IgE measurement or
skin testing to identify allergen-sensitised or allergic patients (Li ef al., 2023,
Luo et al., 2015, Qiu et al,, 2011, Qiu et al,, 2012, Wu et al,, 2015, Zhu et al.,
2020). Only one study did not perform such a test (Wang et al., 2021). Five
studies used more than 11 participants per group receiving maximum sample
size scores (Li et al., 2023, Luo et al., 2015, Qiu ef al., 2011, Wang et al.,
2021, Zhu et al., 2020), however, one publication did not include a control
group (Qiu et al., 2011). Two studies received lower sample size scores with
one study utilising 10 participants per group (Luo ef al., 2015) and the other
study, whilst having more than 11 participants in their allergic groups, only
had 10 controls, consequently receiving a lower score (Qiu et al., 2012). Five
studies also utilised a cell line model (Li ef al., 2023, Qiu et al., 2011, Qiu et
al., 2012, Wang et al., 2021, Wu et al., 2015), two of these using the
transformed cell line RPMI2650 (Li et al., 2023, Qiu et al., 2011, Qiu et al.,
2012, Wu et al., 2015) and one using primary cells (Wang et al., 2021).
Reporting on the exposure of these cell lines was generally poor and only two
studies fully defined their exposure (Li et al., 2023, Wang et al., 2021). Two
studies also implemented animal models (Li et al., 2023, Luo et al., 2015) and
received identical robustness and sizing scores, fully defining exposure and
using 6-10 animals per group. Defining the sensitisation material used was
poor across all papers. While not all papers used allergens in their models,
those that did only reported the allergen used and provided no further
information, such as protein or endotoxin measurements (Li et al., 2023, Qiu

etal.,, 2011, Qiu et al., 2012, Wu et al., 2015).
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Concerning EVs, six of seven studies used sequential
ultracentrifugation stages for the isolation of EVs (Li ef al., 2023, Luo et al.,
2015, Qiu et al., 2011, Qiu et al., 2012, Wu et al., 2015, Zhu et al., 2020), with
one study utilising an ExoQuick EV precipitation kit (Wang et al., 2021). EV
characterisation varied between the papers, however, six of the seven studies
utilised western blots (Li et al., 2023, Luo et al., 2015, Qiu et al., 2011, Qiu et
al., 2012, Wang et al., 2021, Zhu et al., 2020) to characterise either EV Cargo
(Qiu et al, 2011, Qiu et al., 2012) or surface proteins (Li et al., 2023, Luo et
al., 2015, Wang et al., 2021, Zhu et al., 2020). Five studies used microscopy
techniques, two using immunogold electron microscopy (Qiu et al., 2011, Qiu
et al., 2012) and three imaged using conventional TEM (Li et al., 2023, Wang
etal., 2021, Zhu et al., 2020). RTq-PCR was also used for cargo analysis and
quantification by five papers (Liu, 2002, Luo ef al., 2015, Wang et al., 2021,
Wu et al., 2015, Zhu et al., 2020). Two studies used nano tracking analysis
(NTA) to profile EV sizing (Li et al., 2023, Wang et al., 2021). Lastly, one
paper used flow cytometry to profile tetraspanin biomarkers on EVs (Wu et
al., 2015). In general, none of the studies received a characterisation score
lower than ‘Poor’ and made an attempt to characterise isolated EVs. Two
studies received ‘poor’ characterisation scores despite using multiple
complimentary techniques due to a lack of EV biomarker characterisation (Qiu
etal, 2011, Qiu et al., 2012), the remaining 5 studies all profiled at least one
EV biomarker alongside complimentary techniques (Li et al., 2023, Luo et al.,
2015, Wang et al., 2021, Wu et al., 2015, Zhu et al., 2020). The
characterisation scores were also observed to improve with publishing date.
The lowest scores received by studies were 52% (Luo et al., 2015) and 53%
(Qiu et al.,, 2011), with all other studies scoring 56% and above (Li et al.,
2023, Qiu et al., 2012, Wang et al., 2021, Wu et al., 2015, Zhu et al., 2020).
One study received a score of 76% due to its robust use of human, murine and
cell line models coupled with its comprehensive characterisation EV
characterisation with this study being the only one of the seven to receive the
maximum characterisation score (Li ef al., 2023). All scores attained by these

studies are fully outlined in Table 3.4.
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Table 3.4: Scoring of paper involving Nasal epithelial derived EVs (ne-EVs).

Robustness of Model Sample Size
Sensitisation EV EV Total Bias
Author Model (n/10) Murine Model  Cell Culture Human Studies 1\1;[/112‘(;:]3 Cl(l:l:lllll’e Human Material Isolation  Characterisation ¢ = o "
(0/4) (n/4) (0/4) ) w3) Studies (n/3) (n/3) (n/3) (n/4)
Human Patient Immortalized
. cell line, From Clinical 11 or more .
Qiu et al, samples (4) Cell partially setting and positive 3 repeats participants Allergen Serial UC Ong .Method 18/34 539,
2011 Culture - L C 2) Defined (1) (1) Utilized (1)
Human (3) defined skin prick test (2) per group (3)
exposure (1)
Allergic Patients
Human Patient Immortalized  from clinical setting
. cell line, with serum IgE, 6-10 .
Ql; 0e1t2al, Samgﬁiffe) _Cell partially 1gG, skin prick test 3 r?;;:ats participants Dﬁgi%e?]) Serl(a;l)UC %2&%?2?;1 19/34 56%
FHuman (3) defined and non-allergic but per group (2)
exposure (1) chronic rhinitis
controls (4)
Human Patients Immortalized Allergic Patients
samples (4), o cell line, ~ rom clinical setting 6-10 6-10 . Multiple
Luo et Cell Culture - Sensitisation artiall with serum IgE, animals per 3 repeats articipants Allergen Serial UC complimenta 28/41 66%
al, 2015 Human (3), fully defined (4) I(’ie ﬁneg 1gG, skin prick test T (12’) ) pper gmﬁp ()  Defined (1) 1 Tec}f’mques (g °
Animal Model exposure (1) and healthy controls
@ “
Allergic Patients
from clinical setting .
Wuetal, Human Patient with serum IgE, 1 or more Serial UC Mqltlple o
. participants complimentary 14/27 52%
2015 samples (4) 1gG, skin prick test er group (3) (1) Techniques (2)
and healthy controls per group q
“
Allergic Patients Multiple
from clinical setting
Zhu et Human Patient with serum IgE, lal rt(i)zim;r:; Serial UC (t::(:;llrlzileumezn;i? 1527 56%
al, 2020 samples (4) 1gG, skin prick test p P 1) chniq
? per group (3) suitable controls

and healthy controls

C)

3)
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Human Patient Primary Cell Allergic Patients 11 or more Precipitatio Conli/hlléﬁgr?ta
Wang et  samples (4) Cell line and fully from a clinical 3 repeats .. n- hp' gy 2534 4%
al, 2021 Culture - defined setting and a control 2) participants EXOQuick- te}: nuques anl 33 4%
Human (3) exposures (4) group (3) per group (3) TC (3) S“‘tablf;)omm s
Human Patients Allergic Patients Multiple
samples (4), Transformed from clinical setting 6-10 11 or more Complementary
He-Li et Cell Culture - Sensitisation cell line and with serum IgE, nimals per 3 repeats rticipant Allergen Serial UC techniques and 32/41 78%
al, 2023 Human (3), fully defined (4)  fully defined 1gG, skin prick test anmma’s pe 2) participants Defined (1) (1) suitable controls 0
Animal Model exposure (2) and healthy controls group (2) per group (3) and additional
2) “4) biomarkers (4)
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3.1.3. Bronchial/Alveolar Epithelial-Derived Extracellular Vesicles (bae-
EVs)

Eight publications reporting data on the potential role of bae-EVs in
allergic sensitisation were identified (Table 3.5). Two publications investigated
the influence of EVs isolated from the bronchial alveolar lavage fluid (BALF)
of mice tolerised to the allergen Ole e 1 (ExoTol). The first study revealed that
these Exotol were able to inhibit a Th2 response through the suppression of
IgE and IgG1 and upregulation of TGF- (Prado et al., 2008) . A follow-on
study investigated Exotol’s impact on sensitisation to other antigens. In this
study a ‘bystander suppression’ was observed with Exotol inhibiting
sensitisation to the allergen Bet v 1, suppressing IgE and IgG1, as well as the
Th2 cytokines IL-5 and IL-13 (Prado et al., 2010). One study demonstrated
that LPS exposure enhanced bae-EVs production and that the LPS-induced
bae-EVs enhanced sensitisation to ovalbumin in mice, as well as promote
TNF-a and IL-6 secretion in macrophages (Shin et al., 2010). Enhanced bae-
EV secretion and cargo changes were also noted in Th2 cytokine-stimulated
epithelial cells in another study. These bae-EVs were subsequently shown to
induce monocyte proliferation and suppression of their secretion was shown to
alleviate asthmatic symptoms (Kulshreshtha et al., 2013). A study focussed on
miRNA expression, reported that there were increased amounts of bae-EVs in
BALF from HDM-exposed mice compared to sham-controlled exposed mice
and that the miRNA cargo was significantly changed. Analysis of the miRNA
cargo suggested selective sorting of miRNA including Th2 inhibitory
miRNAs, including those with IL-13 and IL-5Ra as putative targets, into bae-
EVs with HDM exposure (Gon et al., 2017). Three further publications
reported on the influence of bae-EVs on DCs, with one study that evaluated
the miRNA cargo of EVs derived from primary normal human bronchial
epithelial cells treated with IL-13 to induce an asthma-like phenotype, and
EVs isolated from nasal lavages of children with asthma. Analysis of the EVs
from the IL-13 treated NHBE cells revealed changes in the expression of 16
miRNAs, and miR-34a, miR-92b and miR-210 levels in EVs from the nasal
lavages correlated with lung function parameters. Subsequent pathway

analysis predicted these miRNAs could help regulate Th2 polarisation and DC
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maturation (Bartel et al., 2020). Another study, examining the effect of
ovalbumin (OVA) allergen challenge on mice airway epithelium revealed the
enhanced secretion of bae-EVs carrying OVA. These OVA induced bae-EV's
promoted the infiltration of neutrophils, monocytes and DCs into the lung, as
well as inducing macrophages to secrete proinflammatory cytokines IL-6,
TNF-a and IL-1B (Yu et al., 2021). Lastly bae-EVs secreted after HDM
stimulation were shown to facilitate the recruitment of DCs in the lung and to
activate DC through the cargo contactin-1 (CNTN1), as well as upregulating
the expression of CDA40, ultimately promoting Th2 differentiation (Zhang et
al., 2021b).
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Table 3.5: Studies involving airway epithelial-derived EVs.

First Author Title Allergen Cells Responding Model Isolation Characterisation Outcome
Exosomes from EVs isolated from the BALF of
bronchoalveolar fluid Mouse Model . I mice tolerised to the allergen Ole
Prado et al 2008 of tolerized mice Oleel T Cells (BALB/c) & Cell Ull(t)‘(')agggf'f‘;ff?g}‘l" EM, We;f"C“SBI‘” and ¢ 1 were able to inhibit a Th2
prevent allergic Culture ’ g responses, suppressing IgE and
reaction IgG1 and upregulating TGF-f
Bystander suppression Bystander suppression was
sensitisation through Mouse Model . . . S
. Olee1 &Betv Ultracentrifugation: EM, Western Blot and EVs from tolerised mice inhibiting
Prado et al 2010 intranasal T Cells (BALB/c) & Cell h e
administration of 1 Culture 100,000% g for 18 FACS sen51t1§at10n to other allergens,
tolerogenic exosomes supressing IgE and IgG1 as well
i mouse as the Th2 cytokines I1-5 and IL-
13
Extracellular vesicles Sucrose Cushion Serial j?i:ﬁflo szg.evzg}_lér&:?azl_?\?z)
are key intercellular Ultracentrifugation: 500x g P . .
g . . TEM, Western Blot, production. These LPS-induced
. mediators in the . T Cells and Mouse Model 10min, 3000% g
Shin et al 2010 Ovalbumin . . . FACS and Bradford EVs were shown to enhanced
development of Dendritic Cells (BALB/c) 20min, Cushioned: s
. . Assay sensitisation to allergens and
immune dysfunction to 100,000 g 2h romote TNF-a and IL-6 secretion
allergens in the airways 100,000x g 2h. promote 1 AF-aa -0 seeretio
in macrophages
Prg?g?ﬁgﬁ;ﬁ gﬁ?le Mouse Model Serial Ultracentrifugation: Th2 cytokine stimulated epithelial
Kulshreshtha et al deriv é) d ex0s0mes in Ovalbumin Monocvtes (BALB/c) Cell 300x g Smin, 800x g Smin, TEM, Western Blot and cells had increased EV secretion
2013 allercic airwa y culture (BEAS- 2000x g 10min, 10,000x g FACS and cargo changes. These EVs
& y 2B) 30min, 70,000x g 60min induce monocyte proliferation

inflammation
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Selective release of
NAs via extracellular

EVs used to remove Th2

Gon et al 2017 vesicles is associated House Dust CD4+ T helper Mouse Model Precipitation - EXOQuick TEM, Western Blot and inhibitory miRNAs that down
with house-dust mite Mite cells (C57BL/6J) Kit gNano Counter regulate IL-5 and I1-13 receptors
allergen-induced on epithelial cells
airway inflammation
Human airwa Changes in expression of miR-
o Y . 34a, miR-92b and miR-210
epithelial extracellular Human Patients TEM, Western Blot predicted by pathway analysis to
Bartel et al 2020 Sivz;ilfeﬁlzife q N/A N/A Cu‘ft‘uf:}lpfifi Prec‘p'ta""lgi; EXOQuick NTA and SeramiR promote DC induced Th2
g Y miRNA polarization of CD4+ T cells
upon asthma Cells) S
regulate Th2 polarisation and DC
development maturation
R iltrllqcerl?:ls iil?_ls‘:sze d Mouse Models Serial Ultracentrifugation: OVA containing EVs promote
I:exosomes activate (C57BL/6)) & 300% g 10min, 3000% g TEM. Western Blot and infiltration of neutrophils,
Yu et al 2021 macrophage-mediated Ovalbumin Macrophages Cell Culture 15min, 10,000% g 30min ’ NTA monocytes and DCs into the lung
allergirc,: ingﬂammation (Primary Celland ~ 100,000x g 70min, 100,000x and induce macrophages to
via CD100 shedding BEAS-2B) g 70min. secrete IL-6, TNF-a and IL-1P
c%ﬂiiii;alle;:;;r;zls Human Patient, Serial Ultracentrifugation: HDM stimulation relesed EVs
- . Mouse Model 2000% g 10min, 10,000x g that recruit DCs in the lung. These
Zhang et al 2021 de:é%igi:f;;gﬁ?an ¢ Hmﬁi tle)ust Dendritic Cells (C57BL/6N) & 30min TEM, WeI\sIt;rAn Blot and EVs can activate DC though the
T-cell responses in Cell Culture 100,000% g 70min, 100,000x catgo CNTNI1 and upregulate the
P (Primary cells) g 70min. expression of CD40

asthma

80



Chapter 3: The Role of Epithelial-Derived Extracellular Vesicles in Allergic
Sensitisation: A Systematic Review

With regards to quality scores, of the eight studies looking at the
influence bae-EV on allergic sensitisation seven utilised mouse models (Gon
et al., 2017, Kulshreshtha et al., 2013, Prado et al., 2010, Prado et al., 2008,
Shin et al., 2010, Yu et al., 2021, Zhang et al., 2021b). Reporting of the
sensitisation protocol in these models was generally good, with all seven
studies clearly defining this (Gon et al., 2017, Kulshreshtha et al., 2013, Prado
et al., 2010, Prado et al., 2008, Shin et al., 2010, Yu et al., 2021, Zhang et al.,
2021b). The robustness of the models was variable, with two studies using
more than 11 mice per group (Gon et al., 2017, Prado et al., 2008), one using
6-10 mice per group (Kulshreshtha ef al., 2013) and four studies using 5 or
less mice (Prado ef al., 2010, Shin ef al., 2010, Yu et al., 2021, Zhang et al.,
2021b). Five of the seven studies utilising mouse models also implemented a
cell culture model (Kulshreshtha et al., 2013, Prado et al., 2010, Prado et al.,
2008, Yu et al., 2021, Zhang et al., 2021b) with three using murine primary
cells (Prado et al., 2010, Prado et al., 2008, Zhang et al., 2021b) and two using
an transformed cell line (Kulshreshtha et al., 2013, Yu ef al., 2021). Only two
studies utilised human patient samples, with just 6-10 participants per group
(Bartel et al., 2020, Zhang et al., 2021b), and whilst both studies identified
patients from a clinical setting, only one provided information regarding their
allergic status performing a skin test and measuring serum IgE (Bartel ef al.,

2020).

Concerning EVs, five studies isolated EVs using either
ultracentrifugation (UC) or serial UC (Kulshreshtha et al., 2013, Prado ef al.,
2010, Prado et al., 2008, Yu et al., 2021, Zhang et al., 2021b) and one study
implemented a sucrose cushion as part of UC (Shin et al,, 2010) . Two studies
isolated EVs using ExoQuick precipitation kit (Bartel ez al., 2020, Gon et al.,
2017, Shin et al., 2010). EV characterisation in all the studies was suitable,
with the eight studies receiving a score of ‘good’ or better. All eight studies
used western blot analysis to characterize exosome biomarkers as well as
TEM to confirm the presence of isolated EVs. Four studies profiled EV cargo
using RTq-PCR (Bartel et al., 2020, Gon et al., 2017, Yu et al., 2021, Zhang et
al., 2021b), with one also using a sermiR miRNA exosome profiling kit

(Bartel et al., 2020). Three studies profiled sizing using NTA (Bartel ef al.,
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2020, Yu et al., 2021, Zhang et al., 2021b). Lastly, two studies also used flow
cytometry to analyse EV biomarker expression (Prado et al., 2010, Prado et
al., 2008). The highest scoring paper (79%) (Bartel et al., 2020), utilised two
high scoring robust model systems, as well as an ExoQuick precipitation kit
for isolation, followed by comprehensive EV characterisation (Bartel et al.,
2020). The lowest score received by a study was 52% (Shin et al., 2010), this
was mainly due to the use of just one model with a small sample size. All

scores are outlined in Table 3.6.
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Table 3.6: Scoring of paper involving airway epithelial-derived EVs.

Robustness of Model Sample Size
. Sensitisation EV EV Total Bias
Author Model (n/10) Murine Model  Cell Culture Human Studies 1\1;[/[“1‘(;11]3 CCI:“ Human Material Isolation Characterisation ¢ = o "0
(n/4) (0/4) (0/4) (;’/3; ;‘n /:‘;)r € Studies (n/3) (n/3) (n/3) (n/4)
Multiple
Animal Model s Eﬁmaw Cell 11 or more Comp }ementary
Prado et (2), Cell culture Sensitisation line and fully mice per more than 3 Allergen uc (1) techniques and 23/34 68%
al, 2008 ’ 7Murine ) fully defined (4) defined group (3) repeats (3) Defined (1) suitable controls
exposures (4) and additional
biomarkers (4)
Multiple
. Primary Cell Complementary
Prado et (1;)11 HCn:lll Ic\:/ll;l)t(li;le Sensitisation line and fully r5niocrelesesr more than 3 Allergen Serial UC techniques and 2134 62%
al, 2010 . ’Murine (1 fully defined (4) defined groupp(l) repeats (3) Defined (1) (1) suitable controls
exposures (4) and additional
biomarkers (4)
Multiple
5 or less Sucrose Complementary
Shin et Animal Model Sensitisation mice per Allergen Cushioned techniques and 14/27 529
al, 2010 2) fully defined (4 rou p(]) Defined (1) Uc (2) suitable controls
group and additional
biomarkers (4)
Transformed Multiple
Kulshres Cell culture - e cell line and 6 -10 mice . Complementary
Human (3), Sensitisation . 3 repeats Allergen Serial UC .
htha at Animal Model  fully defined (4) partially per group 2) Defined (1) (1) techniques and 19/34 56%
al, 2013 ) defined 2) suitable controls
exposure (1) 3)
. Multipl
. s 11 or more Precipitatio Compllle;lireltary
Gon et Animal Model Sensitisation mice per Allergen n- techniques and 16/27 599,
al, 2017 ©) fully defined (4) gmupp(3) Defined (1) EXOQuick- tablg ot
TC (3)

3
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Allergic Patients Multiple
Human Patient Primary Cell ~ from clinical setting 6-10 Precipitatio Complementary
Bartel et samples (4), line and fully with serum IgE, 3 repeats articipants n- techniques and 27734 799
al, 2020 Cell Culture - defined IgG, skin prick test 2) l:er rog 3) EXOQuick-  suitable controls ’
Human (3) exposures (4)  and healthy controls per group TC (3) and additional
“) biomarkers (4)
Cell Culture - Immortalised Sorl Not c nl:d;ll:;plst
Yu et al, Human (3), Sensitisation cell line and mi(Z:e esesr s ec?ﬁe d Allergen Serial UC t:chrrl)ieuees a?liiy 17/34 50%
2021 Animal Model  fully defined (4)  fully defined P P Defined (1) 1) . blq | °
?) exposure (2) group (1) 0) suitable controls
(©))
Human Patient Prlr_nary Cell Allergic Patients Multiple
samples (4), s line and . S or less Not 6-10 . Complementary
Zhang et . Sensitisation . from a clinical . . . Allergen Serial UC . o
al. 2021 Animal Model fully defined (4) partially setting and a control mice per specified participants Defined (1) (1) techniques and 26/41 63%
’ (2) Cell Culture defined roup (3) group (1) 0) per group (3) suitable controls
- Murine (1) exposures (3) group 3)
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3.1.4. Intestinal Epithelial-Derived Extracellular Vesicles (ie-EVs)

Only three studies evaluating the role of intestinal epithelial-derived
EVs (ie-EVs) were identified (Table 3.7). All three of these studies generated
data on the potential role of ie-EVs in food allergy. One study showed
intestinal epithelial cells (IECs) post OVA uptake secrete ie-EVs containing
integrin avp6 and OVA. These avpf6/OVA ie-EVs induced antigen-specific
tolerogenic Tregs and TGF-B+ DCs suppressing Th2 responses in the gut
(Chen et al., 2011). Another study using vasoactive intestinal peptide deficient
(VIPd) and wild-type mice showed that VIPd mice failed to induce type 1
regulatory T cells in the intestine, and that exposure to VIP in culture induced
IL10 expression in IECs. Exosomes derived from OVA/VIP-primed IECs
carried allergen-MHC II complexes, as well as IL-10, and these OVA/VIP-
primed ie-EVs were able to induce Tr1 differentiation in OVA-specific CD4+
cells (Zeng et al., 2020). Administration of OVA/VIP-primed ie-ECs also
suppressed experimental food allergy. Lastly, ie-EVs isolated from the lamina
propria of OVA-fed mice, which containing OVA were characterised and
reported to have increased expression of MHCII compared to those from naive
mice. OVA was also detected in the EVs from the OVA-fed mice. EVs from
OVA fed mice were also reported to induce CD4+Foxp3+T cell differentiation,
as well as promote the secretion of Treg-promoting cytokines IL-10 and TGF-

B in macrophages (Shin et al., 2022).
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Table 3.7: Studies involving intestinal epithelial-derived EVs.

First Author

Title

Allergen

Cells
Responding

Model

Isolation

Characterisation

Outcome

Chen et al
2011

Intestinal epithelial cell-derived integrin

af36 plays an important role in the
induction of regulatory T cells and
inhibits an antigen-specific Th2
response

Ovalbumin

Dendritic Cells

Mouse Model
(Balb/c) Cell
Culture
(IEC4.1)

Serial Ultracentrifugation:
300x g 10min, 1200x g
20min, 10,000x g 30min,
100,000x g 1h

EM, Western Blot and
Bradford Assay

Intestinal epithelial cells post
OVA uptake secrete EVs
containing integrin avf6 and
OVA. These EVs induced
antigen-specific Tregs and TGF-
p+ DCs

Zeng et al
2020

Exosomes carry IL-10 and
antigen/MHC II complexes to induce
antigen-specific oral tolerance

Ovalbumin

Tregs and Trl
Cells

Cell Culture
(Mode K cells)
and Mouse
Models (VIPd
and BALB/c)

Serial Ultracentrifugation:
300x g 10min, 1200x g
20min, 10,000x g 30min,
100,000x g 1h

Western Blot and
Bradford Assay

VIPd mice fail to induce Trl cells
in the intestine. EVs from
OVA/VIP primed IECs carry
allergen-MHC II complexes and
IL-10 which are able to induce
Trl differentiation in OVA-
specific CD4" cells and
administration of these suppressed
experimental food allergy.

Shin et al
2022

Extracellular vesicles derived from
small intestinal lamina propria reduce
antigen-specific immune response

Ovalbumin

Tregs

Mouse Model
(C57BL/6)

Sucrose Cushion Serial
Ultracentrifugation: 500x g
10min, 3000% g
20min, Cushioned:
100,000% g 2h
100,000x g 2h.

TEM, Western Blot,
Bradford Assay and
Dynamic light scattering
(sizing)

EVs containing OVA and MHCIL
induce CD4"Foxp3™ T cell
differentiation and promote the
secretion of Treg-promoting
cytokines IL-10 and TGF-f in
macrophages
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With regards to quality scores, all three studies examining ie-EVs
utilised mouse models (Chen et al., 2011, Shin et al., 2022, Zeng et al., 2020),
with two studies fully defining sensitisation protocols (Chen ef al., 2011, Zeng
et al., 2020) and one study not disclosing the stimulation concentration,
ultimately receiving a lower score (Shin et al., 2022). Furthermore, the same
study also didn’t define its sample size (Shin et al., 2022) , with the other two
studies using 6-10 mice per group (Chen et al., 2011, Zeng et al., 2020). In
addition to the use of mouse models, two studies also used cell models (Chen
etal, 2011, Zeng et al., 2020). Both models utilised received low robustness
scores due to the use of immortalised cell lines, however definition of

exposure of the models was fully detailed.

Concerning EVs, isolation methods used in all three studies were
generally ‘poor’ with all three using UC. One study, however, did use a
sucrose cushion receiving a slightly higher score (Shin et al., 2022).
Characterisation of EVs in the studies was variable and poor. Two of the three
papers used microscopy to confirm the presence of isolated EVs (Chen et al.,
2011, Shin et al., 2022) with one using TEM (Shin et al., 2022) and one using
immunogold EM (Chen ef al., 2011). One study sized EVs using dynamic
light scattering (Shin ef al., 2022) . Two studies used western blots to profile
EV biomarkers lacked suitable controls. Consequently, no study scored more
than a score of ‘Fair’ for characterisation, despite using multiple
complementary techniques. The lowest score received by a study was 37%
(Shin et al., 2022), this was the result of using just one model as well as the
poor disclosure regarding sensitisation and the absence of sample sizes used.
While the study used TEM, western blot and dynamic light scattering to
profile the EVs, the lack of appropriate controls meant the study also received
a low characterisation score. The highest score achieved by a study was 53%
(Zeng et al., 2020). This study utilised multiple models and had good model
robustness, as well as reasonable sample sizes. While using multiple
techniques for EV characterisation, the lack of suitable characterisation

controls resulted in a low score. All scores are outlined in Table 3.8.
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Table 3.8: Scoring of paper outlining intestinal epithelial-derived EVs.

Robustness of Model Sample Size

: Sensitisation EV Isolation EV Total Bias
Author  Model (n/10) Murine Cell Culture Human Studies I\lil/[l:)l;;lelle Cl(li::lll‘e Human Material (/3) Characterisati Score Score
Model (n/4) (n/4) (n/4) /) w3 Studies (n/3) (n/3) on (n/4)
Animal e Transformed . .
Sensitisation . 6 -10 mice Multiple
Chen et Model (2), cell line and 3 repeats Allergen . . o
al, 2011 Cellculture - WY (‘ff;ﬁned fully defined per (gzr)‘mp ) Defined (1)~ Serial UC (D) %‘:é‘ﬁinfg?% 17/34 >0%
Murine (1) exposure (2) q
Animal N Transformed . .
Sensitisation . 6 -10 mice Multiple
Zeng et Model (2), cell line and more than 3 Allergen . . o
al, 2020  Cell culture - fully &c;ﬁned fully defined per (gér)oup repeats (3) Defined (1) Serial UC (1) ?r(;?}ﬂ;r?;t?g 18/34 33%
Murine (1) exposure (2) 9
Sensitisation ]
Shin et Animal of mice Number not Allergen Clslzflzgliz d corr]:/hllilrtrigllia 10127 37
al, 2022 Model (2) partially defined (0) Defined (1) e ) Tec}fni . éy) o
defined (3) q
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3.1.5. Discussion

Allergies are a significant global issue with their prevalence and
burden continuing to increase (Gutowska-Slesik et al., 2023, Pawankar, 2014,
Warren et al., 2020). Despite this, the underlying mechanisms leading to the
development of allergies are poorly understood. The recent and ever-growing
research into extracellular vesicles provides a new avenue to further
understand these mechanisms. In this systematic review, we analyse the
current research suggesting the potential roles of epithelial-derived

extracellular vesicles in facilitating allergic sensitisation or tolerance.

A total of 18 publications were identified that indicate that epithelial-
derived EVs can cause effects with the potential to promote tolerance or
allergic sensitisation. Some of the studies identified indicate that epithelial-
derived EVs are able to drive sensitisation through the altered expression of
miRNAs delivered to immune cells, ultimately facilitating the differentiation
and polarisation of T cells into Th2 cells, as well as promoting Th2 cytokine
secretion (Bartel et al., 2020, Li et al., 2023, Luo et al., 2015, Wang et al.,
2021, Wu et al., 2015, Zhang et al., 2021b, Zhu et al., 2020). Yet in other
studies Epithelial-derived EVs were shown to induce tolerance, promoting
Treg and Trl differentiation by inducing the secretion of the cytokines TGF-3
and IL-10 and suppressing the secretion of Th2 cytokines IL-5 and IL-13
(Chen et al., 2011, Prado et al., 2010, Prado et al., 2008, Shin et al., 2022,
Zeng et al., 2020). This review therefore highlights that epithelial EVs can
either pro-mote tolerance or sensitisation depending on which epithelial
barrier they are derived from and the status of the patient, cell or animal model

used.

Regarding potential mechanisms, the studies suggest a number could
be at play. One key mechanism identified is that ne-EVs are capable of
promoting Th2 differentiation of naive CD4+ T cells, achieving this either
directly or indirectly (Li et al., 2023, Luo et al., 2015, Zhu et al., 2020). For
example, reduced expression of the miRNA146a-5p observed in allergic
patients was shown to prevent down-regulation of Smad3/GATA-3 (Li et al,,
2023), as well as preventing the induction of Th2 sup-pressing IL-10+
monocytes (Luo ef al., 2015), ultimately facilitating Th2 polarisation and
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allergic sensitisation (Mowen and Glimcher, 2004, Ouyang et al., 2000).
Furthermore, upregulated IncGASS in allergic patients ne-EVs was shown to
down-regulate EZH2 expression in CD4+ cells promoting Th2 differentiation
as well the production of Th2 cytokine such IL-4, again promoting
sensitisation (Zhu et al., 2020). In contrast, another mechanism identified was
the promotion of Th2 differentiation via DCs (Bartel et al., 2020, Wu et al.,
2015, Zhang et al., 2021b). Pathway analysis suggested that observed
downregulation of miR34a,miR92b, miR210, as well as down-regulation of
Lyn, could play an important role in the early development of allergy by
promoting Th2 polarisation (Bartel et al., 2020, Beavitt et al., 2005, Wu et al.,
2015). CNTNI1 bearing bae-EVs were also shown to activate DCs, as well as
upregulate the expression of CD40, again promoting Th2 differentiation. The
current understanding of how polarisation of naive T cells are induced is
incomplete (Lamiable et al., 2020), however the studies reviewed here suggest
that EVs released from the epithelium can as act as a signal to further promote
Th2 differentiation. Another method by which epithelial EVs can influence
sensitisation is though recruitment and induction of IL-6, TNF-a and IL-1
secreting macrophages, promoting type 2 inflammation (Kulshreshtha et al.,
2013, Shin et al., 2010, Yu et al., 2021). Ne-EVs were also shown to induce
barrier damage and dysfunction as another mechanism for promoting
sensitisation (Qiu et al., 2011, Qiu et al., 2012, Wang et al., 2021), an example
being the finding that EVs containing IncRNA NEAT1 were also able to
damage the epithelial barrier through the promotion of IL-13 secretion and
apoptosis (Wang et al., 2021). Epithelial barrier dysfunction can play a major
role in facilitating increased allergen penetration and immune cell exposure,
promoting sensitisation (Pothoven and Schleimer, 2017). A study by Kortekaas
et al demonstrated that maintenance of the nasal epithelial barrier was
essential in the prevention of allergic sensitisation (Kortekaas Krohn et al.,
2020). This further emphasises the role that epithelial EVs can play in the

development of allergy.

As previously stated, epithelial-derived EVs are also capable of
promoting immune tolerance. In particular, it is worth noting that, despite the

small number of papers, all three identified studies on ie-EVs reported a
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tolerizing influence and identified similar mechanisms through which ie-EVs
can induce tolerance. All three studies suggest that OVA-induced ie-EVs
facilitate the induction of Tr1 and Treg responses, suppressing Th2 responses
and ultimately resulting in tolerance to the allergen (Chen et al., 2011, Shin et
al., 2022, Zeng et al., 2020). One mechanism suggested that ie-EVs generated
from OVA stimulation had upregulated expression of avp6 which stimulated
TGF-f secretion in DCs, suppressing sensitisation (Chen et al., 2011). Further-
more, it was suggested that ie-EVs generated from OVA challenge can also
activate macrophages to secrete Treg polarising cytokines IL-10+ and TGF-f
further promoting Treg differentiation and promoting tolerance (Shin ef al.,
2022). Additionally, ie-EVs carrying IL-10, as well as MHC II/OVA peptide
complexes, were shown to be able to recognise and trigger the differentiation
of OVA-specific CD4+ T cells into Tr1 cells (Zeng et al., 2020). The role of
the intestinal epithelium in the generation of oral tolerance, as well as the
central role played by Tregs and other T regulatory cell subsets is well
established (Battaglia et al., 2004, Hadis et al., 2011, Miranda-Waldetario and
Maria, 2024). A study by Mucida ef al. demonstrated the necessity of
peripheral induced antigen specific Treg cells for oral tolerance (Mucida,
2005), highlighting the importance of ie-EVs in the suppression of
sensitisation. Another mechanism for the suppression of Th2 responses was
identified in bae-EVS (Prado ef al., 2010, Prado et al., 2008). One study
reported the induction of exosomes in Ole e 1 tolerised mice were shown to
have a prophylactic effect on the sensitisation and challenge of naive mice,
inhibiting the production of an IgE response, as well as the production of Th2
cytokines (Prado ef al., 2008). This prophylactic effect was shown to also
suppress sensitisation to an unrelated allergen Bet v 1 through the suppression
of IL-5 and 13 suggesting EVs can induce ‘bystander tolerance’ (Prado et al.,
2010).

It is important to draw attention to the generally low-quality scores
attained by the studies in this review. These low scores can mainly be
attributed to poor EV isolation methods. The studies concerning intestinal EVs
had an average score of 47%, this was 14 points lower than the studies looking

at ne-EVs which had the next lowest (with an average score of 61%),
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potentially questioning the reliability of the mechanisms identified. The
highest scoring section was the bae-EV studies, which had an average score of
62%, this was only 1 point higher than the nasal studies suggesting better
reliability and robustness in the mechanisms identified in both these sections.
This highlights the need for further high-quality studies investigating ie-EVs.
The quality of EV isolation scores also emphasises the need for the
implementation of more robust isolation methods that ensure better purity
without the risk of EV damage or rupturing. Of the 18 studies identified 72%
of the studies received the minimum score for EV isolation (Chen et al., 2011,
Kulshreshtha et al., 2013, Li et al., 2023, Luo et al., 2015, Prado et al., 2010,
Prado et al., 2008, Qiu et al., 2011, Qiu et al,, 2012, Wu et al., 2015, Yu et al.,
2021, Zeng et al., 2020, Zhang et al., 2021b, Zhu et al., 2020), with only three
studies getting the maximum score (Bartel et al., 2020, Gon et al., 2017, Wang
et al., 2021). Characterisation of EVs across the studies was better than
isolation, with only 16% of paper receiving the minimum possible
characterisation score (Chen et al., 2011, Qiu et al., 2011, Qiu et al., 2012),
while 28% received the maximum characterisation score (Bartel et al., 2020,
Liet al., 2023, Prado et al., 2010, Prado et al., 2008, Shin et al., 2010).
Moving forward, future research should employ techniques that minimize
damage to EVs while ensuring high-purity isolation. Additionally, it is crucial
to exclude other potential mediators, such as cytokines, which could obscure
the downstream effects of EVs. In addition to this, the use of more
comprehensive characterisation would allow for better identification and
differentiation of EV sub-populations allowing for more robust investigation
into the different signals released by epithelial cells as a part of allergic

sensitisation.

The robustness of model scores was significantly higher, with 50% of
studies using samples from human participants. Additionally, 67% of these
studies received the maximum score for characterising allergic participants,
identifying them from a clinical setting, and performing skin prick tests and
serum IgE level tests (Bartel et al., 2020, Li et al., 2023, Luo et al., 2015, Qiu
etal, 2012, Yuet al, 2021, Zhu et al., 2020). The use of human samples gives

a much more biologically relevant model for furthering the under-standing of
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allergic sensitisation. 67% of the papers utilised animal models (mouse mod-
els) (Chen et al.,, 2011, Gon et al., 2017, Kulshreshtha et al., 2013, Li et al.,
2023, Luo et al., 2015, Prado et al., 2010, Prado et al., 2008, Shin et al., 2010,
Shin et al., 2022, Yu et al., 2021, Zeng et al., 2020, Zhang et al., 2021b).
Notable differences in human relevance include IL-10 being induced in both
Th1 and Th2 responses in humans, but only in Th2 responses in mice.
Addition-ally, mice express only CD1d receptors on dendritic cells, whereas
humans express CDla, b, ¢, d, and e. Furthermore, murine models require
artificial methods to induce allergies (Aun et al., 2017, Krieger et al., 2013,
Mestas and Hughes, 2004). Lastly, despite good model robustness scores, no
study performed any endotoxin measurement to ensure their sensitisation
material was endotoxin-free. Endotoxins have been shown to promote
inflammatory responses when exposed simultaneously with allergen (Liu,
2002, Trivedi et al., 2003), consequently providing measurements of
endotoxin levels in the allergen preps used provides further credibility to

observed downstream immune responses.

Moving forward, EVs provide an exciting and rapidly growing area of
research for further understanding the mechanisms through which epithelial
cells influence allergic out-comes. It is evident from the studies identified in
this review that EVs can play a role in both the induction of sensitisation and
tolerance to allergens and this role is affected by the epithelial barrier of
origin, as well as changes in EV cargo as a result of patient health status and
allergen challenge. More research into epithelial-derived EVs and the changes
to cargo associated with allergen exposure is still needed to create a more
comprehensive understanding of how epithelial-derived EVs can influence
allergic sensitisation and tolerance. In addition, there was a notable gap in the
current literature with the lack of any articles studying the effect of EVs
derived from the skin epithelium. The skin is the largest organ and is the first
barrier to interact with environmental stimuli and consequently is a location
where sensitisation can occur (Janssen et al., 2024). Furthermore, skin
epithelial-immune cross-talk plays a role in allergic sensitisation and
responses, secreting cytokines such as TSLP to influence Th2 polarisation (He

et al., 2008, Simmons and Gallo, 2024). Currently, there is a lot research
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focusing on the role of EVs in the development of skin allergy and atopic
dermatitis, however, these all focus on the effect of EVs derived from the skin
microbiome or from immune cells rather than from the skin epithelium itself
(Harvey-Seutcheu et al., 2024, Lambring et al., 2019, Tucis et al., 2024).
Future research on the role of skin epithelial-derived EVs in allergic
sensitisation could uncover new mechanisms and potential therapeutic
interventions. Finally, only one of the identified articles used a 3D cell culture
model (Bartel ef al., 2020). The adoption of more biologically relevant human
cell culture models, such as air liquid interface (ALI) culture, would further
enhance model robustness and provide a more biologically relevant model for
investigating the role of epithelial-derived EVs in allergic sensitisation. As
these techniques become more widely adopted, the evaluation of these models,
as well as the mechanisms through which they are stimulated, could pro-vide a

more appropriate way to differentiate and score article robustness.

In conclusion, this systematic review provides some evidence of the
effects that epithelial-derived extracellular vesicles can have on immune
responses to allergens. The studies identified here suggest that epithelial EVs
could play a pivotal role in influencing the allergic outcome via both direct
and indirect mechanisms. Mechanisms identified that facilitate allergic
sensitisation include: The promotion of naive CD4+ T cell Th2 differentiation,
the promotion of Th2 cells via DCs, recruitment and induction of IL-6, TNF-a
and IL-1p secreting macrophages and the induction of barrier damage and
dysfunction. Conversely, some mechanisms were identified that showed
epithelial derived EVs promote allergic tolerance through the induction of Trl
and Treg responses. The limited number of published studies and the lack of
research on the skin epithelium highlight the need for dedicated research in
these areas to enhance our understanding of epithelial-derived EVs and their

role in promoting allergies.
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Chapter 4: Optimisation of 2D Cell Culture

4.1. Introduction

The airway epithelium acts as the first line of defence against inhaled
agents such as pathogens and allergens. The airway epithelium fulfils this
defensive function through two key mechanisms. Firstly, the epithelium acts as
a physical barrier comprised of a diverse range of cells, such as ciliated and
goblet cells, which are compactly arranged and held together by tight junctions
to prevent penetration of inhaled agents. These cells subsequently expel
inhaled agents through muco-ciliary action. The second function of the airway
epithelium is triggered through its direct interaction with inhaled agent. This
interaction triggers epithelial-immune cell cross-talk and coordination of
innate and adaptive immune responses. The direct interaction of the
epithelium and inhaled agents is facilitated by pattern recognition receptors
(PRRs), such as Toll-like receptors (TLRs). These TLRs recognise damage
associated molecular patterns (DAMPS) and pathogen associated molecular
patterns (PAMPs), such as lipopolysaccharide (LPS) and
polyinosinic:polyctidylic acid (Poly(I:C)). Triggering of TLR on airway
epithelial cells induces secretion of epithelial cytokines, such as alarmins IL-
25 (IL-17E), IL-33 and TSLP, and EVs (Wenger et al., 2023). In the context of
IgE mediated allergy, these signals act as the initial triggers for allergic
sensitisation and elicitation, promoting the recruitment of immune cells to
regions of allergen challenge and promoting skewing of Th2 immune

responses (Browne et al., 2025, Whetstone et al., 2022).

Due to their vast potential, EVs have emerged as an exciting new
avenue for the better understanding of biological mechanisms. This has
resulted in a recent surge in EV interest and, by extension, a need for
standardisation of practices and their reporting to facilitate robust and
comparable research (Demkow and Stelmaszczyk-Emmel, 2021, Van Deun et
al., 2017). To this end, the International Society of Extracellular Vesicles
(ISEV) published a set of guidelines termed the “Minimal Information for
Studies of Extracellular Vesicles” (MISEV) focusing on the collecting and
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processing of EVs, as well as their identification, quantification and

characterisation (Welsh et al., 2024, Théry et al., 2018, Lotvall et al., 2014).

To ensure robust downstream analysis of EVs, these guidelines need to
be considered in the initial optimisation of cultures. A major recommendation
of the MISEV’s guidelines is limiting the introduction of exogenous EVs into
the culture and subsequent analysis. Core culture supplements such as serum,
growth factors and antibiotics are known sources of exogenous EVs and can
also influence EV production and composition, conflating downstream
analysis (Zhou et al., 2017, Németh et al., 2017, Burger et al., 2017).
Consequently, identification of a cell line capable of serum-free culture, or
optimisation of serum-free stimulation conditions, are essential. Additionally,
for downstream characterisation of EVs, MISEV recommends the use of
multiple bio markers, including general EV markers such as tetraspanins
(CD9, CD63 and CD81), coupled with origin cell-specific markers (EpCAM,
Tspan8 and E-Cadherin). EpCAM and Tspan8 are MISEV recommended
epithelial origin markers, with EpCAM being strongly recommended due to its
expression being highly restricted to epithelial cells (Théry et al., 2018, Trzpis
et al., 2007). EpCAM, Tspan8 and E-Cadherin are all extracellularly expressed
on epithelial cells and play and important role in the adhesion of epithelial
cells and epithelial barrier integrity, with E-cadherin, forming adherens
junctions below tight junctions in the apical junction complex (Figure 1.4B).
Finally, the assessment of culture viability, preferably apoptotic and necrotic
populations at sample collection, is also recommended as increases in cell
death result in the release of cell membrane fragments and apoptotic bodies,

obscuring downstream assessment of the EVs.

In this chapter, 2D experiments were used to identify and profile a
suitable epithelial cell line to be used subsequent in 3D cultures. In addition,
MISEV-compliant conditions for initial evaluations of positive control

stimulants were tested.
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4.2. Materials and Methods

4.2.1. Epithelial Cell Characterisation

Full methods can be found in Section 2.2 Methods. In brief,
characterisation of epithelial cells was performed after cells were isolated from
flasks during subculture (Section 2.2.1.1). Initial Calu-3 passages were
cultured in Advanced Dulbecco’s Modified Eagle Medium before optimal
media composition was assessed (Section 2.2.1). Initial characterisation aimed
to identify a suitable cell line expressing relevant downstream analysis
markers, to be used in a 3D model. The cell lines Calu-3 and BEAS-2B, A549
(ATCC, Cat.no. CCL-185) and primary bronchial epithelial cells (kindly
donated by Professor Ian Sayers (University of Nottingham, UK) in (June
2022)) were all assessed for potential model suitability. Cells were stained
with the manufacturer’s recommended concentration of fluorescent antibodies
(Table 4.1) and analysed using conventional flow cytometry. Section 2.2.3

outlines the intra- and extracellular staining processes utilised.

Table 4.1. Fluorescent antibodies used for characterisation of airway epithelial

cell lines, their fluorophore and manufacturer.

Antibody

Target Fluorophore Manufacturer Cat.no.
EpCAM PE-Cy7 Biolegend 369816
E-Cadherin APC Biolegend 324107
PIV- Tubulin AlexFlour488 Abcam Ab237201
Tspan8 PE-Vio770 Miltenyi 130-106-865

4.2.2. Optimised Culture Media Composition

To optimise Human Serum supplementation, Minimal Essential Media
(MEM), supplemented with 4mM GlutaMAX, 1% Sodium Pyruvate, 1% non-
essential amino acids and Penicillin (100IU)-Streptomycin (100pg/mL) was
used as a base (Section 2.1.2). Additional supplementation with either 3, 5 or
10% heat inactivated human AB serum (Cat.no. H5667, Merk, UK) was

assessed to see the effect on marker expression and culture time.
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4.2.3. Optimisation of 2D Positive control stimulants

Cells were cultured to 80% confluence in 96 well plates (37°C and 5%
COy). At 80% confluence, media was swapped to serum-free LHC-9 two days
prior to stimulations. Stimulation stocks of Poly(I:C) and LPS were made by
dissolving stimulants in LHC-9 media to final stimulation concentrations.
Culture media was aspirated from wells and replaced with 200ul of relevant
media/stimulant stock. 200ul supernatants were isolated after 24- and 48- hour
incubations (37°C and 5% CO>) and ELISAs were run as outlined in Section
2.2.11. Additionally, cells were isolated from wells using Accutase (Section
2.2.3) and viability was assessed using annexin-V/PI staining and flow
cytometry (Section 2.2.10.1). Gating strategy and localisation of quadrants is
outlined in Section 4.3.3.1. Cells negative for both markers were considered

viable and this percentage of the total sample is given as the sample’s viability.
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4.3. Results

4.3.1. Selection and Characterisation of Transformed Airway Epithelial

Cells Line

This research project initially investigated the bronchial epithelial cell
line BEAS-2B as a potential cell line for the airway model due to its being
optimised for serum-free culture. BEAS-2B were initially profiled for the
expression of epithelial cell markers (Table 4.2) using conventional flow

cytometry to confirm cellular identity and suitability.

Table 4.2. Epithelial cell markers used to confirm the BEAS-2B phenotype

and suitability. Epithelial markers and corresponding target.

Epithelial Marker Target Function Location

E-Cadherin Eplth.ehal Adheren junction Cell Surface
protein

BIV-Tubulin Axonemes Cell Cytoskeleton

EpCAM (CD326) Epithelial Adhesion Cell Surface
molecule

Figure 4.1A presents representative flow plots outlining the gating
strategy for BEAS-2B cells. BEAS-2B cells were initially gated according to
their size (forward scatter (FSC)) and granularity (side scatter (SCC)) (Figure
4.1A1). Subsequently, a plot of FSC-Height (peak signal intensity) against
FSC-Area (total integrated signal) was used to select single cells (Figure 4.1
Aii). Figure 4.1Bi&ii shows that the expression of in-house BEAS-2B cells
previously cultured in FBS did not express the marker E-Cadherin (Figure
4.1Bii) and additionally showed low expression of BIV-Tubulin (Figure 4.1Bi).
Literature suggested that knocked out expression of E-Cadherin in BEAS-2B
could be the result of FBS culture, and consequently, a new cell line was
purchased, exclusively cultured in unsupplemented serum-free media (LHC-
9). Figure 4.1Ci&ii show the expression of both BIV-Tubulin and E-Cadherin
on BEAS-2B cultured exclusively in serum-free conditions. This emphasised

the importance of selected culture conditions on epithelial marker expression.
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Figure 4.1. Phenotyping of BEAS-2B Cells. A) Gating strategy for the selection of
BEAS-2B cells. Ai) Initial gating of BEAS-2B cells. Aii) Isolation of single cell events. B)
Histogram overlays of fluorescent intensity, for BEAS-2B cells previously cultured in FBS
(Bi) BIV-Tubulin and (Bii) E-Cadherin. C) Histogram overlays of fluorescent intensity,
for BEAS-2B cells in LHC-9 (Ci) BIV-Tubulin and (Cii) E-Cadherin.

To further assess the suitability of BEAS-2B for use in the airway
model, the cell line was also checked for the expression of EpCAM, using
both conventional and imaging flow cytometry (Figure 4.2). EpCAM will be

used as an EV marker to define epithelial origin, as recommended by MISEV,
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so its extracellular expression is necessary. Extracellular staining of BEAS-2B
for EpCAM showed no expression of the marker (Figure 4.2A1). However,
further staining revealed partial intracellular expression (Figure 4.2Aii), which
was subsequently re-confirmed using imaging flow cytometry, which again

showed intracellular localisation of EpCAM expression (Figure 4.2 Bi&ii).
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@ @ ) )

Figure 4.2. BEAS-2B EpCAM Expression Assessment. A) Conventional flow cytometry
histograms of EpCAM fluorescent intensity. Ai) Extracellular stained BEAS-2B cells. Aii)
Intracellular stained BEAS-2B. B) Imaging flow cytometry, internalisation overlays. Bi)

Extracellular stained BEAS-2B cells. Bii) Intracellular stained BEAS-2B cells.

Lack of extracellularly expressed EpCAM on BEAS-2B confirmed
their unsuitability for the airway model. Consequently, the alveolar epithelial
cell line A549, bronchiole epithelial cell line Calu-3, and human primary
bronchial epithelial cells (HBECs) were evaluated for model suitability,
screening initially for EpCAM expression using conventional flow cytometry
(Figure 4.3). No extracellular EpCAM expression was observed on A549 cells
(Figure 4.3A) with minimal being observed on HBECs (Figure 4.3B).
Conversely, the expression of EpCAM on Calu-3 was observed to be much

higher with around 90% of cells showing positive expression of the marker
(Figure 4.3C).
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Figure 4.3. Histograms Overlays of Extracellular EpCAM Fluorescent Intensity. A)
A549 B) Primary Human Bronchial Epithelial Cells (HBEC) C) Calu-3.

Calu-3 cells were subsequently screened for the remaining markers
(Table 4.2) as well as for the marker Tspan8 (Figure 4.4). Tspan8 will be an
additional maker to denote EV origin as recommended by MISEV. Strong
expression of markers BIV-Tubulin (Figure 4.4A), E-Cadherin (Figure 4.4B)
and Tspan8 (Figure 4.4C) confirmed epithelial identity and Calu-3 suitability.

Consequently, Calu-3 cells were utilised moving forward.
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4.3.2. Optimisation of Cell Culture Conditions

Having profiled and subsequently identified a suitable cell line for the
airway epithelial model, optimisation of its culture was required. Previous
observations of media composition affecting epithelial markers expression on
BEAS-2B (Figure 4.1) made it necessary to establish the effect of a serum-free
culture on Calu-3 and its marker expression. To do so, two cultures were
established from the previously profiled Calu-3 culture, with one culture
receiving un-supplemented LHC-9 and the other culture’s conditions
remaining unchanged, receiving advanced DMEM supplemented with 4mM
GlutaMAX and 100pg/ml penicillin and streptomycin (Pen/Strep), as per
manufacturers specification. Cultures were incubated at 37° and 5% CO- and
passaged twice before re-profiling the expression of epithelial markers E-
Cadherin and EpCAM using conventional flow cytometry. Figure 4.5 shows
expression of EpCAM and E-Cadherin on cells cultured in advanced DMEM
(Figure 4.5A) and in serum-free LHC-9 (Figure 4.5B). As can be seen in
Figures 4.5A1 & Bi, the expression of EpCAM did not change between the
two conditions and remained consistent with the initial EpCAM profiling
(Figure 4.3C). However, a noticeable shift in signal intensity was observed
when comparing the expression of E-Cadherin in both culture conditions
(Figure 4.5A11 & Bii). As can be seen in Figure 4.5Aii1 the expression of the of
E-Cadherin is almost 100%, which was consistent with initial profiling of cell
line (Figure 4.4B). However, E-Cadherin expression in serum-free culture can
be seen to have decreased relative to both the initial sample and its advanced
DMEM counterpart (Figure 4.4B and Figure 4.5Ai1), with there being a left
shift in stain intensity. Additionally, a proportion of cells in the stained sample
are negative for the marker, with overlap between the unstained and stained
signals. Consequently, to ensure marker expression remained high, it was
decided to culture Calu-3s in serum-containing conditions and subsequently
transition them to serum-free for the duration of stimulation to allow for

subsequent EV analysis.
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Figure 4.5. Histograms of EpCAM and E-Cadherin Florescent Intensity in Different
Culture Conditions. A) Calu-3 cells cultured in Advanced DMEM, Ai) EpCAM Aii) E-
Cadherin. B) Calu-3 cells cultured in Advanced DMEM, Bi) EpCAM Bii) E-Cadherin.

Unilever funding guidelines require minimal use of animal-derived
products. Due to serum-free culture not being viable and advanced DMEM
being pre-supplemented with AlbuMAX™ (a bovine-derived supplement), a
variety of different humanised culture media compositions were assessed.
Three 25cm? flasks were each incubated with 1x10° cells and cultured in either
minimal essential medium (MEM), supplemented with 4mM glutaMAX, 1%
sodium pyruvate, 1% non-essential amino acids (n-EAA), 100pg/ml
Pen/Strep, and either 3%, 5% or 10% heat-inactivated human AB serum.
Cultures were observed and imaged every two to three days (Figure 4.6A) and
percentage confluence for each image was scored (Figure 4.6B). All three
cultures survived and grew; however, the rate of culture growth was observed
to slow with increased supplementation of Human AB serum. As can be seen

in Figure 4.6Aiii and Figure 4.6B, cells supplemented with 10% human AB
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serum only reached around 50% confluence after 16 days, as opposed to both
3% and 5% which reached around 80% confluence at the same time point

(Figure 4.6 Ai and Aii and Figure 4.6B).
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Figure 4.6. Assessment of 3%, 5% and 10% Human AB Serum Supplementation. A)
Images of culture growth over time, Ai) 3% Human AB Serum Aii) 5% Human AB serum

Aiii) 10% Human AB Serum. B) Percentage confluence of cultures overtime.

In addition to monitoring culture success and growth rate, extracellular
expression of the epithelial markers Tspan8 and EpCAM was also assessed for
each of the three conditions (Figure 4.7). No change in expression of either
marker was observed under the different culture conditions, and expression of
both markers remained consistent with previous profiling of their expression
(Figures 4.3C, 4.4A and 4.5Bi). Due to there being little difference between
culture time and marker expression, 5% human AB serum supplementation
was selected as the standard culture composition and was used for all

remaining 2D cultures of Calu-3 cells.
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Figure 4.7. Histograms of EpCAM and Tspan8 Florescent Intensity in Different
Culture Conditions. A) 3% Human Serum Ai) EpCAM Aii) Tspan8. B) 5% Human
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4.3.3. 2D Assessment of Control Stimulations

2D cultures were utilised to initially profile Calu-3’s IL-6 and IL-8

cytokine response to positive control stimulants Poly(I:C) (TLR-3 agonist) and

LPS (TLR-4 agonist). Additionally, as 3D culture is serum-free, variation in

stimulation response between the two conditions was assessed. Analysis of IL-

6 and IL-8 cytokine responses was performed by ELISA. Standard curves
were generated for each cytokine and used to interpolate cytokine
concentration (Figure 4.8). Limit of detection (LoD) of the assays was also

calculated using the mean background optical density (OD) +3S.D.
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Figure 4.8. IL-8 and IL-8 Standard Curves. A) IL-6 and B) IL-8 standard curved

produced to interpolate cytokine concentration (pg/ml).
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4.3.3.1. LPS Stimulation

The TLR-4 agonist LPS was evaluated as a positive control stimulant.
Literature indicated that a 24-hour exposure of LPS between 0.5 — 1pg/ml
should stimulate bronchial epithelial cells (Schulz ef al., 2002). Cells were
seeded into 96-well plates and cultured up to 80% confluence in MEM+5%
HS as established previously. Subsequently, media was changed to serum-free
LHC-9 three days prior to stimulation. Cells were subsequently stimulated
with either 0.5pg/ml or 1.0pg/ml LPS for 24 and 48 hours at 37°C and 5%
CO.. Changes in IL-6 and IL-8 secretion were measured in duplicate via

ELISA as previously described (Figure 4.8).

IL-6 secretion increased with 24 hour, 0.5pug/ml LPS exposure, seeing
an increase from an average of 14.37pg/ml basal unstimulated secretion to an
average 45.2pg/ml (Figure 4.9A1). This increase wasn’t observed for 1ug/ml.
After 48-hour exposure an increase in IL-6 secretion was observed for 1pug/ml,
increasing to 66pg/ml. Additionally, this increase in IL-6 secretion was also
observed with 0.5pg/ml stimulation (Figure 4.9Aii). This increase in IL-6
response was further emphasised when comparing 24- and 48-hour secretion.
As can be seen in Figure 4.9Aiii there was a slight increase in the secretion of
IL-6 in unstimulated samples; however there was a significant increase in
secretion between 24- and 48-hour samples for both stimulation
concentrations, suggesting further exposure to LPS maintains the response

(Figure 4.9Aiii).

Despite the observed increase in response to IL-6, IL-8 resulted in no
change in secretion after either 24 or 48 hours of exposure for either
concentration. Due to the intention to transition to a 3D model, successful IL-6
stimulation in line with the literature was deemed proof of principle and both
concentrations were taken forward. As literature indicates differences in
monolayer (2D culture) and 3D response, these concentrations were assessed

in 3D in the subsequent chapter.
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Figure 4.9. IL-6 and IL-8 Response to 0.5 and 1.0pg/ml LPS Stimulation. A) Changes

in IL-6 secretion as a result of Ai) 24 hours exposure and Aii) 48-hour exposure to LPS. Aiii)

comparison of 24- and 48-hour responses. B) Changes in IL-8 secretion as a result of Bi) 24 hours

exposure and Bii) 48-hour exposure to LPS. Biii) comparison of 24- and 48-hour responses. LoD is

indicated by doted red line ; 7.69pg/ml - IL-6 and 14.5pg/ml — IL-8. Columns represent mean and

error bars represent standard deviation. (N=2).

In addition to profiling cytokine response, viability of stimulated

cultures was also assessed after 24- and 48-hour exposure to 0.5 and 1.0pg/ml

LPS. Viability was profiled via flow cytometry, using annexin V and PI

staining. Figure 4.10 outlines the gating strategy for the identification of cells

by size (FSC) and granularity (SSC) (Figure 4.10A1), as well as the subsequent

selection of single cells from a FSC height by area plot (Figure 4.10Ai1).

Single Colour stains for both PI (Figure 4.10B1) and annexin V (Figure

4.10Bii) were then used to locate quadrant gates. Cells that are double

negative in the lower left quadrant are considered viable.
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Figure 4.10 Exemplar Gating Strategy for Annexin-V/PI staining. Cells were initially

gated for using a SSC vs FSC plot Ai). Single Cell events were subsequently isolated
using a FSC-Height Vs FSC Area plot Aii). Single Colour stains for PI Bi) and Annexin-V

were Bii) were used to position quadrant gate for analysis.

The gating strategy outline above was used to analyse Calu-3 cell

viability after 24- and 48-hour exposure to 0.5 and 1.0pg/ml LPS in serum-

free culture, 37°C and 5% COas. Representative dot plots displaying cell

viability for unstimulated, 0.5 and 1.0pg/ml LPS-stimulated cells for 24 and

48 hours are presented Figure in 4.11. Unstimulated cells stained with

annexin-V FITC and PI after 24 hours and 48 hours can be seen in Figures

4.11Ai and 4.11Bi respectively, adjacent to these plots are presented 24- and
48-hour 0.5 and 1.0pg/ml LPS stimulations (Figure 4.11Ai1, Aiii, Bii and Biii).

Figure 4.11C shows average viability of stimulated and unstimulated cultures

after 24 (N=3) and 48-hour (N=2) exposure to 0.5 and 1.0pg/ml LPS. Two-

way ANOVA analysis revealed no significant difference in culture viability
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between stimulated and unstimulated cultures after 24-hour exposure. 48-hour
time viability also appeared to mirror 24-hour observations. This data further
supported the selection of 0.5 and 1.0pg/ml LPS as suitable concentrations for

Calu-3 stimulation.
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Figure 4.11. 24- and 48- Hour Annexin-V/PI Viability Staining Plots for
Unstimulated, 0.5 and 1.0pg/ml Stimulated Cultures. A) representative viability plots
of Ai) unstimulated Aii) 0.5pg/ml Aiii) 1.0 pg/ml cultures after 24-hour exposure. B)
Representative viability plots of Bi) unstimulated Bii) 0.5pg/ml Biii) 1.0 pg/ml cultures
after 48-hour exposure. C) Comparison of 0.5 and 1.0pg/ml LPS stimulated and
unstimulated viability after 24- (N=3) and 48-hour exposure (N=2). Columns represent
means and error bars indicate standard deviation. One-way ANOVA tested significance

between unstimulated and stimulation conditions after 24-hour exposure.
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3D exposure experiments showed variable and poor response to LPS
(See Chapter 5). It was hypothesised that one potential cause of this could be
due to the serum-free nature of the 3D-culture. Serum naturally contains LPS
binding protein (LPS-BP), consequently, it was decided to evaluate the effect
of supplementing serum-free conditions with LPS-BP on IL-6 and IL-8
secretions. This was initially done in 2D cultures for proof of principle. Cells
were seeded into 96-well plates and cultured up to 80% confluence in
MEM+5% HS. Media was changed to serum-free LHC-9 three days prior to
stimulation for relevant samples. Cells were subsequently stimulated with
0.5pg/ml LPS supplemented with or without 2.5ng/ml LPS-BP (as per
manufacturer’s instructions). Samples were exposed for just 24 hours as both
literature and previous data indicated this exposure duration would be
sufficient to generate a response. Samples were incubated at 37°C and 5%

COa.

Changes in IL-6 secretion are shown in Figure 4.12A. Surprisingly,
cultures with human serum showed no significant increase in the secretion of
IL-6 when stimulated with 0.5ug/ml LPS (Figure 4.12A1) compared to the
unstimulated control, and this response was not enhanced with the addition of
2.5ng/ml LPS binding protein (Figure 4.12A1). Serum-free cultures also didn’t
significantly increase IL-6 secretion (Figure 4.12Aii), however, when serum-
free cultures were stimulated with 0.5ug/ml LPS supplemented with 2.5ng/ml
LPS-BP, stimulation was enhanced, with a significant increase in IL-6
secretion observed (Figure 4.12Aii). Comparison of serum and serum-free
culture responses showed a significantly reduced IL-6 secretion in serum-free
culture, even in the presence of LPS-BP (Figure 4.12Aiii). This response was
significantly reduced in all conditions, including unstimulated samples,

providing an initial indication of culture condition on cytokine response.

IL-8 secretion was enhanced with the addition of LPS-BP for both
serum and serum-free culture (Figure 4.12B). Stimulation of both cultures
with just 0.5ug/ml LPS saw no significant increase in IL-8 secretion. In human
serum cultures the addition of LPS-BP saw an increase in IL-8 secretion from
an average of 1599.2pg/ml in unstimulated samples to an average of

2592.5pg/ml (Figure 4.12Bi1). Serum free cultures saw a similar increase in

113



Chapter 4: Optimisation of 2D Cell Culture

response, with an unstimulated average of 934.0pg/ml increasing to
1565.9pg/ml (Figure 4.12Bii). Comparison of IL-8 responses for both culture
conditions again showed significantly reduced cytokine secretion for all

conditions in serum-free media (Figure 4.12Biii), consistent with IL-6

observations.
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Figure 4.12. IL-6 and IL-8 Response of Human Serum and Serum Free Cultures to
24- Hour Exposure of 0.5pg/ml LPS with and Without LPS-BP. A) Changes in IL-6
secretion as a result of 24 hours exposure to 0.5ug/ml LPS with and without LPS-BP in Ai)
Human serum Cultures and Aii) Serum Free Cultures. Aiii) Comparison of Human serum and
serum free culture IL-6 responses. B) Changes in IL-8 secretion as a result of 24 hours exposure to
0.5pg/ml LPS with and without LPS-BP in Bi) Human serum Cultures and Bii) Serum Free
Cultures. Biii) Comparison of Human serum and serum free culture IL-8 responses. LoD is
indicated by doted red line ; 30.1pg/ml - IL-6 and 22.0pg/ml — IL-8. Columns represent mean and
error bars represent standard deviation. One way ANOVA with Dunnett’s multiple comparison test
compared stimulation concentrations and Two-way ANOVA with Sidak’s multiple comparison test

compared culture conditions. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Having established the enhancing effect of LPS-BP on cytokine
responses, a series of LPS concentrations were assessed in both serum and
serum-free conditions. Cells were seeded into 96-well plates and cultured up
to 80% confluence in MEM+5% HS. Media was changed to serum-free LHC-
9 three days prior to stimulation for relevant samples. Cells were subsequently
stimulated with either 0.125, 0.25, 0.5, 0.75 and 1pg/ml LPS supplemented
with 2.5ng/ml LPS-BP for 24 hours at 37°C and 5% CO.. Additionally, both

medias were profiled to assess any cytokine background.

24-hour exposure of LPS induced significant upregulation of IL-6 in
serum cultures when exposed to 0.5, 0.75 and 1.0pg/ml LPS. While increases
were significant, the upregulation of cytokine was small (Figure 4.13A1). As
can be seen in Figure 4.13 A1, unstimulated samples secreted an average of
18.24pg/ml, which significantly increased to 25.7, 24.8 and 27.5pg/ml when
exposed to 0.5, 0.75 and 1.0pg/ml LPS, respectively. Serum-free stimulation
also saw significant increases in samples exposed to 0.5 and 0.75ug/ml LPS
(Figure 4.13Aii1). As with serum-stimulated cultures, increases in cytokine
secretion of IL-6, while significant, were small, with unstimulated samples
increasing from 14.4pg/ml to 19.8 and 21.1pg/ml with 0.5 and 0.75ug/ml LPS,
respectively. Comparison of culture conditions revealed significant differences
in response to LPS (Figure 4.13Aiii). Unstimulated samples showed no
significant difference in basal secretion of cytokine over 24 hours. However,
responses to 0.25, 0.5 and 1.0pg/ml showed that serum-free responses were
significantly lower than serum-containing, as previously observed. Lastly,
profiling of IL-6 in the media alone revealed no detectable level of IL-6,

indicating variation in the response is not due to media composition.

IL-8 secretion in response to 24-hour exposure to LPS showed
significant upregulation only when stimulated with 0.5pg/ml (Figure 4.13Bi).
Unstimulated samples saw a more pronounced cytokine increase than
observed in IL-6, with unstimulated samples increasing from 882.3pg/ml to
1246.1pg/ml when stimulated with LPS. Stimulation of serum-free cultures
also saw a significant increase in IL-8 secretion after 24-hour exposure to
0.5pg/ml stimulation compared to unstimulated samples, increasing from an

average of 307.4pg/ml to 483pg/ml (Figure 4.13Bii). Additionally, as can be
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seen Figure 4.13Bii, there was also a significant increase in IL-8 secretion
when samples were stimulated with 0.75 and 1.0ug/ml. Comparison of IL-8
responses in both serum and serum-free culture also revealed significantly
lower levels of IL-8 secretion in response to all stimulation conditions, as well
as significantly lower basal secretion in unstimulated samples in the serum-
free culture (Figure 4.13Biii), as previously observed. Lastly, profiling IL-8
content in the media alone revealed no detectable levels of IL-8, again

indicating variation in the response is not due to media composition.

Re-assessment of LPS concentrations in 2D with LPS-BP
supplementation re-affirmed that 0.5ug/ml LPS was a suitable stimulation

concentration for cultures.
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Figure 4.13. IL-6 and IL-8 response to 0.125, 0.25, 0.5, 0.75 and 1.0pg/ml LPS

stimulation in Serum and Serum Free Cultures. A) IL-6 Secretion 24 Hours post
stimulation in Ai) Serum and Aii) Serum Free cultures. Aiii) comparison of Culture IL-6 secretion.
B) IL-8 Secretion 24 Hours post stimulation in Bi) Serum and Bii) Serum Free cultures. Biii)
comparison of Culture IL-8 secretion. LoD is indicated by doted red line ; 8.34pg/ml - IL-6 and
43.32pg/ml — IL-8. Columns represent mean and error bars represent standard deviation. One way
ANOVA with Dunnett’s multiple comparison test compared stimulation concentrations and Two-
way ANOVA with Sidak’s multiple comparison test compared culture conditions. *p<0.05,
**p<0.01, ***p=<0.001, ****p<0.0001.

116



Chapter 4: Optimisation of 2D Cell Culture

4.3.3.2.Poly(I:C) stimulation

The TLR-3 agonist Poly(I:C) was also assessed as a possible positive
control. Cells were seeded into 96-well plates and cultured up to 80%
confluence in MEM+5% HS as established previously. Subsequently, media
was changed to serum-free LHC-9 three days prior to stimulation for relevant
samples. Cells were subsequently stimulated with 5, 10 or 15ug/ml Poly(1:C)
for 24 or 48 hours at 37°C and 5% CO.. Changes in IL-6 and IL-8 secretion
are shown in Figure 4.14. To establish significant changes in cytokine
secretion between unstimulated samples and different conditions, normality
was assessed using Shapiro-Wilk tests. If normally distributed, One-Way
ANOVA with Dunnett’s multiple comparison tests were used. If not normally
distributed, a Kruskal-Wallis test with Dunnett’s multiple comparison was
used. Significant changes between serum and serum-free conditions were

assessed with a Two-Way ANOVA.

IL-6 secretion 24 hours post stimulation significantly increased in
response to 5, 10 and 15pg/ml Poly(1:C) for samples cultured exclusively in
human serum (Figure 4.14A1). This response was also shown to be dose
dependent, with significance increasing with stimulant concentration.
Unstimulated cells secreted an average of 82 pg/ml of cytokine over 24 hours,
with this increasing to an average of 243.1 pg/ml, 362.2 pg/ml and 447 pg/ml
with 5, 10 and 15 pg/ml respectively. Significance and a dose dependent
response was also observed in serum-free conditions; however, unlike with
serum cultures, this significance was just for stimulations with 10 and 15ug/ml
Poly(I:C) (Figure 4.14Aii). Despite this variation between the two conditions,
there was no significant difference in IL-6 secretion between serum and
serum-free stimulation at any concentrations 24 hours post stimulation (Figure
4.14Aiii). This significant increase in IL-6 secretion persisted to 48 hours.
Significant increases were observed for all stimulation concentrations for both
media conditions (Figure 4.14Bi1 and Bii). This response was again observed
to be dose dependent, with IL-6 response increasing with stimulation
concentration. Lastly, again, there was no significant difference between
serum and serum-free IL-6 secretion for any stimulation concentration after 48

hours (Figure 4.14Biii).
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IL-8 secretion also significantly increased 24 hours post Poly(I:C)
stimulation. Significant increases in IL-8 secretion were observed in both
culture conditions when stimulated with 10 and 15ug/ml (Figure 4.14Ci and
Cii), with IL-8 secretion increasing in a dose-dependent manner. Unstimulated
samples were observed to increase from 899.5pg/ml to 1550.2pg/ml and
1797.5pg/ml in serum cultures when stimulated with 10 and 15pug/ml,
respectively (Figure 4.14C1). This significant increase was also observed in
serum-free cultures (Figure 4.14Cii), with IL-8 secretion in unstimulated
samples increasing from an average 481.8pg/ml to 1045.1pg/ml and
1730.6pg/ml when stimulated 10 and 15ug/ml, respectively. Despite the
apparent variation between the 10pg/ml response in serum and serum-free
culture, there was no significant difference in culture response between the
two conditions for any stimulation concentration (Figure 4.14Ciii). 48-hour
stimulation with Poly(I:C) also saw significant increases in IL-8 secretion,
with IL-8 significantly increasing for all stimulation concentrations in serum
culture (Figure 4.14D1). Unlike with IL-6 secretion, this significant increase
was not observed for all stimulations at 48 hours in serum-free cultures, with
there being no significant increase observed for both 5 and 10pg/ml
stimulations (Figure 4.14Di1). Furthermore, comparison of serum-free and
serum IL-8 responses 48 hours post stimulation revealed a significant
difference in response between the 10pg/ml stimulations (Figure 4.14Diii).
Serum-free responses at 48 hours post-stimulation with 10pg/ml were
significantly smaller than in serum cultures. However, there was no significant

difference in response to any other stimulation concentration.

Despite slight variation in the observed 48 hour IL-8 response,
10pg/ml was identified as a suitable stimulation concentration for Poly(I:C)

and its effect on culture viability was assessed.
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Figure 4.14. IL-6 and IL-8 response to 5, 10 and 15pg/ml Poly(I:C) stimulation in
Serum and Serum Free Cultures. A) IL-6 Secretion 24 Hours post stimulation in Ai) Serum
and Aii) Serum Free cultures. Aiii) comparison of Culture IL-6 secretion. B) IL-6 Secretion 48
Hours post stimulation in Bi) Serum and Bii) Serum Free cultures. Biii) comparison of Culture IL-6
secretion. C) IL-8 Secretion 24 Hours post stimulation in Ci) Serum and Cii) Serum Free cultures.
Ciii) comparison of Culture IL-8 secretion. D) IL-8 Secretion 24 Hours post stimulation in Di)
Serum and Dii) Serum Free cultures. Diii) comparison of Culture IL-8 secretion. LoD is indicated
by doted red line ; 7.17pg/ml - IL-6 and 10.77pg/ml — IL-8. Columns represent mean and error bars
represent standard deviation. One way ANOVA with Dunnett’s multiple comparison test compared

stimulation concentrations and Two-way ANOVA with Sidak’s multiple comparison test compared

culture conditions. *p<0.05, **p<0.01, ***p<0.001, ****p<(0.0001.
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Having assessed the Calu-3 responses to Poly(I:C) in serum and
serum-free conditions and identified a potential stimulation concentration of
10pg/ml, its effect on cell viability was assessed. Viability was profiled via
flow cytometry, using annexin V and PI staining. The gating strategy outlined
in Figure 4.15 was used to analyse Calu-3 cell viability after 24- and 48-hour
exposure to 10pg/ml Poly(I:C) in serum-free culture, 37°C and 5% CO..
Representative dot plots displaying cell viability for unstimulated and 10pg/ml
Poly(I:C) stimulated cells at 24 and 48 hours are presented Figure 4.15.
Unstimulated cells stained with annexin-V FITC and PI after 24 hours and 48
hours can be seen in Figures 4.15A1 and 4.15Bi respectively, adjacent to these
plots are presented 24- and 48-hour 10pg/ml Poly(I:C) stimulations (Figure
4.15Aii and Bii). Figure 4.15C shows average viability of stimulated and
unstimulated cultures after 24 and 48-hour exposure to 10pg/ml Poly(I:C)
(N=3). Two-way ANOVA analysis revealed no significant difference in culture
viability between stimulated and unstimulated cultures at each time point, as
well as no significant variation in culture viability between 24- and 48-hour
time points. This data further supported the selection of 10pg/ml of Poly(I:C)

as a suitable concentration for Calu-3 stimulation.
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Figure 4.15. 24- and 48- Hour Annexin-V/PI Viability Staining Plots for
Unstimulated and 10pg/ml Poly(I1:C) Stimulated Cultures. A) Representative viability
plots of unstimulated Ai) and 10ug/ml Poly(I:C) stimulated cultures after 24-hour
exposure Aii). B) Representative viability plots viability of unstimulated Bi) and 10pg/ml
Poly(I:C) stimulated cultures after 48-hour exposure Bii). C) Comparison of 10pg/ml
Poly(I:C) stimulated and unstimulated viability after 24- and 48-hour exposure (N=3).
Columns represent means and error bars indicate standard deviation. Two-way ANOVA
with uncorrected Fisher’s least significant difference tested significance between

stimulation condition and time point *p<0.05.
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4.4. Discussion

This chapter aimed to create an epithelial model which allows the
profiling of EV responses by airway epithelial cells after allergen exposure.
The results presented illustrate the process of selecting a suitable cell line, as
well as the identification of optimal culture conditions and profiling of
relevant controls. Initial profiling of BEAS-2B and Calu-3 phenotype showed
expression of epithelial markers (E-Cadherin and BIV-Tubulin) in agreement

with previous data (Stewart et al., 2012).

Subsequent characterisation of EVs will look at expression of the
MISEV-recommended epithelial markers, EpCAM and Tspan8 (Théry et al.,
2018). Thus, their extracellular expression on potential cell lines was also
assessed. BEAS-2B lacked extracellular EpCAM expression, contradicting
current literature (Han ef al., 2020). This disparity might be due to their
culture conditions of BEAS-2B in FBS, which was shown by Zhao and
Kilmecki to significantly alter the phenotype and gene expression of BEAS-
2B cells, particularly E-Cadherin (Zhao and Klimecki, 2015). Conversely,
Calu-3 extracellular expression of EpCAM was high, as previously reported
(Meier et al., 2009, Frederick et al., 2007). EV biogenesis, particularly
exosome biogenesis, is derived from the origin cell’s plasma membrane, so a
lack of extracellular EpCAM expression on this plasma membrane could
affect expression of markers on the surface of secreted EVs and thus influence
characterisation via flow cytometry. Consequently, Calu-3 were selected for

the model.

Calu-3 cell culture in serum-free conditions showed downregulation of
epithelial marker E-Cadherin, thus a 5% human AB serum supplement culture
medium was chosen. The selected conditions were supported by confidential
information shared by Unilever collaborators and were similar to conditions
identified for human serum culture of keratinocytes (Belot, 2017). Importantly,
optimised culture composition did not influence expression of epithelial
extracellular markers EpCAM and so were used for all subsequent

experiments.
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Once a cell line and culture conditions were identified, positive control
stimulants were assessed by ELISA to establish concentrations capable of
inducing a cytokine response. Initial LPS stimulations saw poor cytokine
induction in Calu-3, contrary to the literature, which indicated that stimulation
of Calu-3 and other epithelial cells with LPS induces strong IL-8 and IL-6
response (Journeay et al., 2008, Schulz et al., 2002). Subsequent review of the
literature indicated that serum contains high concentrations of LPS-BP
(18.1pg/ml) (Gallay et al., 1994), and supplementation of cultures with LPS-
BP yielded improved responses to stimulants, inducing similar responses to
previous research in serum-containing cultures (Journeay et al., 2008, Schulz
et al., 2002). Thus, it is important to consider the addition of LPS-BP when
stimulating cells in serum-free conditions. Additionally, Poly(I:C) stimulation
of Calu-3 was assessed. Dose experiments identified induction of significant
cytokine responses in IL-6 and IL-8, consistent with results presented in
previous literature (Islam et al., 2021, Herbert et al., 2017, Chen et al., 2019).
Furthermore, cell viability showed that the positive controls did not induce cell
apoptosis, confirming that these were suitable for downstream analysis of

EVs.

Here we have shown the considerations in the selection of a suitable
epithelial cell line and positive controls, as well as optimisation of culture.
Positive control responses were profiled in 2D, and non-lethal cytokine-
inducing concentrations were identified to be taken forward into 3D models.
The next chapter will outline the optimisation of a 3D model, as well as

techniques used for successful stimulation.

123



Chapter 5: Optimisation of 3D Cell Culture Model

Chapter S: Optimisation of 3D Cell Culture Model

5.1. Introduction

For many years, animal models have been considered the gold standard
model and key tool in the research and investigation into the health-related
impacts of inhaled substances. However, human-specific differences in the
pathogenesis and presentation of disease significantly limit the biological
relevance of animal models. This was emphasised by an investigation into the
translational potential of therapies identified in animals. This showed that only
5% of therapies confirmed in animal models were successfully translated into
humanised treatments (Lam et al., 2025, Ineichen et al., 2024). While in silico
computer modelling in toxicological studies could prove to be a useful tool in
the future, humanised in vitro culture systems present a more robust and

biologically relevant option.

When generating a human in vitro culture model, it is important to
consider a variety of key factors, such as the scale, anatomical accuracy and
cell populations relevant to the area being modelled (Nichols ef al., 2014).
Currently, there are numerous lung cell models, with these falling into one of
two categories: either 2D or 3D models. 2D lung models are the simplest form
of tissue culture, consisting of submerged monolayers comprised of a single
cell type. However, the airway epithelium is comprised of a diverse
community of different cell types and states held together by tight junctions.
Furthermore, localisation of expression of these cell types creates functionally
specific regions within the airway epithelium (Hewitt and Lloyd, 2021).
Consequently, the simplistic nature of 2D homogenous cell cultures makes
them unsuitability for modelling airway epithelial responses in a biologically
relevant way. Despite 2D cultures lacking the cellular diversity and structures
found in the tissues they aim to model, they have been shown to be useful in
profiling basic lung cell function and differentiation (Miller and Spence,

2017).

The ability of 3D cultures to provide greater complexity facilitates the

closer replication of the tissue or microenvironment being modelled.
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Consequently, these culture models provide an avenue for assays with greater

biological relevance.

One method for generating a 3D model is the culture of cells at the air
liquid interface (ALI). This describes the process of culturing epithelial cells
exposed to air on their apical side and submerged in media on their basal side.
Culture of cells in this manner induces epithelial polarisation and the
formation of complex structures, such as tight junctions (Lee et al., 2023).
Additionally, ALI culture of epithelial cells allows for their differentiation into
different epithelial cell types, such as secretory cells and ciliated epithelial

cells.

3D experiments presented in this chapter aim to profile and confirm
the generation of 3D airway epithelial ALI cultures, as well as optimise a
suitable mechanism for the successful stimulation of these cultures with the

previously identified positive control stimulants, LPS and Poly(I:C).
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5.2. Materials and Methods

5.2.1. 3D Culture Characterisation

ALI Cultures were grown as outlined in Section 2.2.1.4.
Characterisation of ALI cultured epithelial cells was performed after cells
were isolated from trans wells using Accutase (Section 2.2.3). Initial
characterisation aimed to confirm the successful generation of ALI cultures.
Cells were stained with the manufacturer’s recommended volume (5ul) of
fluorescent antibodies (Table 5.1) and analysed using conventional flow
cytometry. Section 2.2.3 outlines the intra- and extracellular staining processes

utilised.

Table 5.1. Fluorescent antibodies used for characterisation of airway epithelial

cell lines, their fluorophore and manufacturer.

Antibody

Target Fluorophore Manufacturer Cat.no.
EpCAM PE-Cy7 Biolegend 369816
E-Cadherin APC Biolegend 324107
Tspan8 PE-Vio770 Miltenyi 130-106-865
CD66 BV605 Biolegend 342323
CD271 PE Biolegend 345105

Tight junction formation was assessed using fluorescent staining
(Section 2.1.5) for Z0-1 (AlexaFlour647) and Occludin (AlexaFlour488) as
per manufacturer’s instructions and assessed using confocal microscopy
(Section 2.2.2.1). Additionally, formation of cilia was assessed using scanning
electron microscopy. Samples were washed and dehydrated with a graded
series of ethanol dilutions before sputter coating with platinum (Section

2.222).

5.2.2. 3D Submersion stimulation

Submersion experiments were carried out as specified in Section
2.2.1.4. In brief, 50ul of stimulant diluted in PBS was added to the apical
chambers of inserts and left to incubate (37°C and 5% CO.). Following 24-

and 48-hour exposure, the 50ul of stimulant was isolated into Eppendorfs and
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apical surfaces were then washed twice with 200ul of 37°C sterile filtered PBS
for 3 minutes and washes were added to Eppendorfs. This was topped up to a
final volume of 500ul to allow for direct comparison of apical and basal

concentrations.

2- and 8-hour (Section 2.2.1.4) apical samples were submerged in
stimulant (as above) for either 2 or 8 hours. Stimulants were aspirated after
exposure and samples were collected 24 and 48 hours after the initial addition
of stimulant. Apical samples were collected as above with two 200ul sterile
PBS washes (37°C) and topped up with 100ul of PBS to create a total volume
of 500ul.

ELISAs were conducted as outlined in Section 2.2.11. All cytokines
were run on neat sample with the exception of IL-8 which was analysed using

samples diluted 1:10 in PBS.

5.2.3. Nebulisation Stimulations

Concentrations added to the nebuliser were calculated using the
equations outlined in Section 2.2.1.5. As per Section 2.2.1.5. inserts were
apically washed with 200ul of sterile filtered 37°C PBS two days prior to
stimulation to ensure mucus cover of the inserts was low. Stimulations were
carried out using an Aerogen Pro-nebuliser (2.6 -6.0vMD) (Aerogen, Ireland).
Inserts were nebulised until all liquid in the nebuliser was used and were left
in the chamber Cloud Alpha AX12 (Vitrocell, Germany) for 10 minutes to
allow for deposition (full method in Section 2.2.1.5). Samples were then
incubated for 24 and 48 hours at 37°C and 5% CO». Apical sample collection

was conducted as above (see 2- and 8-hour exposure).

ELISAs were conducted as outlined in Section 2.2.11. All Cytokines
were run on neat sample with the exception of IL-8 which was analysed using

samples diluted 1:10 in PBS.
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5.3. Results

5.3.1. Profiling of 3D cultures

To create a more robust and biologically relevant model of the airway
than 2D submersion cultures, cells were cultured at air liquid interface (ALI).
Culturing airway epithelial cells this way allows for differentiation of cells and
the formation of tight junction complexes. ALI inserts were cultured as
specified (Method section reference). ALI cultures were initially profiled using
flow cytometry, confocal microscopy and scanning electron microscopy

(SEM). The markers used for profiling epithelial cells are detailed in table 5.2.

Table 5.2. Epithelial cell markers used to profile ALI Cultures. Epithelial

markers and corresponding target.

Epithelial Marker Target Function Location (Target Cell)

Epithelial Adheren junction

E-Cadherin General Epithelial marker

protein
Tspan8 Axonemes Goblet Cells (Epithelial
cancer marker)
EpCAM (CD326) Epithelial Adhesion General Epithelial marker
molecule
Involved in Cell Survival,
CD271 differentiation and Basal Cells
Migration
CD66 Immune Adhesion molecule  Secretory Cells

Figure 5.1. shows the expression of epithelial cell markers. Samples
were analysed using ID7000 spectral flow cytometer. Compensation bead
single stains were used for unmixing (Data not shown). Unmixed samples
were analysed as previously shown (Figure 4.1A). High expression of both E-
Cadherin and Tspan8 was observed (Figure 5.1 A&B), consistent with 2D
cultures, further affirming their selection as epithelial-derived EV markers for
EV characterisation. EpCAM expression (Figure 5.1C), while present in
cultures, was lower than the expression in 2D cultures. Additionally, a shift in
signal between CD66-stained and unstained cells denoted the presence of
secretory cells within the population, indicating the successful differentiation
of ALI cultures (Figure 5.1 D). CD271 staining was negative and showed no
basal cell population (Figure 5.1E).
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Figure 5.1. Histograms Overlays of Epithelial Cell Markers Fluorescent Intensity.
Fluorescent intensity histograms of unstained and stained samples analysed using a Sony
ID7000 spectral flow cytometer. A) E-Cadherin, B) Tspan8, C) EpCAM, D) CD66 and E)

CD271. Red histograms represent unstained samples and green represent strained samples.

In addition to profiling cell populations within 3D cultures, the tissue
structure and tight junctions were evaluated using confocal microscopy. Inserts
were fluorescently stained for tight junction markers ZO-1 and Occludin and
imaged on a Zeiss LSM 9000 microscope. Figure 5.2 shows single colours for
Z0-1 (Figure 5.2A) and Occludin (Figure 5.2B), as well as the combined final
stain (Figure 5.2C). Staining revealed the presence of both markers localised
to cell boundaries, confirming the formation of tight junctions during the ALI

culture process.
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A) Z0-1 Staining B) Occludin Staining

C) Combined Staining

Figure 5.2. 3D Epithelial culture ZO-1 and Occludin Tight Junction Staining. ALI
Culture stained with fluorescently tagged antibodies for ZO-1 and Occludin. Samples
analysed using ZeissLSM9000. Objective: Plan-Apohcromat 20x, numerical aperture 0.8.
A) Alexa647 laser, ZO-1. B) Alexa488 laser, Occludin. C) Alexa647 and Alexa488 laser,
Z0-1 and Occludin.

Final profiling conducted on ALI inserts was imaging of cilia using
scanning electron microscopy (SEM). Inserts were prepared as described in
section (Methods insert) and imaged using a Zeiss Crossbeam 550. Figure 5.3
shows images of inserts increasing in magnification. Figure 5.3A shows 1.0K
magnification of ciliated epithelial cells. Increasing in magnification to

2.50Kx (Figure 5.3B) allowing for the identification of cilia on the surface of
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cells. Further increases in magnification to 15.58Kx allowed for a more
focused view of the cilia (Figure 5.3C). Confirmation of cilia, along with the
previous profiling of tight junctions (Figure 5.2) and cell populations (Figure
5.1), showed successful generation of a more biologically and physiologically
relevant culture, which will be utilised instead of 2D monocultures moving

forward.

A) 1.00Kx B) 2.50Kx

. 7

SESI
60348
wo= 48 mm FIB Lock Mags = No

Figure 5.3. SEM Images of ALI cultured Calu-3 Cilia . ALI Cultured Calu-3 cells
imaged at A) 1.0Kx, B) 2.5Kx and C) 15.58Kx magnification, on Zeiss Crossbeam550.
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5.3.2. Submersion Stimulations

Having profiled and confirmed the successful generation of a 3D
model of the airway epithelium (Section 4.3.4), control stimulations were re-
assessed. Previously identified concentrations of 10pg/ml Poly(I1:C), as well as
0.5 and 1.0pg/ml LPS, were used to stimulate 3D cultures. An initial test
stimulation of 3D cultures was conducted (N=1) for each of the three
identified stimulation conditions. To mirror initial 2D proof of concept
stimulations (sections 4.3.3.1&2), cultures were apically submerged in 50ul of
either 10pg/ml Poly(I:C), 0.5pg/ml or 1.0pg/ml LPS, and unstimulated
controls were submerged in 50l of PBS, for 24 and 48 hours. The effect of
stimulant exposure on secretion of IL-1p, IL-6, IL-8, IL-17E (IL-25), IL-33
and TSLP was measured using ELISAs. Figure 5.17 shows exemplar standard
curves for IL-1P (Figure 5.17A), IL-17E (Figure 5.17B), IL-33 (Figure 5.17C)
and TSLP (Figure 5.17D). Exemplar standard curves for IL-6 and IL-8 are
shown in Chapter 4.
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Figure 5.4. IL-1p, IL-17E, IL-33 and TSLP Standard Curves. A) IL-1B, B) IL-17E, C)
IL-33 and D) TSLP standard curves produced to interpolate cytokine concentration

(pg/ml).
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No apical or basal cytokine secretion was detected for IL-18, IL-17E,
IL-33 and TSLP after 24 or 48 exposures (data not shown). However, both IL-
6 and IL-8 were detected (Figure 5.5). Initial stimulations saw an increase in
apical IL-6 when stimulated with 0.5 and 1pg/ml LPS for 24 hours (Figure
5.5A1). Additionally, Poly(I:C) apical IL-6 decreased relative to the
unstimulated control. After 48 hours exposure, increases in apical IL-6 were
seen with 0.5ug/ml LPS and 10pug/ml Poly(I:C) (Figure 5.5Ai1). However,
comparison of 24- and 48-hours responses showed IL-6 concentration
decreased for all samples, except Poly(IC) (Figure Aiii). Basal IL-6 was not
detected at 24 Hours (Figure 5.5Bi), however this changed after 48 hours, with

basal IL-6 detected in just unstimulated samples (Figure Bii).

Changes in apical IL-8 concentration were also observed, increasing
after 24-hour stimulation with 0.5pug/ml LPS (Figure 5.5Ci). As with IL-6, 24
hour Poly(I:C) stimulation saw a decrease in IL-8. After 48- hour exposure a
small increase in apical IL-8 was seen for all stimulants (Figure Cii).
However, as with IL-6, comparison of 24- and 48-hour apical IL-8 responses
showed a decrease with time, except for Poly(I:C) stimulation (Figure 5.5Ciii).
IL-8 basal responses at both 24 and 48 hours for stimulants, decreased relative
to unstimulated samples (Figure 5.5Di1&Dii). Comparison of 24- and 48- hours

showed increased IL-8 concentrations with time (Figure 5.5Diii).

While initial test stimulations appeared to have some effect on
cytokine production at 24 and 48 hours, it was observed that submersion of
inserts for 24- and 48-hour durations was damaging the cell layer, causing
cells to detach from the trans wells. Mechanically damming the epithelial
insert would prevent additional analysis of the epithelial barrier post-

stimulation.
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Figure 5.5.1L-6 and IL-8 Response to 24 and 48 submersion stimulation of ALI
cultures with 0.5pg/ml LPS, 1.0pg/ml LPS and 10pg/ml Poly(I:C). A) Changes in apical
IL-6 secretion as a result of submerged Ai) 24 hours exposure and Aii) 48-hour exposure . Aiii)
comparison of 24- and 48-hour apical responses. B) Changes in basal IL-6 secretion as a result of
submerged Bi) 24 hours exposure and Bii) 48-hour exposure . Biii) comparison of 24- and 48-hour
basal responses. C) Changes in apical IL-8 secretion as a result of submerged Ci) 24 hours exposure
and Cii) 48-hour exposure. Ciii) comparison of 24- and 48-hour apical responses. D) Changes in
basal IL-8 secretion as a result of submerged Di) 24 hours exposure and Dii) 48-hour exposure.
Diii) comparison of 24- and 48-hour basal responses. LoD is indicated by doted red line ; 8.0pg/ml
- IL-6 and 22.8pg/ml — IL-8. Columns represent mean and error bars represent standard deviation.

(N=2).
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Due to the observed damage resulting from 24- and 48-hour
submersion of ALI epithelial cultures, reduced submersion durations were
assessed. Cultures were apically submerged in 50ul of either PBS
(unstimulated control), 10pg/ml Poly(I:C) or 0.5ug/ml for 2 or 8 hours (to
mimic a short-term or long-term exposure to allergen) (N=3). After exposure
duration, stimulants were aspirated from the trans wells so that the inserts
were no longer submerged. Samples were incubated (37°C and 5%CO;) for
24- and 48-hours post addition of the stimulant. The effect of stimulant
exposure on secretion of IL-1f, IL-6, IL-8, IL-17E (IL-25), IL-33 and TSLP

was measured in duplicate via ELISAs.

As with previous stimulations, no apical or basal cytokine secretion
was detected for IL-1p, IL-17E, IL-33 and TSLP after 2 or 8 exposures (data
not shown). No significant changes in apical IL-6 were observed after 2- or 8-
hour exposure with either stimulant for both 24- and 48-hour samples (Figure
5.6Ai&Aii). However, comparison of 24- and 48-hour apical responses saw a
significant increase in IL-6 apical cytokine for both exposure durations (Figure
5.6Aiii&Aiv). As observed previously, basal IL-6 secretion was low and
undetectable for most conditions, with no significant change in concentration
being observed in 24- or 48-hour samples after either exposure duration

(Figure 5.6B).

After 24-hour incubation, a significant change was observed in the
apical IL-8 secretion of inserts exposed to 10pg/ml Poly(I:C) (Figure 5.6Ci).
Additionally, a significant decrease in apical IL-8 was observed in inserts
exposed to 0.5pg/ml for two hours. After 48 Hours, no significant differences
were observed (Figure 5.6Cii). Comparison of 24- and 48-hour responses saw
significant increases in apical IL-8 with time for both exposure durations
(Figure 5.6Ciii&iv). Basal IL-8 concentrations didn’t see any significant
changes after 24 hours for either exposure (Figure 5.6D1i). After 48 hours a
significant decrease in IL-8 was observed in 2 hour 0.5ug/ml LPS exposures,
no other significant changes were observed (Figure 5.6Dii). Comparison of
24- and 48-hour basal IL-8 responses saw no significant changes for either

exposure duration (Figure 5.6 Diii&Div).
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Figure 5.6. Apical and Basal IL-6 and IL-8 Response to 2- and 8-Hour Exposure to
Spg/ml LPS, 10pg/ml Poly(I:C). A) Apical IL-6 Secretion, comparison of 2- and 8-hour
exposure, Ai) 24 Hours post stimulation Aii) 48 Hours post stimulation. Aiii) Comparison of 2-hour
exposure response at 24 and 48 hours. Aiv) Comparison of 8-hour exposure response at 24- and 48-
hours. B) Basal IL-6 Secretion, comparison of 2- and 8-hour exposure, Bi) 24 Hours post
stimulation Bii) 48 Hours post stimulation. Biii) Comparison of 2-hour exposure response at 24 and
48 hours. Biv) Comparison of 8-hour exposure response at 24- and 48-hours.C) Apical IL-8
Secretion, comparison of 2- and 8-hour exposure, Ci) 24 Hours post stimulation Cii) 48 Hours post
stimulation. Ciii) Comparison of 2-hour exposure response at 24 and 48 hours. Viv) Comparison of
8-hour exposure response at 24- and 48-hours. D) Basal IL-6 Secretion, comparison of 2- and 8-
hour exposure, Di) 24 Hours post stimulation Dii) 48 Hours post stimulation. Diii) Comparison of 2-
hour exposure response at 24 and 48 hours. Div) Comparison of 8-hour exposure response at 24- and
48-hours. LoD is indicated by doted red line; 9.55pg/ml - IL-6 and 25.53pg/ml — IL-8. Columns
represent mean and error bars represent standard deviation. Two-way ANOVA with Sidak’s multiple
comparison test compared was used to test significance. *p<0.05, **p<0.01, ***p<0.001,

##55p<0.0001. (N=6)
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While inserts were not damaged with the shorter submersion times,
variability in response, as well as a lack of significant response above
unstimulated background, suggested stimulation concentrations may need re-
evaluation to compensate for reduced exposure time. Literature, utilising
nebulisation suggested increasing the concentration of LPS to an equivalent
dose of 3pg/ml might induce a larger cytokine response which could induce a
response higher than background. Consequently, this stimulation concentration
of LPS was evaluated to assess the effect of increasing concentration on
cytokine secretion. Cultures (N=3) were stimulated with 50ul of 3pg/ml of
LPS for 2 or 8 hours. Stimulants were aspirated after exposure duration and
changes in apical and basal IL-1p, IL-6, IL-8, IL-17E (IL-25), IL-33 and TSLP
secretion were assessed in duplicate via ELISA 24 hours post-stimulant

addition.

As with previous experiments, no measurable concentration of IL-1,
IL-17E, IL-33 and TSLP was detected (Data not shown). Figure 5.7A shows
apical and basal IL-6 secretion after 2- and 8-hour exposure to LPS. While not
significant, a small increase in apical IL-6 concentration was observed in
inserts exposed for 2 hours with 3pg/ml LPS, with average concentration
increasing from 95pg/ml in unstimulated controls to 110.5pg/ml. In the 8-hour
exposed samples, this increase in secretion was significant, increasing from an
average of 132pg/ml to 159pg/ml (Figure 5.7A1). Comparison of 2- and §-hour
exposure also saw a significant increase in induced response after 8-hour
submersion for both unstimulated and stimulated samples. Evaluation of IL-6
basal secretion (Figure 5.7Aii) showed a similar response to apical samples,
with a significant increase in IL-6 response being observed in samples
exposed to 3pg/ml LPS for 8 hours. However, comparison of 2- and 8-hour
basal response showed no significance difference, unlike that observed in

apical samples.

In contrast to IL-6, IL-8 apical concentrations did not significantly
change for either exposure duration (Figure 5.7B1). Additionally, there was no
significant variation in the response between 2- and 8-hour exposed samples.
Evaluation of basal IL-8 responses (Figure 5.7Bii) to 2-hour submersion

stimulation also showed no significant difference between stimulated and
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unstimulated control samples. 8-hour exposure to 3ug/ml LPS generated a
significant increase relative to controls, increasing from an average of
1981pg/ml in unstimulated samples to 3332pg/ml. However, while significant,
this response was highly variable. Comparison of 2- and 8-hour exposure
showed no significant difference in the response of unstimulated samples, but
there was a significantly higher response to stimulants when exposed for 8

hours as opposed to 2 hours.
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Figure 5.7. Evaluation of ALI 24- Hour Response to 2- and 8-Hour Exposure of
3pg/ml LPS. A) IL-6 response to stimulants Ai) Apically and Aii) Basally. B) IL-8
response to stimulants Bi) Apically and Bii) Basally. LoD is indicated by doted red line;
9.32pg/ml - IL-6 and 13.6pg/ml — IL-8. Columns represent mean and error bars represent standard
deviation. Two-way ANOVA with Sidak’s multiple comparison test compared was used to test

significance. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (N=6).
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Increasing LPS concentration to 3ug/ml did see some significant
stimulation over the unstimulated background, however, this response was
inconsistent and variable. Additionally, the significance increases in apical IL-
6 response observed between exposure durations indicated the potential
impact of the submersion on the observed response. Furthermore, the observed
increase in 2-hour exposure response, while not significant, could indicate that
a higher concentration and lower submergence may give a clearer and less
mechanically influenced response. Consequently, some additional higher
concentrations were evaluated to assess if responses could be increased
relative to unstimulated controls after 2-hour exposure. Cultures were apically
submerged in 50ul of either PBS (unstimulated control), 3, 4.5 or 6pug/ml for 2
or (N=3). After exposure duration, stimulants were aspirated from the trans
wells so that the inserts were no longer submerged. Samples were then
incubated for 24-hours post addition of the stimulant. The effect of stimulant
exposure on secretion of IL-18, IL-6, IL-8, IL-17E (IL-25), IL-33 and TSLP

was measured in duplicate via ELISAs.

As with all previous stimulations, no measurable concentration of IL-
1B, IL-17E, IL-33 and TSLP was detected (Data not shown). Figure 5.8A
shows IL-6 response to stimulants. Apical IL-6 concentrations did not
significantly increase relative to unstimulated controls, with 2-hour exposure
to 6pg/ml LPS seeing a significant decrease in IL-6 concentration (Figure
5.8A1). This lack of significant increase was also seen basally, and again a
significant decrease in IL-6 concentration relative to unstimulated controls

was observed in 3pg/ml (Figure Bii).

Figure 5.8B shows IL-8 apical and basal responses to the different LPS
concentrations. No significant changes were observed in apical concentrations
of IL-8 (Figure 5.8Bi). Basal concentrations also did not see a significant
increase in IL-8 concentrations. However, there was a significant decrease in
3ug/ml stimulation relative to unstimulated controls, comparable with IL-6

(Figure5.8Bii).
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Figure 5.8. Evaluation of ALI 24- Hour Response to 2- Hour Exposure of 3, 4.5
andé6pg/ml LPS. A) IL-6 response to stimulants Ai) Apically and Aii) Basally. B) IL-8
response to stimulants Bi) Apically and Bii) Basally. LoD is indicated by doted red line;
4.38pg/ml - IL-6 and 14.4pg/ml — IL-8. Columns represent mean and error bars represent standard

deviation. Two-way ANOVA with Sidak’s multiple comparison test compared was used to test

significance. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (N=6).

Lack of significant responses above background indicates that
increases in concentration did not offset reduced exposure duration of the
cultures. Consequently, submergence stimulations were deemed to not be

suitable and alternative stimulation mechanisms were assessed.
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5.3.3. Basal Chamber Stimulation Assessment

Having established that apical submersion with stimulants was not a
suitable mechanism for model stimulation, the addition of stimulants to the
basal chamber of the ALI cultures was assessed. Due to the strong 2D
response induced by Poly(I:C) (section 4.3.3.2) in comparison to LPS (section
4.3.3.1), the previously identified concentration of 10ug/ml was selected to
assess the suitability of this stimulation mechanism. Cultures (N=2) were
incubated for 24 and 48 hours (37°C and 5% COy) with or without 10ug/ml
Poly(I:C) added to the basal chamber. Apical and basal IL-6 and IL-8 cytokine

secretion changes were assessed in duplicate via ELISA.

IL-6 apical secretion was not observed to significantly change relative
to unstimulated controls after either 24- or 48-hour exposure to 10pg/ml
Poly(I:C) (Figure 5.9 A). Furthermore, there was no significant change in
response between 24- and 48-hour exposed samples. Additionally, there was
no basal cytokine for IL-6 detected (Data not shown). While IL-6 responses
were muted, there was a significant increase in apical IL-8 samples after 24-
hour exposure, with an increase from 470pg/ml in unstimulated samples to
2095pg/ml. This significant increase was not observed after 48-hour exposure,
with a significant decrease being observed between the 24- and 48-hour
responses (Figure 5.9Bi1). Basal IL-8 concentrations were also detected, but no
significant difference was observed between stimulated and unstimulated
samples as well between exposure durations (Figure 5.9Bii). While this
method of stimulation induced significant changes in IL-8 secretion, it was not
a physiologically relevant route of exposure, consequently nebulisation of

stimulants was assessed.
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Figure 5.9. Evaluation of 24- and 48-Hour Basal stimulation of ALI With 10 pg/ml
Poly(I1:C). A) IL-6 response to Ai) Apical cytokine. B) IL-8 response to stimulants Bi)
Apical cytokine Bii) Basal cytokine. LoD is indicated by doted red line; 17.7pg/ml - IL-6 and

5.51pg/ml — IL-8. Columns represent mean and error bars represent standard deviation. Two-way
ANOVA with Sidak’s multiple comparison test compared was used to test significance. *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001. (N=4).

142



Chapter 5: Optimisation of 3D Cell Culture Model

5.3.4. Standardising Nebulisation

In addition to evaluating basal stimulation, nebulisation was also
assessed as a mechanism for stimulation, as this is more physiologically
relevant. Before nebulisation of ALI inserts, Bacillus s.p protease was
nebulised and activity assessed to ensure that nebulisation did not damage
potential stimulants or affect their functionality. 300ul of 1.76mg/mL protease
was nebulised into a 24-well plate containing 500ul of PBS. This
concentration was selected to give a target deposition of 4ug and a final
concentration of 2000ng/ml per well after factoring in 80% deposition
efficiency as per the manufacturer’s instructions. Protease activity was
measured in each well in duplicate (N=48). Bacillus s.p stock was used to
generate a standard curve from which concentrations were interpolated (Figure
5.10A). Protease was detected in all wells (Figure 5.10B), confirming that
nebulisation did not affect the protease activity. Additionally, deposition per
well was 401.3ng/ml with a small degree of variation. This average deposition
was 25 % less than the expected 2000ng/ml. Factoring in the initial 80%
deposition efficiency adjustment suggested that deposition efficiency was

closer to about 20% .
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Figure 5.10. Assessment of proteolytic activity post nebulisation. A) Standard curve.
B) Average protease concentration per well. Column represents the mean and error bars

represent standard deviation.
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Deposition was affected by the suboptimal configuration of the
nebuliser. Unfortunately, the optimal configuration was not available for the
duration of the project, however, the manufacturer suggested amending the
location of plates within the chamber to get a more efficient deposition. To
assess this, IL-6 was nebulised into a 24-well plate containing 500ul of PBS
and concentrations were analysed in duplicate via ELISA (N=48). 300ul of
132ng/ml IL-6 was nebulised with a target deposition of 150pg/ml, adjusting
for the originally observed 20% deposition efficiency. Figure 5.11 shows the
average concentration of IL-6 per well after nebulisation. Deposition was
improved, exceeding the expected deposition. The average concentration per

well was 260.1pg/ml, suggesting that the deposition efficiency was now about

35% as opposed to 20% observed previously.

400

Expected Depostion

Concentration (pg/mL)

Concentration in well

Figure 5.11. Assessment of IL-6 deposition post nebulisation. Average IL-6
concentration per well after nebulisation (expected deposition 150pg/ml). Column

represents the mean and error bars represent standard deviation.
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5.3.5. Nebulisation of Control Stimulants

Having established that nebulisation didn’t affect stimulant activity
(Figure 5.10) and having optimised the nebuliser’s configuration to get a 35%
deposition efficiency (Figure 5.11), concentrations of positive control

stimulants were assessed.

5.3.5.1. Nebulisation of LPS

Initially LPS was assessed, since previous concentration of 3ug/ml had
been inferred from a nebulisation study. Stimulation of inserts with 50ul of
3ug/ml was delivering a total of 0.145ug per insert, deposition of this into an
ALI insert (0.32cm?) gives a stimulation of 0.45ug/cm?. This deposition was
assessed for suitability as a positive control stimulant. The previous poor LPS
response was also thought to be potentially due to the LPS isolation method.
Previously, the LPS used was purified using phenol extraction. To assess this
impact, an additional new LPS of the same bacterial origin (Escherichia coli,
O111:B4), but purified via gel-filtration chromatography, was assessed
alongside the previous LPS. ALI inserts were nebulised with either PBS
(unstimulated controls), 0.45ug/cm? of either phenol or gel purified LPS (N=3)
and apical and basal responses were profiled using IL-8 ELISAs, 24- and 48-
hours post nebulisation (37°C and 5% COs).

After 24 hours, a significant change in apical IL-8 concentrations
between the gel-extracted LPS relative to unstimulated controls was observed.
Phenol-extracted LPS did not induce a significant response (Figure 5.12A).
This significant increase was not observed at 48 hours, and comparison of 24-
and 48-hour incubation showed a significant decrease in apical IL-8 between
the two time points for both LPS stimulants. Assessment of the basal IL-8
response showed no significant changes in IL-8 cytokine after 24 hours
relative to unstimulated controls (Figure 5.12B). However, after 48 hours a
significant difference between unstimulated and gel-extracted LPS was
observed. This significant increase in IL-8 basal cytokine was not observed for
the phenol-extracted LPS. Comparison of 24- and 48-hour basal responses
showed significant increases in concentration of IL-8 for unstimulated and

both LPSs.
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Figure 5.12. Stimulation of ALI Inserts with Nebulised 0.45nug/cm? Gel-
Chromatography and Phenol Extracted LPS. 24- and 48-hour A) apical and B) Basal
responses to 0.45pg/cm? gel-chromatography and phenol extracted LPS stimulations. LoD
is indicated by doted red line; 24.1pg/ml — IL-8. Columns represent mean and error bars
represent standard deviation. Two-way ANOVA with Sidak’s multiple comparison test
compared was used to test significance. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
(N=0).

Improved IL-8 response to gel-chromatography purified LPS apically
at 24 hours and basally at 48 hours suggested that it would be a more suitable
LPS control stimulant than phenol extracted. Consequently, it was decided that
moving forward, this LPS would be selected for stimulations. While
significance was observed, the IL-8 response observed was variable and not as
pronounced as the literature suggested. Due to the serum-free nature of the 3D
culture, it was thought that the addition of LPS-binding protein (LPS-BP)
might enhance stimulation via nebulisation, as previous experiments in 2D
suggested that the addition of LPS-BP enhanced LPS stimulation. To assess if
this would enhance the response to LPS (N.B. LPS references in this chapter
refer to gel-chromatography purified LPS moving forward) stimulation via
nebulisation in 3D, ALI inserts (N=3) were nebulised with either PBS
(unstimulated controls),0.45ug/ml LPS or 0.45ug/ml LPS supplemented with
an equivalent dose to 2D experiments of 1.56ng/cm? LPS-BP (deposition of
0.0005ug per ALI insert). IL-8 secretion was quantified in duplicate using
ELISAs 24- and 48-hours post stimulation 37°C and 5% CO:..

Figure 5.13A shows the apical IL-8 responses at 24- and 28-hours post

stimulation. After 24 hours, a significant increase in apical IL-8 cytokine
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between unstimulated and 0.45ug/ml LPS-stimulated samples was observed.
However, stimulation with 0.45ug/ml LPS supplemented with LPS-BP did not
see a significant change in IL-8 concentration. After 48 hours, no difference in
apical IL-8 cytokine was observed between stimulated and unstimulated
controls. Additionally, there was no significant difference in IL-8
concentrations between 24- and 48-hour exposed samples. Basal IL-8
secretion (Figure 5.13B) saw no significant IL-8 change between stimulated
and unstimulated samples after both 24- and 48-hour exposure. Comparison of
24- and 48-hour response did show a significant increase in IL-8 concentration

between 24 and 48 hours in 0.45ug/ml LPS simulated samples.
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Figure 5.13. Stimulation of ALI Inserts with Nebulised 0.45ug/cm? Gel-
Chromatography with and without LPS-BP. 24- and 48-hour A) apical and B) Basal
responses to 0.45ug/cm? LPS with and without 1.56ng/cm? LPS-BP. LoD is indicated by
doted red line; 5.71pg/ml — IL-8. Columns represent mean and error bars represent
standard deviation. Two-way ANOVA with Sidak’s multiple comparison test compared

was used to test significance. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (N=6).

Inconsistency in responses between stimulations and conditions
ultimately led to LPS being deemed not to be a suitable positive control

moving forward and consequently was not used in future experiments.
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5.3.5.2. Nebulisation of Poly(I:C)

As LPS gave inconsistent results, nebulisation of Poly(I:C) was also
assessed as a positive control. Initially, a concentration of 0.5ug/cm? was
assessed. This would deliver 0.168ug of Poly(I:C) to each insert. This was a
lower dose than that profiled in 2D stimulation, where 2ug was delivered to
each well (200ul of 10pg/ml). However, stimulation was limited by the 35%
deposition efficiency and the stock concentration of the Poly(I:C). ALI inserts
were stimulated with either nebulised PBS (unstimulated controls) or
0.5ug/cm? Poly(1:C) (N=3), and apical and basal responses were profiled in
duplicate via IL-8 ELISAs, 24- and 48-hours post nebulisation (37°C and 5%
CO).

Evaluation of the apical response to Poly(I:C) (Figure 5.14A) at 24
hours showed no significant increase, however, while not significant, the IL-8
concentrations almost doubled, seeing an increase in average IL-8
concentration from 769pg/ml to 1448pg/ml. However, after 48 hours a
significant difference was observed between stimulated and unstimulated
samples, with IL-8 concentrations increasing 1600pg/ml to 3044pg/ml.
Comparison of 24- and 48-hour responses showed significant increases I1L-8
concentrations in both unstimulated and stimulated samples, with a greater

increase observed between stimulated samples.

Figure 5.14B shows the basal response to nebulised Poly(I:C) after 24-
and 48-hour exposure. After 24 hours, a significant increase in IL-8
concentration was observed in stimulated samples with an increase in average
concentration from 2665pg/ml to 3865pg/ml. This significant increase
observed at 24-hour hours was even greater at 48 hours, with stimulated
samples having an average IL-8 concentration of 5058pg/ml relative to
3121pg/ml in unstimulated samples. Furthermore, comparison of responses
between 24- and 48-hour hours showed no change in unstimulated response
but a significant increase in stimulated responses, indicating successful

stimulation and confirming Poly(I:C) as a suitable positive control stimulant.
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Figure 5.14. Stimulation of ALI Inserts with Nebulised Poly(I:C) at a Dose of
0.5ug/cm?. 24- and 48-hour A) Apical and B) Basal responses to stimulation with
0.5pg/cm? Poly(I:C). LoD is indicated by doted red line; 5.71pg/ml — IL-8. Columns
represent mean and error bars represent standard deviation. Two-way ANOVA with

uncorrected fisher’s LSD multiple comparison. *p<0.05, **p<0.01, ***p<0.001,

Having seen successful stimulation of ALI cultures with 0.5ug/cm?,
additional concentrations were assessed to attempt to generate a greater
response. ALI cultures (N=3) were stimulated with doses of either PBS
(unstimulated control) or 0.5, 1.0, 2.5 or 5ug/cm? Poly(I:C). Samples were
incubated for 24 hours (37°C and 5% CO>) and changes in IL-8 concentration

were assessed in quadruplets via ELISA.

Figure 5.15A shows the apical response to Poly(I:C) stimulation after
24 hours. Significant increases in apical IL-8 concentrations were observed
after 24 hours in samples stimulated with 1.0 and 2.5ug/cm? relative to
unstimulated controls. Notably, there was no change in apical response when
stimulated with Spg/cm?, relative to unstimulated controls. Additionally, basal
concentrations (Figure 5.15B) saw a dose-dependent significant increase in IL-
8 concentration after stimulation with 0.5, 1.0 and 5pg/cm? doses relative to

unstimulated controls.
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Figure 5.15. Stimulation of ALI Inserts with Nebulised Poly(I:C) at a Dose of 0.5, 1.0,
2.5 or Spg/cm?. A) 24-hour apical IL-8 response relative to PBS stimulated control B) 24-
hour basal IL-8 response relative to PBS stimulated control. LoD is indicated by doted red
line; 13.1pg/ml — IL-8. Columns represent mean and error bars represent standard
deviation. One way ANOVA with Dunnett’s multiple comparison test compared

stimulation concentrations to unstimulated controls. *p<0.05, **p<0.01, ***p<0.001,

#x%p<0.0001. (N=12).
Stimulation of 1.0pg/cm? nebulised Poly(I:C) was identified as a

suitable stimulation concentration for positive control stimulations and was

utilised for final experiments.
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5.3.6. Co-factor Controls

Having established a mechanism for stimulation and identified a
suitable positive control, it was then possible to assess the impact of
potentially confounding co-factors. In the final experiment, the allergen Der p
1 was to be used in both its active and inactive form. Der p 1 activation will be
achieved through the addition of 5SmM L-Cysteine to the Der P 1 stock 20
minutes prior to nebulisation. Additionally, Der p 1 will be inhibited through
the addition of the Cysteine protease inhibitor E-64 to the nebulisation stock,
at a concentration of 10uM. Consequently, their individual effects on ALI
inserts were profiled to ensure these factors don’t influence the final assay.
ALI inserts were dosed with either nebulised PBS (unstimulated controls), L-
Cysteine 5SmM stock or E-64 10uM stock (N=5) and apical and basal
responses were profiled in duplicate via ELISAs, looking at cytokines IL-1f3,
IL-6, IL-8, IL-17E (IL-25), IL-33 and TSLP, 24- and 48-hours post-
nebulisation (37°C and 5% CO»).

ELISAs for IL-1B, IL-6, IL-17E and IL-33 did not detect a measurable
concentration of cytokine (Data not shown). However, IL-8 was detected both
apically and basally (Figure 5.16). Apical IL-8 responses showed no
significant differences in IL-8 concentration for either co-factor relative to
unstimulated controls at both 24 and 48 hours (Figure 5.16A). Additionally,
there was no change in the apical response over time, with no significant
variation being seen between time points. Basal IL-8 responses were also not
significantly different to unstimulated controls at either time point (Figure
5.16B). A significant increase between 24 and 48 hours was observed,

however this was for all conditions, including the unstimulated control.
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Figure 5.16. Assessment of Co-Factor Variables on ALI Apical and Basal IL-8
Cytokine Secretion After 24 and 48 Hours. A) 24- and 48- hour apical IL-8 response to
co-factors relative to PBS stimulated control B) 24- and 48- hour basal IL-8 response to
co-factors relative to PBS stimulated control. LoD is indicated by doted red line;
16.63pg/ml — IL-8. Columns represent mean and error bars represent standard deviation.
One way ANOVA with Dunnett’s multiple comparison test compared stimulation
concentrations to unstimulated controls. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

(N=10).

In addition to cytokine response profiling, viability was assessed using
an LDH assay to ensure the co-factors didn’t kill or damage inserts. For LDH
analysis, it is first necessary to generate a standard curve, from which LDH
luminescence can be interpolated into concentration. Figure 5.17 shows a

representative standard curve.
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Figure 5.17. LDH Standard Curves. A standard curve was generated to interpolate LDH

concentrations from luminescence readings.
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10% Triton X was added to inserts for 15 minutes as per
manufacturer’s instructions, and this LDH response was used as a positive
control (Figure 5.18Ai and Aii). Each sample percentage viability was then
calculated as a percentage of this positive control and subtracted from 100 to
give percent viability (Figure 5.18B). No significant change in viability was
observed between unstimulated controls and both co-factor variables at 24 and
48 hours. A significant decrease in viability was seen between 24 and 48 hours

for all conditions. However, all viabilities were above 90% at both time points.
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Figure 5.18. Assessment of Co-Factor Variables Effect on ALI Viability. A) Average
LDH levels after Ai) 24-hour and Aii) 48- Hour exposure. B) Percentage Viability of
cultures after 24- and 48-hour exposure to co-factor variables. One way ANOVA with
Dunnett’s multiple comparison test compared stimulation concentrations and Two-way
ANOVA with Sidak’s multiple comparison test compared culture conditions. *p<0.05,

##p<0.01, ***p<0.001, ****p<0.0001. (N=10)
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5.3.7. Can f 1 Preliminary Trial

A preliminary trial stimulation was conducted with just Can f 1 prior
to the final experiment to assess if 0.35ug/cm? would influence the cytokine
response and viability in ALI cultures. Inserts were stimulated with nebulised
Can f1 (0.5pg/cm?)or PBS (N=5) and apical and basal responses were
profiled in duplicate via ELISAs looking at cytokines IL-1p, IL-6, IL-8, IL-
17E (IL-25), IL-33 and TSLP, 24- and 48-hours post nebulisation (37°C and
5% COy).

ELISAs for IL-1p, IL-6, IL-17E and IL-33 did not detect a measurable
cytokine concentration (Data not shown). Figure 5.19 shows the IL-8
cytokine response. Profiling of the Apical cytokine response showed a
significant increase in IL-8 concentration after 24-hour exposure, increasing
from an average of 1138pg/ml in unstimulated samples to 2076pg/ml (Figure
5.19A). However, this significant increase was not observed after 48-hour
exposure. Additionally, there was no significant difference in basal cytokine
between stimulated and unstimulated samples at either time point (Figure
5.19B). Comparison of 24- and 48-hour responses showed no significant
difference in Can f 1 stimulation over time; however, unstimulated controls

did have a significant increase in basal IL-8 at 48-hours compared to 24-hours
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Figure 5.19. Preliminary Assessment of Nebulised Can f 1 (0.35pg/cm?) on ALI
Apical and Basal IL-8 Cytokine Secretion After 24 and 48 Hours. A) 24- and 48- hour
apical IL-8 response to Can f 1 relative to PBS stimulated control B) 24- and 48- hour
basal IL-8 response to Can f 1 relative to PBS stimulated control. LoD is indicated by
doted red line; 16.63pg/ml — IL-8. Columns represent mean and error bars represent
standard deviation. One way ANOVA with Dunnett’s multiple comparison test compared
stimulation concentrations to unstimulated controls. *p<0.05, **p<0.01, ***p<0.001,

*44%p<(.0001. (N=10).
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The effect of Can f 1 nebulisation on viability was also assessed using
the LDH assay at both 24- and 48-hours (Figure 5.20). Comparison of viability
between unstimulated and stimulated samples after 24 hours showed no
significant difference. This changed after 48 hours, where viability was seen to
decrease from an average of 93% to 91%. Comparison of 24- and 48-hour
viability showed no significant change in unstimulated viability, however,
there was a significant change in Can f 1 viability, decreasing from an average

0f 96% to 91%, but this was still within the limit stated in the MISEV

guidelines.
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Figure 5.20. Assessment of Can f 1 nebulisation (0.35ug/cm?) on ALI Viability.
Percentage viability of cultures after 24- and 48-hour exposure to Can f 1 relative to 10%
triton X control. Two-way ANOVA with Sidak’s multiple comparison test compared
culture conditions. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (N=10)
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5.4. Discussion

3D cell models of the airway epithelium provide a more biologically
relevant model, allowing for the modelling of direct aeroallergen interaction
with the diverse community of epithelial cells and substructures found in the
lung. The aim of this chapter was to demonstrate the generation of a
representative 3D model of the lower airway epithelium, as well as identify a
suitable mechanism for its stimulation using previously identified positive

control stimulants.

Consistent with the literature, ALI cultures were able to differentiate
into different cell types, as well as form tight junctions and cilia (Wallace et
al., 2025, Lee et al., 2023). Having successfully established 3D culture,
mechanisms for stimulation were assessed and optimised. Initially, submersion
stimulations were assessed, but this resulted in high background levels of
cytokines, particularly IL-6 (an inflammatory, hypoxia and drowning-
associated marker (Keryakous et al., 2022, Mimasaka ef al., 2001)) across all
conditions, suggesting cell responses were induced by the stimulation
mechanism rather than the stimulant. Consequently, application of the
stimulant to the basal chamber was assessed. This method usefully induced
stimulation, however, due to its lack of biological relevance in comparison to

nebulised stimulation, it was not utilised.

The possibility of utilising a Vitrocell Cloud Alpha AX12 nebulisation
chamber arose. The biological relevance of this mechanism of stimulation,
coupled with the recent adoption of nebulisers in respiratory research, made
optimisation of this process a primary focus. Preliminary nebulisation
assessment demonstrated that proteolytic activity was not affected by
nebulisation, confirming this as a vector for delivery of active Der p 1 allergen

to inserts.

Optimal configuration of the nebulising chamber averages 80%
deposition, but due to logistical constraints, the chamber was not used in its
optimal configuration. Thus, it was first necessary to assess the effect this had
on stimulant deposition. Deposition efficiency of the chamber was optimised

to an efficiency of 35%. Factoring in efficiency, positive controls were
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assessed, and cytokine responses were profiled. LPS results were inconsistent
throughout the experiments, even with LPS-BP supplementation, proving to be
unreliable. In contrast, nebulisation of Poly(I:C) resulted in consistent
increases in IL-8, with a deposition of 1ug/cm? identified as a suitable positive

control for the model.

The final experiment of this project will expose Calu-3 ALI inserts to
proteolytically active and inactive forms of Der p 1. The different proteolytic
states of Der p 1 will be induced through the addition of either L-cysteine or
E-64 (referred to as co-factors) (Gough et al., 1999). Therefore, it was
necessary to profile the stimulatory effects of these individual co-factors.
Nebulisation of these co-factors did not induce a cytokine response or

influence cell viability.

Finally, Can f 1 was tested to assess if the maximum concentration
available using this model (0.35ug/cm?), due to reduced deposition efficiency,
would elicit any cytokine response. Results showed that short-term exposure
to nebulised allergen was able to induce an IL-8 cytokine response, but it also
resulted in a slight decrease in cell viability. This concentration was thus

deemed to be sufficient and ultimately taken forward.

The data presented in this chapter demonstrates the successful
generation of a biologically relevant model of the lower airway epithelium.
Exposure of this model to nebulised positive controls showed lower
unstimulated background when compared to submersion stimulations and was
able to successfully induce a cytokine response. The control tests showed co-
factors did not elicit a response, and the control allergen, Can f 1, was able to
induce IL-8 secretion. The next phase of optimisation experiments will focus
on the development of a high-throughput method for the quantification and

characterisation of EVs using flow cytometry.
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Chapter 6: Optimisation of Extracellular Vesicle

Quantification and Characterisation

6.1. Introduction

The conventional methods for the quantification of EVs currently
require their initial isolation from cultures using either ultracentrifugation,
density gradients, immunoprecipitation or size exclusion chromatography
(SEC). These are followed by nano particle tracking analysis (NTA) to size
EVs and transmission electron microscopy (TEM) to visualise EVs. While
these methods have high sensitivity, they are time-consuming and low-
throughput processes, which don’t facilitate the simultaneous characterisation
of samples. Techniques such as Single-Particle Interferometric Reflectance
(SP-IRIS) and flow cytometry are currently growing in popularity as they
offer the potential for multiparametric analysis of samples without the need for
prior isolation. While both techniques allow for the investigation of biomarker
colocalization on individual events as well as evaluate sample counts and
event sizes, flow cytometry is both a cheaper, more accessible and faster
technique to use. Consequently, Flow cytometry is emerging as a powerful

alternative to low-throughput EV analysis methods (Gul et al., 2022).

Conventional flow cytometry functions through three systems: fluidics,
optics and electronics (McKinnon, 2018). The fluidics system consists of a
pressurised sheath that facilitates the delivery of the sample to a laser array
(optics system). These lasers generate signals by scattering off objects as well
as the excitation of fluorophores, which are captured by detectors
(photomultiplier tubes) and converted into digital signals by the electronic
system. Conventional flow cytometry was initially designed for the analysis of
large particles, such as cells, and so typically has a lower resolution and higher
levels of electronic noise, which makes small particle analysis challenging.
Imaging flow cytometry combines conventional flow cytometry with
fluorescent microscopy. This requires lower flow rates of samples (fluidics
system) for the capturing of images using a CCD camera (optics system).

Consequently, samples have longer exposures times and a higher signal-to-
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noise, resulting in greater sensitivity compared to conventional cytometers

(Rees et al., 2022).

Fluorescent antibodies and dyes are central components of flow
cytometric analysis, allowing the selective staining of markers on populations
such as cells or EVs. These positively stained populations then generate
signals which allow for their detection from negative fractions, facilitating
selective profiling without the need for prior isolation or purification. Calcein
acetoxymethyl ester (AM) is a fluorescent probe, composed of a calcein
fluorescent dye conjugated with acetoxymethyl ester. In this Calcein-AM state
the probe is non-fluorescent, however, when it is internalised through the
penetration of intact lipid bilayers, the AM ester group is cleaved by cytosolic
esterases, allowing the calcein to fluoresce (L. Miles et al., 2015). This
functionality allows the selective staining of intact EVs (Gray et al., 2015,
Chuo et al., 2018). This high selectivity makes calcein-AM a more optimal
stain than less specific plasma membrane dyes, which can bind to membrane
fragments from cells or damaged EVs, conflating analysis. Utilisation of this
dye also allows for the gating of intact EVs and subsequent profiling of EV
biomarkers, such as tetraspanins CD9, CD63 and CD81 on individual EVs,
giving greater insight into tetraspanin expression in a population that current

methodologies, such as western blotting, which is only semi-quantitative.

Optimisation experiments in this chapter aim to first identify a suitable
cytometer and fluorophore panel for the analysis of small EVs, as well as
identify an optimal staining concentration for calcein-AM to facilitate robust

and representative EV quantification and characterisation.
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6.2. Materials and Methods

6.2.1. Conventional Profiling of EVs Using TEM and NTA

Initial profiling of EVs in culture was performed by first isolating EVs
using SEC (Section 2.2.7.). EVs were then sized and quantified using NTA
(Section 2.2.9.) and imaged using carbon coated-300 Cu mesh TEM grids run
on a Tecni BioTwin TEM (Section 2.2.8).

6.2.2. Optimisation of Small EV Analysis Using Flow Cytometry

Initially, a comparison of the sizing sensitivity for a conventional
(CytoFLEX ) and imaging (Image) flow cytometer using NIST polystyrene
beads ranging from 60-151nm was performed (Section 2.2.4.1.). This was
undertaken to identify a machine with adequate sensitivity for the detection of
small EVs. CytoFLEX data was analysed using FCMpass (Welsh ef al., 2020)
to determine LoD. ISX LoD was assessed using a vVFC™ EV analysis kit

(Cellarcus Bioscienes) (Section 2.2.4.1).

After assessment of the sizing LoD, different calcein-AM
concentrations ranging from 0.1-200uM were assessed to find a staining
concentration which would both saturate samples and have a high stain index
to allow for optimal staining (Section 2.2.5). Additionally, different
concentrations of multiple detergents were assessed to find a suitable detergent
to deplete optimally stained (Section 2.2.5) EV populations, acting as a control

to indicate successful staining of lipid vesicles.

The LoD’s of fluorophores PE-Cy5, PE-Cy7, PE, APC and PE-Vio615
were quantified using Quantum™ Simply Cellular beads (Bangs Laboratories,
IN,USA) on the ISX (Section 2.2.4.2). LoDs were calculated in terms of
antibody binding capacity (ABC) using manufacturer’s supplied analysis
template. Having identified fluorophores, EVs were stained as outlined in
Section 2.2.5 with either REAffinty antibodies or conventional mouse
monoclonal antibodies, either using pan-APC or mixed fluorophore panel

(Table 6.1) to assess if staining could be improved using the former.
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Table 6.1 Fluorescent antibodies used for the comparison of REAaffinity and

conventional antibodies, their fluorophore, manufacturer and antibody type.

Target Fluorophore Brightness Manufacturer Cat.no. Type
CD9 APC 4 Miltenyi 130-118-808 REAffinity
CD63 PE 5 Miltenyi 130-118-077 REAffinity
CD81 PE-Vio615 5 Miltenyi 130-131-387 REAffinity
CD63 APC 4 Miltenyi 130-119-787 REAffinity
CD81 APC 5 Miltenyi 130-118-078 REAffinity
CD9 APC 4 Biolegend 312017 Conventional
CD63 PE 5 Biolegend 353004 Conventional
CD81 PE-Vio615 5 Biolegend 349520 Conventional
CD63 APC 4 Biolegend 353008 Conventional
CD81 APC 5 Biolegend 349510 Conventional
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6.3. Results

6.3.1. Confirmation of EVs in Culture

To optimise the quantification of EVs, it was first necessary to
establish their presence in ALI cultures. Media was isolated from basal
chambers of ALI cultures and EVs were isolated using size exclusion
chromatography (SEC) and concentrated. Figure 6.1 A1 shows nano tracking
analysis (NTA) sizing histograms of isolated EVs, which ranged in size from
50-300nm. NTA also provided an initial estimate of EVs/ml of around
2.8x10'°EVs per/ml (Figure 6.1Aii). Analysis of cultures after SEC with
transition electron microscopy (TEM) also confirmed the presence of EVs
exhibiting standard cup-shaped morphology (Figures 6.1B&C). EVs sized
using TEM (Figure 6.1Bi1) were consistent with NTA sizing; however, Figure
6.1Ci&ii shows aggregated EVs, which can conflate NTA quantification as
they are registered as single events. Additionally, NTA does not differentiate
between EVs and any potential contaminants in the preparation. Consequently,
the potential of conventional (CytoFLEX S) and Imaging (ImageStream X
MKII) flow cytometry for the quantification EVs was assessed.
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i) Size Distribution ii) Total EVs
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Figure 6.1. Initial Quantification and Imaging of EVs Isolated from Basal Chamber
of ALI culture using SEC. A) Analysis of basal chamber EVs using NTA Ai) Sizing
distribution histogram and Aii) Total EV count for sample. B) Analysis of basal chamber
EVs using TEM Bi) 9300x and Bii) 23.0kx magnification. C) EVs stuck together Ci)
9300x and 34.0kx magnification
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6.3.2. Conventional and Imaging Flow Cytometry Size Limit of Detection

To initially assess the suitability of the CytoFLEX and ImageStream X
MKII (ISX) for EV quantification and characterisation, the sizing limit of
detection (LoD) for both cytometers was assessed to ensure they could detect

small EVs (40-200nm).

6.3.2.1. CytoFLEX Sizing Limit of Detection

To assess the LoD for the CytoFLEX, National Institute of Standards
and Technology (NIST) sizing beads of 60, 80, 101, 121, 151nm were
individually run on the CytoFLEX using violet side scatter (VSSC) and a
threshold of 40k to allow for profiling of LoD in the machine’s optimal
configuration for small particle analysis. Figure 6.2A shows the gating strategy
used to isolated beads (Figure 6.2A1) and select for single bead events (Figure
6.2Ai1). Figure 6.2B shows an overlay histogram of the 80, 101, 121 and
151nm bead populations and median VSSC intensity of each population (X-
Med). 60nm populations were not detectable on of the CytoFLEX (Data not
shown) indicating an LoD between (60 and 80nm). This initially indicated that
the CytoFLEX might not have the required sizing sensitivity needed for the

analysis of small EVs.
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Figure 6.2. Flow Cytometric analysis of NIST beads of 80, 101, 121 and 151nm. A)
Initial gating strategy for the A) identification of beads and the B) isolation of single
events. B) Histogram overlay of the VSSC intensity.

Further analysis of this data using FCMpass software allowed for the
input of median VSSC scatter intensities for each bead population, as well as
their known refractive indexes. FCMpass utilises Mie theory, which models
how light scatters off spherical objects to create scatter-diameter curves, as
well as scatter-refractive index curves. These curves allow for the interpolation
of the minimum size a polystyrene bead needs to be to generate a detectable
signal on the machine (Figure 6.3). Figure 6.3 shows the FCMpass output for
the CytoFLEX using data above. Minimum bead size detectable was identified

as 74.8nm. However, VSSC sizing sensitivity of 74.8nm for polystyrene does
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not directly translate to the minimum size of EV detectable due to differences
in refractive indices. Application of Mie theory also allows for comparison of
objects with different refractive indexes. Figure 6.3 shows the translation of
these differences, allowing for both the identification of the minimum EV size
detectable by the CytoFLEX, which was identified as 143.1nm and the
interpolation of VSSC scatter intensity into EV size nm for analysis. However,
a threshold of 143.1nm further emphasised the unsuitability of the CytoFLEX
for the analysis of small EVs.
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Figure 6.3. FCMpass Generated Curve for Interpolation of VSSC into EV Diameter
(nm). Mie theory curve plotted using the known VSSC and refractive index of
standardised NIST beads of 80, 101, 121 and 151nm .

6.3.2.2. ImageStream X MKII Sizing Sensitivity

Having established a sizing LoD of 74.8nm for polystyrene beads and
143.1nm for EVs, the sizing LoD on the ISX was assessed. Individual NIST
bead populations of 60, 80, 101, 121 and 151nm were run through the machine
using High Gain mode and VSSC. Additionally, lasers were set to max
strength to ensure the machine was configured for maximum sensitivity.
Figure 6.4A shows the gating strategy used to identify bead populations
(Figure 6.4A1). The ISX does not utilise forward scatter and instead uses a

brightfield microscope. Consequently, isolation of individual events was
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performed using a spot count, which is able to isolate events based on the
number of objects in captured images. Spot counts were performed on VSSC
channel signals to isolate individual scatter events (Figure 6.4Aii). As can be
seen in Figure 6.4B, the ISX was able to detect and distinguish between all
five bead populations. Currently, it is not possible to utilise FCMpass with ISX
acquired data and so the interpolation and translation of LoDs for polystyrene
beads and EVs could not be done. However, as the cytometer was able to

distinguish 60nm beads, its greater sensitivity was evident.
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Figure 6.4. Flow Cytometric analysis of NIST beads of 80, 101, 121 and 151nm Run on
the ImageStream X MKII. A) Initial gating strategy for the A) identification of beads and
the B) isolation of single events using a spot count. B) Histogram overlay of the VSSC

intensity.
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To better quantify the sizing LoD for EVs on the ISX, a vFC™EV
analysis kit was utilised. This allowed for the interpolation of size through the
comparison of vFRed-stained nanoRainbow beads (80-140nm) with
fluorescent intensity (Figure 6.5A). This data can be calibrated using
FCSexpress and the manufacturer’s analysis templates to give a limit of
detection. Additionally, staining of SEC isolated EVs with vFRed allows for
the interpolation of individual EV sizes (Figure 6.5B). Sizing LoD using this
method was 55nm for EVs, further emphasising the suitability of the ISX for
small EV quantification and characterization. Consequently, the ISX was

utilised moving forward.

A) Standard Bead's Size Vs Intensity B) Stained EVs
. . . EY Diameter (nm
Vehicle Size Calibration (hm)
500 q
62953 1 -
p 400
m 52083 4 w
< = 300
< L c
841213 » 3
/ (&} ]
g » 200
P 30343 o > 100
-
19472 '! T T r T 0 T T T T 1
395 815 1235 1655 2075 0 1000 2000 3000 4000 5000
vFRed Diameter (nm)

Figure 6.5. Flow Cytometric analysis of the ImageStream X MKII Sizing LoD using
vFC™ | A) Standard beads size vs vFRed dye fluorescent intensity B) Histogram of
interpolated sizes of SEC isolated EVs.
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6.3.3. Optimisation of Quantification

Having profiled and identified a suitable machine for the analysis of
small EVs, fluorescent staining of EVs themselves needed to be optimised.
The cytoplasmic dye calcein-AM (FITC) was selected due to its functionality,
which allowed for the selective staining of intact EVs. Having selected this
dye, it was important to optimise EV staining concentrations to ensure staining

saturation was achieved to allow for accurate quantification of samples.

Figure 6.6 outlines the gating strategy developed for the identification
of single EV events. Figure 6.6A shows the localisation of 151nm beads on a
plot of SSC against fluorescent intensity (488nm). 151nm NIST polystyrene
beads were chosen for the localisation of the Small EV gate as the Mie theory
interpolated data observed on the CytoFLEX indicated that this would gate for
an equivalent of a 300nm EVs. Figure 6.6B shows a calcein-stained EV
sample with the gating location identified in Figure 6.6A. After gating of the
small EVs based on size, a spot count was performed on brightfield images.
Samples are acquired on High Gain mode with the slowest flow rate.
Acquisition of samples this way gives the brightfield channel an optical
resolution of 330nm/pixel. Spot counts performed on the brightfield to exclude
any events of 1 pixel or larger (objects >330nm) (Figure 6.6C). These sub-
330nm populations were then taken forward, and an additional spot count was
performed that selected single positive FITC fluorescent events (intact small

EVs) (Figure 6.6D).
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Figure 6.6. Gating Strategy for the isolation of single small EV events. A) Localisation
of small EV gate relative to 151nm polystyrene NIST beads. B) Optimally Stained EV
sample showing EVs isolated by Small EV Gate. C) Brightfield spot count of Small EV
population, selecting for 0 detectable events (Events below 330nm). D) Spot count to

isolate single positive fluorescent events.

Gating of samples with this strategy allows for the identification of
calcein-AM-stained single positive intact EVs and their quantification in terms

of EVs/ml.
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To optimise the calcein-AM staining concentration, 30ul of basal

media from epithelial ALI cultures was stained in triplicate with either 0.1,
0.2,1,2,10, 20, 100 or 200uM of Calcein-AM. Additionally, 30ul of PBS
were stained in triplicate with the same concentrations. Average counts for
PBS samples were subtracted from culture samples to compensate for any
background fluorescence. Samples were analysed using the gating strategy
outlined in Figure 6.6. As can be seen in Figure 6.7 a saturation point was not
met with these concentrations, so greater concentrations were assessed, but

these concentrations caused the ISX to crash (Data not shown).
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Figure 6.7. Assessment of Calcein-AM Concentrations on the ISX. EVs samples

stained with different calcein-AM concentrations and the number of EVs measured was

calculated (EVs/ml).

While it was not possible to identify a saturation point for calcein
staining on the ISX, an in-parallel study was conducted on the CytoFLEX as
part of a publication and a saturation point was identified. Samples or PBS
were stained with either 0.1, 0.2, 1, 2, 10, 20, 100 or 200um of Calcein-AM
and run on the CytoFLEX. Before analysis could be undertaken, FCS files
were put into FCMpass to translate VSSC signal into the size (nm) using Mie
theory. Figure 6.8 shows the subsequent gating strategy used to analyse

samples. A histogram of size was initially plotted, and a gate was placed

171



Chapter 6: Optimisation of Extracellular Vesicle Quantification and
Characterisation

selecting for objects of 330nm and smaller (Figure 6.8A). This sub-
330nm population was then plotted on a scatter plot of VSSC-area by VSSC-
height to select for single events (Figure 6.8B). These single event populations
where then plotted on scatter graphs of calcein-AM fluorescent intensity by
VSSC-height (Figure 6.8C&D). The gate for positive events was set using a

PBS control which was stained with the equivalent concentration of calcein-

AM as the samples.
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Figure 6.8. Gating of Small EVs on the CytoFLEX. A) A histogram of size distribution
was used to isolate events 330nm and below. B) Single events were gated for using a
VSSC-H / VSSC-A scatter plot. C) Calcein stained PBS was used to situate gate for

positive events. D) Sample stained and analysed using gating strategy.
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Initial increases in calcein-AM concentration from 0.1uM to 1uM saw
increases in the number of EVs/ml detected, with an almost 10-fold increase in
the number of EVs detected (Figure 6.9A). Subsequent staining concentrations
saw a plateau in the number of EVs/ml measured, suggesting a saturation
point had been reached. A stain index was also calculated to show the
separation of the median fluorescence intensity of stained samples and their
PBS staining equivalents (Figure 6.9B). While initial plateauing was seen at
1uM of calcein, a staining concentration of 10uM was identified as the most
suitable, having the highest staining index and providing enough inbuilt
redundancy to compensate for more concentrated samples. Finally, serial
dilutions of sample (Neat, 1:2, 1:4 and 1:8) were stained with the identified
10uM concentration to assess both the functionality of staining and to assess
any potential swarming at high concentrations of sample. As can be seen in
Figure 6.9C, the average number of detected EVs/ml showed a linear decrease,
halving with each 1:2 dilution, suggesting that staining was optimal and no
swarming was conflating counts. Consequently, moving forward, a

concentration of 10uM was used to stain samples.
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A) Calcein Concentration Assessment B) Calcein Stain Index
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Figure 6.9. Assessment of Calcein Concentrations on the CytoFLEX. A) Number of
EVs/ml stained in samples stained with different concentration of calcein-AM. B) Staining

Index for samples and PBS-stained different concentrations of calcein-AM. C) Serial

dilution of samples each stained with 10uM of calcein-AM. (N=3)

Lastly, to follow MISEV guidelines, a detergent control would also be
used to confirm that positive events are membrane-bound lipid vesicles as
opposed to protein complexes from the culture. Degradation of vesicles should
result in the reduction of signal without the destruction of the proteins. Three
detergents, SDS, Tween-20 and Triton-X, were assessed at different
concentrations. Samples were stained with 10uM calcein-AM and treated with
detergents after staining protocols were completed (Section 2.2.5). Figure 6.10
shows the effect on EV counts of each detergent. SDS was the only detergent
which significantly depleted EV counts. Consequently, a concentration of

10% SDS was selected for the detergent control moving forward.
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Figure 6.10. Assessment of Detergents on 10pM Stained EV Samples. The effect of
different detergents on the depletion of airway epithelial derived EVs stained with 10puM
calcein-AM. One-way ANOVA with Dunnett’s multiple comparison test compared
stained samples to detergent treated samples. *p<0.05, (N=3)
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6.3.4. ImageStream X MKII Fluorescent Limit of Detection

In addition to the quantification of EVs, flow cytometry will also be
used to assess the expression of tetraspanin and cell origin markers. Initially,
the sensitivity of the ISX to fluorescent signals was assessed to allow for the
identification of optimal fluorophores for characterisation panels.
Fluorophores PE-CyS5, PE-Cy7, PE, APC and PE-Vio615 were chosen for
assessment due to their high brightness. To assess the LoDs in a comparable
way, sensitivity to fluorophores was measured in terms of antibody binding
capacity (ABC). Analysis this way allowed for the assessment of the minimum
number of antibody binding events for positive detection (LoD). ABC was
measured using Quantum™ Simply Cellular Beads; these beads are divided
into 4 populations with different known numbers of FC binding sites. This
allows for the plotting of binding sites against average fluorescent intensity for
each population using the manufacturer’s analysis template. The fluorescent
value for a blank bead population is then interpolated by the template and
defined as the LoD.

ISX’s lasers were set to maximum strength (mW) so the cytometer was
configured for the highest sensitivity. Figure 6.11A shows the gating strategy
used to analyse individual bead populations. Beads were identified using a
scatter plot of the relevant fluorophore’s channel against size (SSC) (Figure
6.11A1). This selection was taken forward and a spot count was performed on
the brightfield channel images, selecting for only single object events (Figure
6.11Aii). The single object populations were exported as FCS files and
analysed in Kaluza 2.1. Figure 6.11B shows overlays of fluorescent
histograms for each population stained with PE-Cy7-conjugated antibody and

the average fluorescent intensity of each population.
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Figure 6.11. Flow Cytometric Analysis of Quantum Simply Cellular Beads® Used to
Determine Fluorescent LoD on the ImageStream X MKII. A) Gating of beads first
isolated using Ai) scatter plots of size (SSC) Vs fluorescent intensity before Aii) Isolation
of single bead events using a spot count. B) Overlay histogram of all bead populations with

different ABCs stained with PE-Cy7 and each population median fluorescent intensity.

These intensity values were then input into the manufacturer’s analysis
template to generate a logarithmic regression curve to interpolate the LoD in
terms of ABC for each fluorophore. Table 6.2 shows the LoD of fluorophores
assessed, as well as the regression coefficient (r?). Fluorophores APC, PE and

PE-Cy7 were identified as potential fluorophores due to their high sensitivities
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and the commercial availability of relevant antibodies with the appropriate

fluorophores conjugated.

Table 6.2 LoD of fluorophores assessed using the ISX and the R coefficients

of curves used.

Fluorophores LoD (ABC) R Coefficient
PE-Cy5 24 0.9995
APC 46 0.9673
PE-Vio615 638 0.9991
PE 954 0.9985
PE-Cy7 1183 0.9973

Having selected these fluorophores, it was subsequently identified that
staining of EV samples with APC crashed the ISX due to the detector being
overwhelmed with signal. To compensate for this, the LoD of APC was
assessed at different 642nm laser strengths to determine if it was possible to
reduce the sensitivity of the machine to APC enough that samples could run
without losing APC’s high sensitivity. Beads were run at 4 different laser
strengths, 150mW (Maximum strength), 100mW, 50mW and 2mW (minimum
strength). Reduction of the laser’s strength was observed to lower the LoD of
APC on the ISX (Table 6.3). A laser strength of 2mW was identified as
suitable, as this allowed for samples to run, while still being more sensitive
than other identified fluorophores (PE and PE-Cy7) (Table 6.2) Additionally, a
reduction of 642nm laser strength to 2mW, facilitates more relevant
downstream comparison of markers as the LoDs are closer together.
Consequently, all EV analysis performed with the ISX moving forward was

conducted with the 642nm red laser set to 2mW.

178



Chapter 6: Optimisation of Extracellular Vesicle Quantification and
Characterisation

Table 6.3 LoD of APC on ISX with 642nm laser set to different strengths and

the R coefficients of curves used.

Laser strength (mW) LoD (ABC) R Coefficient
150 46 0.9673
100 47 0.9718
50 49 0.9774
2 259 0.9843

6.3.5. Optimisation of Tetraspanin Staining

Having identified fluorophores, two different types of fluorescently
conjugated antibodies were assessed to see if the use of REAffinity antibodies
or conventional mouse monoclonal antibodies would improve EV biomarker
staining. REAffinity antibodies have a high purity as well as a mutated FC
region, which eliminates background compared to conventional mouse
monoclonal antibodies. EVs were stained with 10uM calcein and for
tetraspanins (CD9, CD63 and CD81) using 2.5ug/ml (concentration identified
from literature) of either a mixed fluorophore panel containing previously
identified fluorophores PE, PE-Cy7 and APC or a pan-APC panel (APC was
selected as it had the lowest LoD and commercially available antibodies for all
targets). This was done for both REAffitniy and conventional antibodies and
staining was compared. Staining with both the REAffinity mixed and APC
panels showed better staining than with conventional antibodies (Figure 6.12).
This was particularly emphasised in CD81 staining in the mixed panels, which
showed a 10% increase in the detected expression on EVs when stained with
REAffinity antibodies (Figure 6.12B). Consequently, characterisation of EVs

was performed with REAffinity antibodies moving forward.
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A) EVs Stained With Conventional Antibodies B) EVs Stained With REAffinity Antibodies
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Figure 6.12. Comparison of Conventional and REAffinity Tetraspanin Staining . EVs

stained with either a mixed fluorophore or pan- APC panel of A) Conventional mouse

monoclonal or B) REAffinity antibodies (N=1).

In addition to looking at individual markers we also wanted to evaluate

the potential of looking at multiple markers on individual EVs within a
population. To achieve this, an additional gating strategy using EV populations
identified using the strategy in Figure 6.6 was developed to allow for the
profiling of multiple biomarkers on small intact EVs. Figure 6.13A shows the
initial gating of the RMS_Gradient of FITC-positive EVs that allows for the
selection of only in-focus images. Subsequent gates were situated using
isotype controls. Figure 6.13B shows the individual gating for each EV marker
stained using the panel previously identified. Figure 6.13C shows the quadrant
gating used to identify EVs positive for 2 biomarkers. Finally, gating for EVs
positive for all 3 biomarkers (Figure 6.13D) was done through the gating of
EVs double positive for APC and PE (Figure 6.13Ci), these double positive
populations were then gated using single positive PE-Vio615 gating (Figure
6.13Biii). Tetraspanin and origin cell biomarker expression can then be
calculated as a percentage of the total in focus population to allow for

comparison between samples.
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Figure 6.13. Gating Strategy for the characterisation of tetraspanin markers on small
EVs. A) Selection of in focus calcein positive events. B) Gating for single positive events
for Bi) APC, Bii) PE and Biii) PE-Vio615. C) Gating of events positive for either Ci) APC
and PE, Cii) APC and PE-Vio615 and Ciii) PE-Vio615 and PE (Events bellow 330nm). D)

Gating of events positive for all antibodies.
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Figure 6.14 shows examples of EVs positive for each individual marker
(CD9, CD63 and CD81) as well as double and triple positive EVs, identified
using the ISX gating strategy and optimised calcein-AM and tetraspanin

antibodies.

Calcein CD63/EpCAM CD81/E-Cadherin CD9/Tspan8

Figure 6.14. Epithelial Derived EV positive for CD9, CD63, and CD81. Basal
supernatant taken from ALI culture and stained with 10uM calcein-AM and CD9, CD63
and CD81 REAffiniy antibodies.

6.3.6. Co-Factor Controls EV Response

In Chapter 5 (Section 5.3.6.) co-factors which will be added to Der p 1
to both activate (SmM L-Cysteines) and inactivate (10uM E-64) were assessed
to see if they had a stimulatory effect on cytokine production. As a part of this
initial assessment, the effect of co-factors on EV secretion was also assessed
using the previously optimised staining. Inserts were either exposed to
nebulise PBS (unstimulated controls), SmM L-Cysteine or 10uM E-64 for 24

or 48 hours.

Comparison of apical response after 24 hours showed no significant
change in response relative to unstimulated controls (Figure 6.15A). This lack
of significance was again observed at 48 hours (Figure 6.15A). Basally, there
was no significant change in EV numbers as a result of 24- or 48-hour
exposure to co-factors and no significant increase in response was observed
with increased exposure (Figure 6.15B). Interestingly there was a difference
in total EV numbers observed between apical and basal samples with apical
EV/ml counts averaging 7.5x10% compared to an average basal response of

5.1x10°,
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This further confirmed that co-factors added to Der p 1 samples do not

influence ALI culture’s responses.

A) Apical EV Response B) Basal EV Response
2x10* 1.5%107
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Figure 6.15. EV response of Airway Epithelial ALI Cultures to 24- and 48-hour
exposure of either Nebulised; PBS, SmM L-Cysteine or 10pM E-64. A) Apical EV
response to 24- and 48-hour exposure to co-factors. B) Basal EV response to 24- and 48-
hour exposure to co-factors. Columns represent mean and error bars represent standard
deviation. Two-way ANOVAs with Sidak’s multiple comparison test was used to compare

24- and 48-hour responses*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (N=5).
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6.4. Discussion

The use of flow cytometry for the characterisation and quantification
of EVs provides a potentially more accurate method of EV quantification, as
well as a high-throughput method for the characterisation of individual EV
marker expression without the need for the isolation of EVs. The aim of this
chapter was to identify a suitable flow cytometer for analysis, as well as

optimise EV staining.

Initial isolation and profiling of EVs using TEM and NTA, confirmed
the presence of EVs in cultures and EVs were observed to range in size from
50-300nm and presented with a cup-shaped morphology consistent with the
literature (Kurtjak et al., 2022). While NTA is currently considered the gold
standard for EV quantification, its lack of specificity means it is unable to
distinguish between individual and aggregated EVs, as well as potential
contaminants, such as membrane fragments, resulting in conflated counts. The
use of flow cytometry provides a potential alternative method for more
selective and robust quantification. Consequently, two different flow
cytometers (CytoFLEXs and ImageStream X MKII) were assessed for their
suitability to profile small EVs.

Initial profiling of the sizing sensitivity of the two flow cytometers,
using NIST beads ranging from 60-151nm, showed that the ISX had a greater
sensitivity, detecting all bead populations, while the CytoFLEX was unable to
detect the 60nm population. Subsequent translation of the CytoFLEX data
using FCMpass (Welsh et al., 2020) showed its LoD to be 74.8nm, which is
the equivalent to a 143.1nm EV when adjusted for using Mie theory. While
Mie theory adjustment was not possible for the ISX, the use of fluorescent
sizing showed the cytometer could detected EVs as small as 55nm, suggesting

this was a more suitable machine for small EV analysis.

Once a cytometer was identified, the cytoplasmic dye calcein-AM was
assessed to find a suitable staining concentration. Calcein-AM allows for the
selective staining of intact lipid vesicles (Chuo et al., 2018, L. Miles et al.,
2015). EV samples were stained with concentrations ranging from 0.1-200uM

and quantified, looking for a saturation point. A concentration of 10uM was
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identified, using the CytoFLEX, as optimal as it both saturated samples and
had the highest stain index.

Additionally, a detergent control was examined to demonstrate
successful staining of lipid-bound plasma membrane as opposed to
contaminant protein complex (Osteikoetxea et al., 2015). Stained EV samples
were treated with different concentrations of three detergents; SDS, tween-20
and tritonX, and 10% SDS was identified as a suitable detergent for the
depletion of EVs.

Having optimised calcein-AM staining, it was then possible to
optimise the characterisation of EVs using fluorescently-conjugated
antibodies. Different fluorophores with high brightness were compared by
measuring their LoDs in terms of ABC to identify a fluorophore panel for
analysis. APC, PE and PE-Vio615 were identified due to having low LoDs that
were close together, as well as commercial antibodies available for relevant
targets. Antibodies were used at 2.5ng/ml, based on previous literature (Woud

et al., 2022, Lucchetti et al., 2020).

Additionally, conventional monoclonal antibodies were compared with
REAffintiy antibodies to assess which gave the highest staining. Samples were
stained with either a mixed or pan-fluorophore panel (CD9, CD63 and CD81)
for both conventional and REAffintiy antibodies. REAaffiniy antibodies were
observed to stain more positive EVs with both panels and consequently were

used moving forward.

Lastly, before final stimulations the effect of co-factors L-Cysteine and
E-64 on EV responses were assessed to ensure these factors did not induce
changes in secretion. No changes were observed in EV response to either co-
factor at both 24 and 48 hours, this coupled with their lack of cytokine
induction (Section 5.3.6) reaftfirmed that any potential responses induce in
active and inactive Der p 1 exposed inserts would be due to the allergen.
Additionally, profiling of the proteolytic activity of Der p 1 confirmed the
allergen was functional and that addition of E-64 significantly reduced its

activity.
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These experiments address the necessary considerations for the initial
selection of a cytometer for small EV analysis, as well as the optimisation of
EV staining for subsequent quantification and characterisation of biomarkers.
Chapter 7 utilised these optimised techniques to enable the profiling of the

small EV responses in 3D epithelial cultures exposed to allergens.

These experiments address the necessary considerations for the initial
selection of a cytometer for small EV analysis, as well as the optimisation of
EV staining for subsequent quantification and characterisation of biomarkers.
Chapter 7 utilised these optimised techniques to enable the profiling of the

small EV responses in 3D epithelial cultures exposed to allergens.
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Chapter 7: Exposure of 3D Airway Epithelial
Cultures to Nebulised Allergens

7.1. Introduction

Indoor allergens and their link to the development of type 1
hypersensitivity disorders are well established. Common sources of these
allergens are house dust mites (HDMs), dogs, cats, rodents and cockroaches
(Beheshti et al., 2025). HDM are one of the most prominent sources of indoor
allergens and as a consequence are a significant etiologic factor in the
development of numerous allergic disorders, including AR, allergic asthma
and atopic dermatitis (Imoto ef al., 2024, Li et al., 2022, Hu et al., 2022).
Currently, it is estimated that allergy to HDMs and their associated proteins
affects 4-6% of the global population (Jurkiewicz ef al., 2025). Sensitisation to
HDM proteins has been established to occur early in life, with 68.3% of
children with HDM induced AR developing symptoms before the age of 6.
Furthermore, it’s estimated that 53.5% of children aged 0-3 years with allergic
asthma are HDM sensitised, with this jumping to 80.2% of allergic asthma

cases in children aged 8-12 years (Jurkiewicz et al., 2025).

The HDM species Dermatophagoides pteronyssinus is one of the most
common to be associated with sensitisation, with a high prevalence in western
cultures, particularly Europe, where it is the most common HDM species
(Waldron et al., 2019). To date, 40 major HDM allergens have been identified,
all differing in their biological structure, function and ability to elicit allergic
responses (Huang et al., 2023). Of these 40 proteins, Der p 1 has been
identified as one of the most clinically relevant to type 1 hypersensitivity, due
to its high immunogenicity, its strong association with the induction of specific
IgE antibodies and it’s IgE reactivity (Jurkiewicz et al., 2025). Derp 1 is a
proteolytic enzyme from the cysteine protease family, and the most profuse
allergenic protein found in HDM faecal pellets (Chevigné and Jacquet, 2018,
Gough et al., 1999). This proteolytic activity is induced by cysteine in a thiol-
dependent manner, which results in the reduction of disulphide bonds in the

active side of the enzyme allowing for the release of its inhibitory peptide
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(Kalsheker et al., 1996). Inhalation of HDM faecal pellets is a major route for
allergen exposure. Upon inhalation, the proteolytic activity of Der p 1 can
induce barrier dysfunction through cleaving tight junction proteins, such as
claudin, occludin and ZO-1 (Soh et al., 2023, Ogi et al., 2021). Barrier
dysfunction facilities allergen penetration, inducing the secretion of alarmins
IL-25, IL-33 and TSLP which in turn promote Th2 polarisation and
sensitisation (Meng ef al., 2025). In addition to its proteolytic cleaving of tight
junctions, Der p 1 also interacts with protease-activated receptors (PARs) and
TLR-4 on epithelial cells. This facilitates the recruitment of ILC2s, dendritic
cells and mast cells, further promoting allergic sensitisation (Abu Khweek et

al., 2020).

In addition to HDM, pets such as dogs and cats are a prominent source
of indoor allergens. In the USA it’s estimated that 70% of households have a
cat or dog (Torres-Borrego and Sédnchez-Solis, 2023). Currently there are
seven distinct dog allergens, termed Canis familiaris 1-7 (Can f 1 — Can f 7).
Exposure to these dog derived allergens are a significant risk factor in the
development of type 1 hypersensitivity (Yamamoto et al., 2019). The
frequency of cat and dog allergies is around 10% in developed countries, with
50% of allergic individuals owning a pet. The sensitisation profiles against
Can f proteins are diverse, consequently, there is currently no recognised
predominant allergen, like Der p 1 in HDM (Torres-Borrego and Sanchez-
Solis, 2023). However, IgE reactivity prevalence to Can f 1 has been reported
to range from 49-75% depending on the populations studied (Caraballo ef al.,
2020). Can f 1 is a lipocalin derived from dog saliva, which acts as a
transporter ligand for steroids, retinol and pheromones (Torres-Borrego and
Sanchez-Solis, 2023). Most mammals typically express exogenous lipocalins
in their saliva, skin and urine, however humans have endogenous lipocalins.
The mechanism through which Can f 1 sensitises an individual is not well
understood. However, given the homology of mammalian and human
lipocalins, the immune system inhibits T cell responses to mammalian
lipocalins to prevent the creation of an auto immune response. It is currently

hypothesized that it is this inhibition of T cell responses that favours the
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development of Th2 responses to prevent potential autoimmunity (Virtanen et

al., 2012).

Previously, we have shown the development of both a biologically
relevant 3D airway epithelial model comprised of differentiated airway
epithelial cells and tight junctions and a mechanism for its successful
stimulation through the use of nebulised stimulants. We have also shown the
optimisation of an imaging flow cytometric method for the quantification and
individual characterisation of airway epithelial EVs. Thus, this chapter aims to
evaluate and profile changes in 3D airway epithelial culture cytokine and EV
responses after exposure to indoor allergens, namely proteolytically active and

inactive Der p 1, as well as the lipocalin Can f 1.
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7.2. Materials and Methods

The proteolytic activity of Der p 1 was assessed using a cysteine
protease activity kit (Calibiochem®, UK), full method is outlined in Section
2.2.12. 10pg/ml Der p 1 was assessed either alone or supplemented with SmM
L-Cysteine or SmM L-Cysteine and 10uM E-64 to confirm the allergen was
both activated and inhibited.

7.2.1. Exposure of 3D Airway Epithelial Cultures

3D airway epithelial cultures were generated through the culture of
Calu-3 cells at ALI (Sections 2.2.1.1 and 2.2.1.4). After culture, inserts were
washed with warmed PBS (37°C) and prepared for stimulation two days prior
to nebulisation as outlined in Section (2.2.1.5). Inserts were subsequently
exposed to either nebulised Der p 1 activated with SmM L-Cysteine (Active),
Der p 1 inhibited with E-64 (Inactive), Can f 1, Poly(I:C) or PBS
(unstimulated control). Der p 1 was activated or inhibited as previous through
the addition of L-cysteine or E-64 respectively 20 minutes prior to
nebulisation (Section 2.2.1.5). Table 7.1 outlines volume and concentration of
reagents added to the nebuliser, as well as the deposition after 35%

adjustment.

Table 7.1. Concentration and volume of stimulants added to the nebuliser as
well as the deposition of stimulant deposited into each insert after 35%

deposition adjustment.

Concentration

Stimulant added to Nebuliser ‘(/11111el;) Dep(;si::;))n
(mg/ml) (ug/c
PBS (Unstimulated) Neat 0.3 .
Poly(I:C) 2.0 0.3 1.0
Active Der P 1
(Der P1 and L- 1.0 0.2 035
Cysteine)
Inactive Der P 1
(Der p 1 and E-64) 1.0 0.2 0.35
CanF1 1.0 0.2 0.35
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Nebulisations were conducted as specified in Section 2.2.1.5 and

samples were profiled after 24 and 48 hours of nebulised exposure (N=6).

7.2.2. Profiling of Nebulised Exposure Responses

After 24- and 48-hour exposure, basal and apical supernatant were
isolated from samples as outline in Section 2.2.1.4. In brief, apical samples
were washed twice for 3 minutes with 200ul of warmed PBS (37°C) and the
supernatant was collected. This was subsequently topped up with an
additional 100ul of PBS to allow for direct comparison of the apical and the
500ul basal samples.

7.2.2.1. Viability of Samples

The viability of samples was assessed using a Promega RealTime-
Glo™ Lactate Dehydrogenase assay (LDH). LDH concentrations of basal
samples were assessed as per Section 2.2.10.2 and percentage viability was

calculated as a percentage relative to a 10% tritonX control.

Sample LDH Comcentration )

o rea _ %
Percentage Viability = 100 (100 TritonX LDH Concentration

7.2.2.2. Cytokine Responses

The apical and basal cytokine responses of airway epithelial cultures
were assessed using ELISAs for cytokines; IL-18, IL-6, IL-8, IL-25, IL-33 and
TSLP (Section 2.2.11). Cytokines IL-1f, IL-6, IL-25, IL-33 and TSLP were
assessed using neat sample and run in duplicates, while IL-8 samples were run

at a 1:10 dilution and assessed in quadruplets.

7.2.2.3. Quantification and Characterisation of EVs

Apical and basal EV responses were quantified using imaging flow
cytometry. Samples were stained as outline in Section 2.2.5 with 10uM of
Calcein-AM. In addition to this, basal samples were profiled for tetraspanin
and origin cell marker expression. Two sets of basal samples were stained for
either CD9, CD63 and CDS81 or Tspan8, EpCAM and E-Cadherin. Table 7.2
shows the antibodies and their fluorophores used in each panel, all were used

at a concentration of 2.5ug/mL.
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Table 7.2 Antibodies used for EV characterisation, listing: target, fluorophore,

brightness, manufacturer, category number and staining concentration used.

Antibody Fluorophore Brightness Manufacturer Cat.no.
CD9 APC 4 Miltenyi 130-118-808
CD63 PE 5 Miltenyi 130-118-077
CD81 PE-Vio615 5 Miltenyi 130-131-387
EpCAM PE 5 Miltenyi 130-110-999
E-Cadherin PE-Vio615 5 Miltenyi 130-125-732
Tspan8 APC 4 Miltenyi 130-128-391
REA Control Antibody Human IgG1 APC 4 Miltenyi 130-113-434
REA Control Antibody Human IgG1 PE 5 Miltenyi 130-113-450
REA Control Antibody Human IgG1 PE-Vio615 5 Miltenyi 130-113-439

7.2.2.4. Microscopy of 3D Cultures

Inserts were imaged after 24- and 48-hour exposures using fluorescent
confocal microscopy and SEM. Samples were prepared for confocal as per
Section 2.2.2.1 and stained with 5pg/ml of fluorescent antibodies for tight
junction proteins occludin (Alexa488) and ZO-1 (Alexa647). Samples were
analysed using a Zeiss LSM900 with AiryScan; Objective: Plan-Apochromat
20x, Numerical Aperture: 0.8, Lasers used: AlexaFluor647, AlexaFluor488,
Pixel size: 0.074pum x 0.074pum Z-Step size: 0.7um.

Samples were prepared for SEM as outlined in Section 2.2.2.2. and
samples were analysed using a JEOL JSM IT-200 LV SEM using a voltage of

5 kV and a working distance of 10 mm.

7.2.2.5. Transcriptomic Analysis

Samples were first prepared for transcriptomic analysis as outlined in
Section 2.2.14. In brief, 70ul of 48 hour exposed basal samples were collected
(N=6) and combined in pairs to make a total volume of 140ul (N=3). These
samples were isolated and concentrated using SEC, as outlined in Section

2.2.7. These samples were stored at -80 before shipping to TAmiRNA for
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analysis. The sample’s RNA was isolated from EVs using TAmiRNA’s
extraction protocol and sequenced (Section 2.2.14.1 & 2.2.14.2). Data was
subsequently analysed using the miND® pipeline outlined in Section 2.2.14.3.

and the analysis was sent back for relevant interpretation.
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7.3. Results

7.3.1. Proteolytic Activity of Der p 1

Before 3D cultures were exposed to nebulised Der p 1, its proteolytic
activity was assessed using a FTC-casein protease activity test to ensure the
allergen was functional. 10pg/ml of Der p 1 was assessed with and without
SmM of its activator L-cysteine, as well as with L-cysteine and 10uM of the
protease inhibitor E-64, and a 10ug/ml Trypsin positive control was also run.
Figure 7.1 showed that when L-Cysteine was added to Der p 1 there was a
significant increase in proteolytic activity relative to Der p 1 on its own.
Furthermore, the addition E-64 significantly reduced proteolytic activity,
though this was significantly higher than Der p 1 on its own. This indicated

that Der p 1 stocks were functional and suitable for use moving forward.
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Figure 7.1 Proteolytic Activity of Inactive, Active and Inhibited Der p 1. 10pg/ml
concentrations of Der p 1 had proteolytic activity assessed using an FTC-casein
absorbance assay. Der p 1 was assessed in its inactive form (Der p 1), active form (Der p
1 + L-Cysteine) and in an inhibited form (Der p 1 + L-Cysteine + E-64). 10pg/ml Trypsin
was used as a positive control. A One-way ANOVA with Sidak’s multiple comparison test
was used to compare Der p 1 conditions. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
(N=3)
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7.3.2. Exposure of 3D Airway Epithelial Cultures to Nebulised Allergens

Having confirmed Der p 1 was proteolytically active, it was possible to
assess the effect of nebulised allergens on 3D airway epithelial culture
cytokine and EV responses using the previously outlined optimised
methodologies (See Chapters 5 and 6). Cultures were exposed to 0.35ug/cm?
of either Der p 1 and 5mM L-Cysteine (Active Derp 1), Der p 1 and 10uM E-
64 (Inactive Der p 1) or Can f 1. Nebulised PBS was used as an unstimulated
control and 1.0ug/cm? Poly(1:C) was used as a positive control. Cultures were
exposed for either 24 or 48 hours to stimulants (N=6) and apical and basal
cytokine and EV responses were profiled. Inserts were also assessed with
confocal staining and SEM to assess epithelial tight junctions and

microstructure, as well as cell viability by LDH.

7.3.2.1. LDH Viability of Airway Epithelial Cultures After Exposure to
Nebulised Allergen

Viability of epithelial cultures was assessed after 24- and 48-hours
exposure in duplicate using LDH luminescence assays. Percentage viability
was calculated relative to 10% tritonX treated insert controls as previously
described. After 24 hours, unstimulated controls had the lowest viability of all
conditions, with an average sample viability of 94% (Figure 7.2A1). After 48-
hour exposure, viability remained high, with the active Der p 1 having the
lowest viability at 93% (Figure 7.2Aii). Evaluation of viability over time,
showed viability for inserts exposed to active Der p 1, decreased from 96% to

94% (Figure 7.2B).
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A) Changes In Viability After Exposure
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Figure 7.2. Viability of Airway epithelial Cultures After 24- and 48-Hour Exposure to
Nebulised 1.0pg/cm? Poly(I:C) or 0.35ug/cm? of Active Der p 1, Inactive Der p 1 or
Can f 1. A) Percentage Viability of samples relative to 10% TritonX controls after Ai) 24-
Hour Exposure and Ai) 48- Hour Exposure. B) Comparison of 24- and 48-hour post
exposure viability. (N=12).
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7.3.2.2. Tight Junction Staining

The effect of 24- and 48-hour exposure of nebulised allergens was also
profiled, using confocal microscopy and fluorescent staining of occludin
(Alexad88) and ZO-1 (Alexa647). Strong occludin and ZO-1 expression was
observed in unstimulated samples (Figure 7.3Ai&ii). Combined staining
shows the presence of tight junctions (7.3ii1). Poly(I:C) samples were hard to
image due to high levels of mucus, however, exposed samples also had tight
junctions detected, with this expression diminished in comparison to
unstimulated samples (Figure 7.3Biii). While occludin staining was consistent
with unstimulated samples (Figure 7.3Bi), ZO-1 staining was weaker,
suggesting a diminished level of ZO-1(Figure 7.3Bii). Tight junction staining
of 24 hour exposed active Der p 1 also appeared to have diminished ZO-1
expression compared to inactive Der p 1 (Figure 7.3Cii) with no noticeable
changes on occludin expression (Figure 7.3Ci). Evaluation of combined
staining images indicated a reduced expression of tight junctions relative to
unstimulated controls, similar to Poly(I:C). This diminished expression is
further emphasised by comparison with samples exposed to inactive Der p 1,
which had a higher expression of tight junctions (7.3Diii). Expression of both
occludin and ZO-1 was high and similar to unstimulated samples, suggesting
no barrier dysregulation due to inactive Der p 1 (Figure 7.3Di&Dii). Can f'1
exposed samples also had strong occludin and ZO-1 staining consistent with
unstimulated samples (Figure 7.3Ei&Eii) and by extension strong tight
junction staining, indicating no dysregulation of the epithelial barrier after 24-

hour exposure (Figure 7.3Eiii).
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i) Occludin iii) Combined

A) Unstimulated

B) Poly(I:C)

C) Active Derp 1

D) Inactive Der p 1

E) Canf1

Figure 7.3. Airway epithelial tight junction expression after 24-hour exposure to
Allergens. A) Unstimulated sample’s Ai) Occludin, Aii) ZO-1 and Aiii) Combined
expression. B) 0.5ug/cm? Poly(1:C) exposure Bi) Occludin, Bii) ZO-1 and Biii) Combined
expression. C) 0.35ug/cm? Active Der P 1 exposure Ci) Occludin, Cii) ZO-1 and Ciii)
Combined expression. D) 0.35ug/cm? Inactive Der p 1 exposure Di) Occludin, Dii) ZO-1
and Diii) Combined expression. E) 0.35ug/cm? Can f 1 exposure Ei) Occludin, Eii) ZO-1
and Eiii) Combined expression. Microscope: Zeiss LSM900 with AiryScan, Objective:
Plan-Apochromat 20x, Numerical Aperture: 0.8 Lasers used: AlexaFluor647,
AlexaFluor488, Pixel size: 0.074um x 0.074pum Z-Step size: 0.7um.
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After 48-hour exposure unstimulated samples remained consistent with
24-hour exposure samples, with high expression of occludin (Figure 7.4A1)
and ZO-1 (Figure 7.4Aii), as well strong tight junction expression (Figure
7.4Aiii). Poly(I:C) exposed samples maintained high occludin expression
(Figure 7.4B1). However, as previously observed ZO-1 expression was
reduced compared to unstimulated samples (Figure 7.4Bii), consequently there
was reduced expression of tight junctions (Figure 7.4Biii). The reduction in
Z0O-1 observed after 24 hours exposure to active Der p 1 was more
pronounced after 48 hours, with very weak ZO-1 expression observed
indicating greater barrier dysregulation (Figure 7.4Cii), with fewer tight
junctions stained (Figure 7.4Ciii). Occludin expression, however, remained
consistent with both 24-hour samples and unstimulated samples (Figure
7.4Ci). Inactive Der p 1 samples appeared to have a slight decrease in ZO-1
relative to 24 hour and unstimulated 48 hour samples, with occludin
expression remaining high (Figure 7.4Di&Dii) and strong tight junction
expression (Figure 7.4Diii). 48 hour Can f 1 exposure also appeared to have
no effect on barrier function, with strong expression of both occludin and ZO-

1 and high tight junction expression (Figure 7.4E).
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i) Occludin iii) Combined

A) Unstimulated

B) Poly(I:C)

C) Active Der p 1

D) Inactive Der p 1

E) Canf1

Figure 7.4. Airway epithelial tight junction expression after 48-hour exposure to
Allergens. A) Unstimulated sample’s Ai) Occludin, Aii) ZO-1 and Aiii) Combined
expression. B) 0.5pg/cm? Poly(I:C) exposure Bi) Occludin, Bii) ZO-1 and Biii) Combined
expression. C) 0.35ug/cm? Active Der P 1 exposure Ci) Occludin, Cii) ZO-1 and Ciii)
Combined expression. D) 0.35ug/cm? Inactive Der p 1 exposure Di) Occludin, Dii) ZO-1
and Diii) Combined expression. E) 0.35ug/cm? Can f 1 exposure Ei) Occludin, Eii) ZO-1
and Eiii) Combined expression. Microscope: Zeiss LSM900 with AiryScan, Objective:
Plan-Apochromat 20x, Numerical Aperture: 0.8 Lasers used: AlexaFluor647,
AlexaFluor488, Pixel size: 0.074um x 0.074pum Z-Step size: 0.7um.
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7.3.2.3. Scanning Electron Microscopy

In addition to confocal analysis of stained tight junctions, stimulated
ALI cultures were also profiled using SEM. Inserts were processed and
imaged after 24- and 48-hour exposure to stimulants using a JEOL JSM IT-
200 LV SEM using a voltage of 5 kV and a working distance of 10 mm (N=1).
Figure 7.5 shows ALI SEM images taken at 300x and 2.5kx magnification of
inserts after 24-hour exposure. As can be seen in Figures 7.5C-E, samples
stimulated with both active and inactive Der p 1 and Can f 1 were more
mucus covered than the unstimulated control, which had more discernible cell
populations. This increase in mucus cover is more noticeable in 2.5Kx
magnified images. Despite this high mucus cover, cilia like structures were
still identifiable on all three inserts exposed to nebulised allergen (Figure
7.5Ci-Ei). Poly(I:C) was noticeably different to unstimulated controls and
allergen exposed samples, with even higher mucus cover, with it being hard to
image areas with cellular structures exposed (Figure 7.5Bi). This was
emphasised at 2.5Kx magnification where individual microstructures were not

distinguishable (Figure 7.5Bii).
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Figure 7.5 Scanning Electron Microscopy Images of 3D Airway Epithelial Cultures
After 24- Hour to Nebulised Allergens (300x and 2.5kx Magnification). A)
Unstimulated samples imaged at Ai) 300x and Aii) 2.5Kx. B) Poly(I:C) exposed samples
imaged at Ai) 300x and Aii) 2.5kx. C) Active Der p 1 exposed samples imaged at Ci)300x
and Cii) 2.5Kx. D) Inactive Der p 1 exposed samples imaged at Di) 300x and Dii) 2.5Kx.
E) Can f 1 exposed samples imaged at Ei) 300x and Eii)2.5Kx magnification. Samples
analysed using a JEOL JSM IT-200 LV SEM using a voltage of 5 kV and a working

distance of 10 mm.

After 48-hour exposure, mucus cover was high on all samples making
it challenging to discern cells (Figure 7.6) Images taken at 300x magnification
highlight this with samples looking flat and smooth, with small peaks of cells
protruding from the mucus. Mucus density appeared to be lower on samples
exposed to Can f 1 and inactive Der p 1, however, microstructure was hard to
image. Cilia were seen on inserts exposed to inactive Der p 1 and Can f'1
(Figure 7.6Di&Ei). Furthermore, it was possible to identify goblet cells on
Can f'1 (Figure 7.6E1).
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Figure 7.6 Scanning Electron Microscopy Images of 3D Airway Epithelial Cultures
After 48- Hour to Nebulised Allergens (300x and 2.5kx Magnification). A)
Unstimulated samples imaged at Ai) 300x and Aii) 2.5Kx. B) Poly(I:C) exposed samples
imaged at Ai) 300x and Aii) 2.5kx. C) Active Der p 1 exposed samples imaged at Ci)300x
and Cii) 2.5Kx. D) Inactive Der p 1 exposed samples imaged at Di) 300x and Dii) 2.5Kx.
E) Can f 1 exposed samples imaged at Ei) 300x and Eii)2.5Kx magnification. Samples
analysed using a JEOL JSM IT-200 LV SEM using a voltage of 5 kV and a working

distance of 10 mm.

7.3.2.4. Cytokine Response of 3D Airway Epithelial Cultures After
Exposure to Nebulised Allergen

The changes in cytokine responses of IL-1p, IL-6, IL-8, IL-17E, I1L-33
and TSLP were also measured after 24- and 48-hours exposure by ELISAs.
ELISAs for IL-1pB, IL-17E, IL-33 and TSLP did not detect measurable levels
of cytokine (data not shown). After 24-hour exposure apical IL-8
concentrations significantly increased in samples stimulated with 0.35pug/cm?
Can f 1, with average concentrations increasing to 950.5pg/ml relative to
481.8pg/ml in unstimulated controls (Figure 7.7A1). This Can f 1 induced
increase in apical IL-8 concentration was not observed after 48-hour exposure,
however, a significant increase in apical IL-8 was observed in samples
exposed to 0.35ug/cm? of active Der p 1 (Figure 7.7Aii). Comparison of 24-
and 48-hour apical responses saw significant increases in IL-8 responses for

all conditions (Figure 7.7Aiii).

Basal IL-8 concentrations significantly increased in samples exposed
to 0.35pg/cm? active Der p 1 for 24 hours, increasing from an unstimulated
average of 1058.3pg/ml to 2496.6pg/ml (Figure 7.7B1). This significant
increase in response was also observed after 48-hour exposure, with samples
increasing to an average concentration of 4966.5pg/ml for active Der p 1
relative to unstimulated controls (2449.2pg/ml) (Figure 7.7Bii). Additionally,
significant increases in basal cytokine responses to inactive Der p 1 and Can f
1 were observed, with concentrations increasing to 4159.2pg/ml and

4355.8pg/ml respectively (Figure 7.7Bii). Comparison of 24- and 48-hour
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responses again saw significant increases in IL-8 concentration for all

conditions (Figure 7.7Biii).

IL-6 was not detected basally for any stimulation condition after
exposure for both 24 and 48 hours. Additionally, there were no IL-6 responses
detected apically after 24-hour exposure. There was, however, I1L-6 apically
detected after 48 hours for all conditions. These concentrations were low and

there was no significant variation observed in the responses (Figure 7.7C).
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Figure 7.7. Airway Epithelial Cell Responses to 24- and 48-hour exposure to either
1.0pg/cm? Poly(1:C) or 0.35pg/cm? of Active Der p 1, Inactive Der p 1 or Can f 1. A)
Apical IL-8 responses to nebulised allergens after Ai) 24 hour and Aii) 48 hour exposure.
Aiii) comparison of 24- and 48-hour apical responses. B) Basal IL-8 responses to
nebulised allergens after Bi) 24 hour and Bii) 48 hour exposure. Biii) comparison of 24-
and 48-hour apical responses. C) 48 hour Apical IL-6 responses. Columns represent
means and error bars represent standard deviation. A One-way ANOVA with Dunnetts’s
comparison test was used to compare stimulated and unstimulated conditions. *p<0.05,

##p<0.01, ***p<0.001, ****p<0.0001. (IL-8, N=24) (IL-6, N=12).
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7.3.2.5. EV Response of 3D Airway Epithelial Cultures After Exposure to
Nebulised Allergen

Changes in numbers of apical and basal EV were profiled using
imaging flow cytometry. No significant changes in apical EV numbers were
observed after 24- and 48-hour exposure to stimulants when compared with
unstimulated controls (Figure 7.8 Ai& Aii). Additionally, there was no
significant difference in apical EV numbers when comparing 24- and 48-hour
responses (Figure 7.8 Aiii). However, significant changes in basal EV secretion
were observed in samples exposed to 0.35ug/cm? of Can f 1 and inactive Der
p 1, increasing from an average of 1.1x10° EVs/ml in unstimulated samples to
an average of 1.85x10°and 1.8 x10° EVs/ml, respectively (Figure 7.8Bi).
These significant changes were not observed after 48-hour exposure with no
stimulation conditions showing a significant response (Figure 7.8Bii).
Comparison of 24- and 48-hour responses did see a significant increase in
samples stimulated with 1ug/cm? of Poly(I:C), increasing from an average of
1.15 x10° EVs/ml with 24-hour exposure to an average of 1.9x10° EVs/ml
after 48-hour (Figure 7.8Biii). Figure 7.8C shows the counts of stained media
(3x10° EVs/ml) and PBS (7.6 x10* EVs/ml) to indicate potential EV
contaminant and fluorescent background respectively. Additionally, an apical
unstimulated sample depleted with 10% SDS sample (1.2x10° EVs/ml)

confirmed EV staining.
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Figure 7.8. Airway Epithelial Cell EV Responses (EVs/ml) to 24- and 48-Hour
Exposure to Either 1.0pg/cm? Poly(I:C) or 0.35pg/cm? of Active Der p 1, Inactive
Der p 1 or Can f 1. A) Apical EV responses to nebulised allergens after Ai) 24 hour and
Aii) 48 hour exposure. Aiii) Comparison of 24- and 48-hour apical responses. B) Basal
EV responses to nebulised allergens after Bi) 24 hour and Bii) 48 hour exposure. Biii)
comparison of 24- and 48-hour apical responses. C) EV quantification controls (N=1);
stained media, stained PBS, 10% SDS depleted apical sample and unstained sample.
Columns represent means and error bars represent standard deviation. A One-way ANOVA
with Dunnetts’s comparison test was used to compare stimulated and unstimulated
conditions. Two-way ANOVAs with Sidak’s multiple comparison test was used to
compare 24- and 48-hour responses*p<0.05, **p=<0.01, ***p<0.001, ****p<0.0001.
(Apical, N=6) (Basal, N=12).
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In addition to quantifying EV numbers to stimuli, expression of
tetraspanins; CD9, CD63 and CD81 and epithelial markers; Tspan8, EpCAM
and E-Cadherin were also profiled on basal EVs after 24- and 48-hour
exposure. Tetraspanins CD9, CD63 and CD81 were detected on EV
populations isolated from all conditions. After 24-hour exposure to stimulants
there was no significant change in the percentage of EVs expressing
tetraspanins CD9, CD63 and CDS81 (Figure 7.9A-C). However, the average
percentage of EVs expressing CD81 was observed to be higher than CD9 and
CD63, with an average expression of 30% relative to 20% and 22%,
respectively. Despite no significant changes in the individual expression of
markers, there was a significant change in the distribution of tetraspanin
expression. This was characterised by a significant increase in the percentage
of CD9 and CD63 double positive EVs in samples stimulated with 0.35ug/cm?
of active Der p 1, increasing from 11% in unstimulated samples to 20%
(Figure 7.9D). This significance was also observed in active Der p 1’s triple
positive population, with 19% of EVs positive for all three markers, indicating

that 95% of the double positive population were triple positive (Figure 7.9G).
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Figure 7.9. Changes in the Percentage Expression of Tetraspanin Markers After 24
Hour Exposure to Allergens. Changes in the percentage of EVs positive for A) CD9, B)
CD63, C) CD81, D) CD9 and CD63, E) CD9 and CD81, F) CD63 and CDS81 and G) CD9,
CD63 and CD81. Columns represent means and error bars represent standard deviation. A
One-way ANOVA with Dunnetts’s comparison test was used to compare stimulated and

unstimulated conditions. *p<0.05, **p<0.01, (N=6).
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Profiling of changes in tetraspanin expression after 48-hour exposure
showed no significant changes in the percentage of EVs expressing
tetraspanins or in the distribution of tetraspanins within EV populations
(Figure 7.10). Average expression of tetraspanins on EV populations saw the
same pattern as previously, with the highest percentage of EVs expressing
CDS81, with an average of 67%, compared to 56% and 58% for CD9 and
CD63, respectively (Figure 7.10A-C).
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Figure 7.10. Changes in the Percentage Expression of Tetraspanin Markers After 48
Hour Exposure to Allergens. Changes in the percentage of EVs positive for A) CD9, B)
CD63, C) CD81, D) CD9 and CD63, E) CD9 and CD81, F) CD63 and CD81 and G)

CD9, CD63 and CDS81. Columns represent means and error bars represent standard
deviation. A One-way ANOVA with Dunnetts’s comparison test was used to compare
stimulated and unstimulated conditions. *p<0.05, **p<0.01, (N=6).
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Comparison of the expression of tetraspanins after 24- and 48-hour
exposure to allergens showed significant increases in the percentage of EVs
expressing all tetraspanins and consequently significant increases in all

combinations of tetraspanin expression (Figure 7.11).

A) CD9 B) CD63 C)CD81

100 100

Figure 7.11. Comparison of Tetraspanin Marker Expression After 24- and 48-Hour

Exposure to Allergens. Changes in the percentage of EVs positive for A) CD9, B) CD63,
C) CD81, D) CDY and CD63, E) CD9 and CD81, F) CD63 and CD81 and G) CD9, CD63
and CD81. Columns represent means and error bars represent standard deviation. Two-

way ANOVAs with Sidak’s multiple comparison test was used to compare 24- and 48-hour

responses*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (N=6).
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All isolated EV populations had positive expression of epithelial cell
markers, with the highest percentage of EVs expressing EpCAM and E-
Cadherin. EVs were also positive for Tspan8, however, its expression within
small EV population was lower than that of other markers with an average
expression of 19% (Figure 7.12A) across all conditions, compared to 41%
expression of EpCAM (Figure 7.12B). Comparison of both Tspan8 and
EpCAM expression after 24-hour exposure saw no significant change,
however, percentage of EVs expressing E-Cadherin was observed to
significantly increase in samples exposed to active and inactive Der p 1
(Figure 7.12C). This percentage of EVs expressing E-Cadherin increased from
an average of 40% in unstimulated samples to 51% and 53% in active and
inactive samples, respectively. Additionally, while the increase was not
significant (p=0.08) there was an increase in the percentage of EVs expressing

E-Cadherin in the Can f 1 stimulated samples, increasing to 49%.

While there was a significant increase in the percentage of EVs
expressing E-Cadherin within Der p 1 stimulated samples, there was no
significant change in the distribution of origin cell markers, with no changes

being observed in the expression of two or three markers (Figure 7.12D-G).
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Figure 7.12. Changes in the Percentage Expression of Origin Cell Markers After 24
Hour Exposure to Allergens. Changes in the percentage of EVs positive for A) Tspan8,
B) EpCAM, C) E-Cadherin, D) Tspan8 and EpCAM, E) Tspan8 and E-Cadherin, F)
EpCAM and E-Cadherin and G) Tspan8, EpCAM and E-Cadherin. Columns represent
means and error bars represent standard deviation. A One-way ANOVA with Dunnetts’s
comparison test was used to compare stimulated and unstimulated conditions. *p<0.05,

(N=6).

215



Chapter 7: Exposure of 3D Airway Epithelial Cultures to Nebulised Allergens

Evaluation of origin cell markers expression after 48-hour exposure
showed high percentage of EVs expressing all markers. As with tetraspanin
expression, the observed pattern was the same as after 24-hour exposure, with
TspanS§ still lowest, with an average of 50% expression (Figure 7.13A). The
percentage of EVs expressing EpCAM’s was 58% and the percentage of EVs
expressing E-Cadherin’s remained the highest, with an average of 70%
expression (Figure 7.13B&C). Comparison of marker expression after 48-hour
exposure saw no significant change in the percentage of EVs expressing
Tspan8 and E-Cadherin after stimulation, relative to unstimulated controls.
However, a significant decrease in percentage of EVs expressing EpCAM was
observed in samples exposed to inactive Der p 1 for 48 hours (Figure 7.13B).
Furthermore, distribution of origin cell markers saw a significant change in
percentage of EVs expressing EpCAM and E-Cadherin, with double positive
expression significantly decreasing after 48-hour inactive Der p 1 exposure
(Figure 7.13F). This significant decrease was not observed in EpCAM and
Tspan8 double positive populations or triple positive populations (Figure

7.13D&G).
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Figure 7.13. Changes in the Percentage Expression of Origin Cell Markers After 48
Hour Exposure to Allergens. Changes in the percentage of EVs positive for A) Tspan8,
B) EpCAM, C) E-Cadherin, D) Tspan8 and EpCAM, E) Tspan8 and E-Cadherin, F)
EpCAM and E-Cadherin and G) Tspan8, EpCAM and E-Cadherin. Columns represent
means and error bars represent standard deviation. A One-way ANOVA with Dunnetts’s

comparison test was used to compare stimulated and unstimulated conditions. *p<0.05,

(N=6).
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Comparison of 24- and 48-hour response expression saw significant
increases in percentage of EVs expressing all marker combinations with
increased exposure duration for all conditions (Figure 7.14). While all
conditions saw significant increases in expression of markers, this increase
was less pronounced in EpCAM expression after exposure to both active and

inactive Der p 1 as well as Can f 1 (Figure 7.14B).
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Figure 7.14. Comparison of Origin Cell Marker Expression After 24- and 48-Hour
Exposure to Allergens. Changes in the percentage of EVs positive for A) Tspan§, B)
EpCAM, C) E-Cadherin, D) Tspan8 and EpCAM, E) Tspan8 and E-Cadherin, F) EpCAM
and E-Cadherin and G) Tspan8, EpCAM and E-Cadherin. Columns represent means and
error bars represent standard deviation. Two-way ANOVAs with Sidak’s multiple
comparison test was used to compare 24- and 48-hour responses*p<0.05, **p<0.01,

<0001, ****p<0.0001. (N=6).
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7.3.3. Airway Epithelial-Derived EV Transcriptomic Analysis

Changes in EV cargo was also evaluated through transcriptomic
analysis. 48-hour exposed basal EVs were isolated and sent for transcriptomic
analysis (TAmiRNA, Austria). Analysis was performed using the miND®
analysis pipeline. A false discovery rate of 0.2 was used as a cut off, to capture
some less significant miRNAs, due to limited sample available for analysis.
Data was normalised to replicates per million (RPM) to facilitate comparison.
Initially, miRNA’s identified in Chapter 3 were reviewed to see if previously
identified miRNAs; miR34a-5p, miR92b-3p, miR146a-5p and miR210-3p
showed any differential expression in samples. No significant changes in
regulation were observed for any of the identified miRNAs (Figure 7.15).
However, miR-92b-3p did show upregulation in both Can f 1 and active Der p
1 samples after 48-hour exposure (Figure 7.15B), relative to unstimulated
controls. Furthermore, miR210-3p was observed to be upregulated in samples

exposed to Poly(I:C) for 48 hours (Figure 7.15D).
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Figure 7.15. Evaluation of the Expression of miRNAs identified Through Systematic
Review of the literature (Chapter 3). Replicates per million for identified miRNAs A)
miR34a-5p, B) miR92b-3p, C) miR146a-5p and D) miR210-3p. Within each box
horizontal lines denote media values and boxes extend to 25" and 75" percentiles of each
group’s distribution, vertical bars denote adjacent values. Global comparison of groups

was performed using a Kruskal-Wallis test follows by a Wilcoxon test. *p<0.05 (N=3)
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In addition to evaluating previously identified miRNAs, TAmiRNA’s
analysis also identified numerous variably expressed mRNAs. Due to time
limitations, it was not possible to extensively analyse this data set. However, a
preliminary assessment of differentially expressed miRNAs allowed for the
identification of some immunologically interesting miRNAs. Figure 7.16
shows the RPM expression of these miRNAs. Expression of miR101-3p and
miR224-5p were observed to be elevated in samples exposed to Can f 1, active
Der p 1 and Poly(I:C), while remaining low in inactive Der p 1 and
unstimulated samples, however, global comparison showed no significance
(Figure 7.16A&E). Additionally, miR107 and miR103-3p, were observed to
have higher replicates per million in all allergen containing conditions, with
RPM remaining low in Poly(I:C) and unstimulated controls (Figure
7.16B&C). Finally, miR148a-5p, saw a slight increase in RPM in active Der p
1 containing samples relative to unstimulated controls, however global

comparisons saw no significant changes (Figure 7.16B).
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Figure 7.16. Evaluation of the Expression of miRNAs identified Through
TAmiRNA’s miND® Pipeline. Replicates per million for identified miRNAs A)
miR101-3p, B) miR107, C) miR103-3p and D) miR148a-3p and E) miR224-5p. Within
each box horizontal lines denote media values and boxes extend to 25™ and 75"
percentiles of each group’s distribution, vertical bars denote adjacent values. Global
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7.4. Discussion

A better understanding of epithelial immune cross talk and the
processes through which it communicates could provide greater insight into
the mechanisms that underpin allergic sensitisation. Here, we have developed
an in vitro 3D culture model of the airway epithelium, to investigate the role
that epithelial-derived EVs play in allergic sensitisation. 3D cultures were
exposed to nebulised indoor allergens, Der p 1 and Can f 1, and their
responses were assessed to determine any potential influence on sensitisation.
It was hypothesised that exposure of 3D epithelial cultures to nebulised
allergens would induce changes in EV responses, either increasing their
secretion or changing their cargo to facilitate the promotion of Th2
polarisation. The profiling of EV responses using imaging flow cytometry and
transcriptomic analysis, coupled with cytokine responses, would be used to
indicate how the allergens could drive allergic sensitisation. The data
presented here indicates that exposure of 3D cultures to Der p 1 and Can f'1
induces changes in EV secretion and composition, as well as inducing changes

in cargo.

The viability of cultures after 24 and 48 hours was assessed, as
substantial reductions in culture viability can result in the release of apoptotic
bodies and apoptosmes by cells which can influence the quantification and
transcriptomic analysis of EVs (Théry et al., 2018). No changes in viability
were observed between conditions at either time point, however, active Der p
1 samples had a 2% decrease in viability at 48 hours compared to 24 hours,

from 96%-94%.

Having determined there was no change in viability relative to
unstimulated controls, the structure of the epithelial was assessed by SEM and
confocal microscopy. Analysis of epithelial tight junctions showed
downregulation of ZO-1 in samples exposed to Poly(I:C) for 24 and 48 hours.
This was consistent with the literature, which indicates that Poly(I1:C) exposure
induces barrier dysfunction through inducing ZO-1 dissociation (Comstock et
al., 2011). Additionally, active Der p 1 was observed to influence ZO-1

expression, with noticeably reduced expression after both 24- and 48-hour
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exposure when compared with inactive Der p 1. Degradation of tight junctions
as a result of active Der p 1 exposure is well established in the literature (Ogi

etal., 2021, Wan et al., 1999).

SEM analysis showed 24-hour exposure of 3D cultured to nebulised
stimulants increased mucus secretion relative to unstimulated controls. This
was more pronounced in Poly(I:C) samples, which is consistent with studies
that have shown Poly(I:C) can upregulate the expression of MUCS5A and
MUCS5B enhancing mucus secretion (Lever et al., 2015). After 48 hours

mucus cover was too high to image cells.

The cytokine responses of cultures was then assessed. Alarmins IL-
17E (IL-25) IL-33 and TSLP were assessed as there is evidence in the
literature that the proteolytic cleaving of tight junctions by Der p 1 induces
their secretion (Meng et al., 2025). Contrary to the literature, exposure of 3D
cultures to active Der p 1 did not induce any significant alarmin response, with
no measurable cytokine detected. Profiling of proinflammatory cytokines IL-
1B and IL-6 showed no significant changes in response to allergen exposure,
with no detectable IL-1p and a low apical IL-6 response observed after 48
hours. This again contradicted the literature, which suggested that the Der p 1
potently induces IL-1f and IL-6 in 2D epithelial cultures (Wong, 2006). Der p
1 exposure has also been shown to induce IL-1 in mice (Wang et al., 2024).
Can f'1 also did not induce significant changes in the levels of IL-1f, IL-6, IL-
17E, IL-33 and TSLP. The context of this is unclear as the literature for Can f

1 induced epithelial cytokine responses is highly limited.

Analysis of IL-8 responses showed 24-hour exposure to Can f 1
induced significant apical IL-8 secretion. This was a directional response, with
no significant basal response. After 48-hour exposure this significance was no
longer observed, however there was a significant increase in response to active
Der p 1. Basally, after 24-hour exposure, active Der p 1 induced a significant
IL-8 response which was observed again after 48-hour exposure, along with
significant increase in response to inactive Der p 1 and Can f 1. Increases in
response to active Der p 1 and Can f 1 confirmed successful stimulation of

cultures. The induction of a response by inactive Der p 1 after 48 hours,
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suggests that the protein itself is immunogenic, which is supported by the

literature (Kauffman et al., 2006).

Quantification of EV responses after 24-hour exposure showed
significant basal changes in samples stimulated with inactive Der p 1 and Can
f 1, with this significant change being lost after 48-hour exposure. Apically,
no significant changes in EV numbers were observed, suggesting a polarised
EV response. Subsequent analysis of EV tetraspanin expression revealed no
significant changes of each individual tetraspanins (CD9, CD63 and CD&1).
However, evaluation of multiple marker expression on individual EVs showed
significant changes in the distribution of tetraspanins, with samples exposed to
active Der p 1 for 24 hours expressing higher levels of CD9 and CD63 in
combination as well as significantly higher levels of all 3 tetraspanins in
combination. After 48-hour exposure, no significant changes in tetraspanin
expression or distribution were observed, however, the percentage of

tetraspanin expressing EVs were higher at 48 hours.

Profiling of origin cell markers on EVs to confirm epithelial origin
showed no significant changes in EpCAM and Tspan8 after 24 hour exposure.
However, percentage of E-Cadherin expressing EVs was seen to significantly
increase from samples exposed to active and inactive Der p 1 for 24 hours.
Despite this significant increase in E-Cadherin there was no significant change
in the distribution of markers, with no variation in the expression of double
and triple positive EVs between conditions. After 48 hours a significant
decrease in the percentage of EpCAM expressing EVs was observed in
samples exposed to inactive Der p 1. This significant decrease was also

observed in EVs positive for both EpCAM and E-Cadherin.

Transcriptomic analysis of EVs showed upregulation of one miRNA
identified in the systematic review, miR92b-3p (Browne et al., 2025). This
miRNA was also identified in airway epithelial derived EVs where it was
suggested that it may play an important role in the early development of a Th2
responses (Bartel ef al., 2020). Additionally, the literature suggests it may
participate in eosinophilic inflammation and airway remodelling associated

with asthma (Zhang et al., 2021a). Preliminary analysis identified a further
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five miRNA which were upregulated following allergen exposure compared to
unstimulated EVs which could play a role in allergic sensitisation (miR101-
3p, miR103-3p, miR107, miR148a-3p and miR224a-5p). Each of these
miRNAs is implicated in the induction and polarisation of Th2 responses.
miR101-3p has been identified as a differential miRNA in individuals with
allergic asthma relative to healthy controls and has been linked to TLR2
expression (Huang et al., 2020). miR103-3p has been shown to have higher
expression in the EVs of patients with atopic dermatitis compared to healthy
controls, with EVs from mast cells containing miR103-3p enhancing IL-5
secretion in ILC2 cells (Toyoshima ef al., 2021). miR107 has been found to be
associated with IgE levels and eosinophil counts in HDM sensitised
individuals (Kim et al., 2025a). miR148a-3p has been shown to play a role in
M1/M2 macrophage polarisation, promoting M1 macrophages and potentially
inducing tolerance (Huang ef al., 2017). miR224-5p has been shown to play a
role in the Th1/Th2 polarisation, with its overexpression being linked to

reduced development of AR and its symptoms (Li et al., 2024a).

Overall, the data presented here shows the successful stimulation of a
3D airway epithelial model with nebulised active and inactive Der p 1 and Can
f 1. We showed that active Der p 1 exposure induced a basal IL-8 response
after both 24 and 48 hours, as well as inducing significant changes in EV
marker expression and also changes in EV cargo. The lack of significance
observed in cargo changes is likely due to the low sample volume sent for
analysis, resulting in low detected miRNA RPM, as well as the statistical
corrections for the global comparison of conditions. Future research could
focus on a more comprehensive evaluation of the miRNA data acquired,
including pathway analysis to further understand the downstream role these

miRNAs may have in allergic sensitisation.
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Chapter 8: General Discussion

The aim of this PhD was to assess the potential role of airway
epithelial-derived EVs in allergic sensitisation, through the development and
use of a 3D bronchial epithelial model and the subsequent flow cytometric and
transcriptomic analysis of EVs. This 3D model, and a method for the
quantification and characterisation of EVs using imaging flow cytometry, were
initially optimised before stimulation with the indoor allergens Der p 1 and

Can f1.

To first develop a model of the airway epithelium, preliminary work
was conducted in a 2D culture model, to facilitate the use of the cell line,
Calu-3. However, due to the lack of cellular diversity and relevant tissue
structures, it was felt that a 2D model lacked biological relevance. 3D airway
epithelial models are rapidly becoming the gold standard for the profiling of
lung responses (Wallace et al., 2025, Lee et al., 2023, Fang and Eglen, 2017).
This is due to their diverse cellular composition and the formation of key
microstructures, such as tight junctions, giving them a better homology with
the tissues they aim to model (Wallace et al., 2025, Lee et al., 2023).
Furthermore, a recent systematic review identified a significant gap in the
literature, with only one study looking into the role of epithelial-derived EVs
in allergic sensitisation using a 3D culture model (Browne et al., 2025, Bartel
et al., 2020). The use of Calu-3 in ALI models is further supported in the
literature, with them being shown to differentiate into mucus secreting cells
and form tight junctions as part of forming apical junction complexes (Wallace

et al., 2025).

Having identified and optimised a 3D culture model, it was crucial to
evaluate a mechanism for its stimulation. Commonly, Calu-3 stimulation in 3D
has been conducted via submersion (De Avila ez al., 2025, Ogi et al., 2021).
However, our results showed that stimulation in this way made it difficult to
distinguish between the cellular response induced by stimuli and the
background submersion induced response. Additionally, the submersion of
ALI cultures undermines the relevance of the model as it does not reflect

natural inhaled exposure. While stimulation of ALI via the addition of
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stimulant to the basal chamber overcame the submerged background issue
consistent with the literature (Chen et al., 2019), it did not reflect natural
exposure. The concurrence of these issues has led to the recent development
and adoption of nebulised exposures (De Avila et al., 2025, Sengupta et al.,
2023). This, facilitates the exposure of 3D cultures to aerosolised stimulants,
more closely modelling natural exposure and allowing for more robust
interrogation of 3D airway epithelial models. When considering aerosolised
exposure, it is important to consider the droplet size induced by nebulisers.
Smaller droplet sizes can sheer and damage peptides, disrupting their
functionality (Matthews et al., 2020, Bodier-Montagutelli et al., 2020).
Therefore, before exposure of ALI cultures to nebulised stimulants, it was
important to first establish that nebulisation did not impact protein function.
Additionally, due to logistical complications, it was not possible to use the
nebuliser in its optimal configuration, having to place culture plates within the
chamber. Consequently, it was important to assess the potential impairment to
its ability to deliver nebulised proteins. Deposition was observed to be 45%
lower relative to optimal configuration. This was potentially due to the
introduction of plastic into the chamber, which would be consistent with
current in vivo literature which suggests that electrostatic charges in plastic
spaces reduce lung dose delivery in children by more than two-fold (Anhej et

al., 1999).

Following the development of a 3D model and the optimised exposure
system, this project aimed to further develop a selective method for the
quantification of EVs. The current gold standard techniques for EV
quantification, such as TEM and NTA, require initial isolation of EVs and are
low throughput techniques which lack specificity, resulting in conflated and
potentially exaggerated EV counts. Consequently, this project aimed to
develop a selective high throughput method, without the need for isolation, to
quantify and characterise EVs. While the use of flow cytometry to profile EVs
is well established in the literature (Morales-Kastresana and Jones, 2017,
Welsh et al., 2023), the logistics underpinning its suitability have only recently
started to be explored (Welsh et al., 2020, Van Der Pol et al., 2018). The data

we present here attempts to highlight the initial considerations for adapting
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flow cytometry for small EV characterisation and quantification. Here we
show that the initial profiling of the CytoFLEX and ImageStreamX MKII’s
(ISX) ability to detect small particles using different sizes of standardised
NIST beads, differed between machines, with conventional cytometry being
the least sensitive. The observed unsuitability of conventional cytometry for
the profiling of small EVs is in concordance with previous literature
(Lucchetti et al., 2020). These differences in the ability of cytometers and
cytometry techniques to detect small particles highlights the importance of this
profiling prior to analysis, ultimately facilitating the selection of a cytometer
capable of detecting the EV populations of interest. Furthermore, the
subsequent translation of this information into a biological context further
emphasises the importance of this consideration. Adjustment for the variance
in refractive index of biologic (EVs) and non-biologic (Polystyrene NIST
beads) using Mie theory further contextualises the suitability of machines for
small particle analysis. Currently there is a tendency in the literature to use
polystyrene beads to position gates for analysis without this context, often
implicating that 80nm beads are equivalent to 80nm EVs (Brennan et al.,
2022), which has been shown both in the literature (Welsh et al., 2020, Van
Der Pol et al., 2018), and in the data presented here, not to be the case.
Additionally, it is important to consider the method through which individual
cytometers acquire data. Cytometers have a trigger threshold which can be set
for side scatter (object size), or fluorescence, which allows it to filter out low
end electronic noise. While the CytoFLEX has a higher trigger threshold than
the ISX making it unsuitable for small particle detection, this reduced
electronic noise can also be a strength, as observed in experiments aimed at
identifying a calcein-AM staining concentration. The removal of increasing
fluorescent background noise associated with higher concentrations of stain
allowed for plateauing of staining, which was not possible with the ISX,
potentially due to its lower trigger threshold. The use of calcein-AM for the
staining of EVs has been previously reported in the literature (Tertel et al.,
2022, Gray et al., 2015, de Rond et al., 2018, Calderon-Pelaez et al., 2025).
However, here we present an optimised method for the detection and
quantification of intact calcein positive single EVs using imaging flow

cytometry.
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Having optimised a method for the quantification of single intact EV
events, the characterisation of these events needed to be optimised. The
characterisation and profiling of tetraspanin expression on the surface of EVs
is a standardised practice within the field of EV research and is a requirement
of MISEV (Mizenko et al., 2021, Welsh et al., 2024). While tetraspanin
expression on EVs is not fully understood, they represent an important
biomarker with highly varied expression that can be an indicator of both an
EV’s cellular origin, as well as its potential function (Kugeratski et al., 2021,
Nazarenko et al., 2010, Okada-Tsuchioka et al., 2022, Welsh et al., 2024).
While there are a variety of ways to profile the expression of these markers,
such as RTg- PCR and western blot analysis, flow cytometry provides an
exciting and potentially more refined approach to characterising tetraspanins
on EVs. The use of imaging flow cytometry does not just provide an
indication of a marker’s presence, but also the individual and combined
expressions of theses markers on single EVs, as well as across a whole
population. While the potential for flow cytometry as a tool for EV
characterisation presents an interesting and powerful prospect, the transition
from its initial optimised purpose of characterising cellular populations to EV
populations requires a variety of considerations to be effectively implemented

at the small particle scale, particularly for tetraspanin characterisation.

A key consideration regarding the characterisation of EVs with flow
cytometry is the sensitivity of the cytometer to specific fluorophores. At the
cellular level, the literature suggests that tetraspanins are expressed at about
30,000-100,000 copies per cell (Hemler, 2003), ultimately providing adequate
binding sites for enough antibodies to create a detectable signal for the
cytometer. While the heterogeneous and varied nature of tetraspanin
expression on EVs is established in the literature (Kugeratski ef al., 2021,
Okada-Tsuchioka et al., 2022, Mizenko et al., 2021), how this relates to copy
numbers on an EV is unknown. Due to the varied biogenesis, such as budding
from the cell, and their significant difference in size, it is reasonable to assume
a reduced copy number relative to its cell of origin. Consequently, to avoid
potential false negative profiling as a result of lower copy numbers, the LoD

of the assay was measured to give context to analysis. To assess this in a way
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that is translatable to EVs, the LoD of different fluorophores were measured
on ISX in terms of antibody binding capacity (ABC). Understanding LoDs in
the context of a minimum number of bound antibodies required to trigger a
detectable event, or ABC provides a platform for a more practical assessment
of a fluorophore’s suitability for small particle tetraspanin analysis and

characterisation as it can be related to potential copy numbers on EVs.

Here we highlight not just the importance of traditional fluorophore
selection based on colour separation, but also on the cytometer being used, as
well as the intended application. For example, on the ISX the LoDs ranged
from 24 — 1183 depending on the fluorophore. While a LoD of 1183 would be
more than adequate for the profiling of cells with 30,000 or more copies, how
this relates to EVs is less clear and should be taken into consideration.
Consequently, identifying and using fluorophores with low LoDs, such as
APC and PE-CyS5, would be preferable for the confirmation of individual
marker expression and reporting of the LoD can lend further weight to the
relevance of data presented. However, the variation observed between LoDs of
different fluorophores could present an issue when characterising the
expressions of multiple tetraspanins simultaneously within a population, with
potential observed changes in the expression of markers relative to others
being the result in differences in fluorophore sensitivity rather than a
significant change in expression. Consequently, selections of fluorophores
with not just low, but also similar LoDs, is preferable. Considering these
logistics, the presented data identified the use of APC, PE-Vi0615 and PE as

the optimal panel for this analysis.

It is important to highlight that LoDs for fluorophores will vary
between different machines of the same make and optimal fluorophores on
one machine might not be the same as on others. In addition, the LoDs
presented here are calculated from the autofluorescence measured from the
blank bead population provided. The increased size of the beads relative to
EVs could mean that LoD values quoted here are potentially an overestimate

and could be lower than quoted. Consequently, LoDs could be measured using
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the autofluorescence of the unstained samples to provide lower and more

accurate LoDs for EV analysis.

Having optimised a 3D epithelial culture model, a suitable mechanism
for its stimulation and the characterisation and quantification of EVs using
imaging flow cytometry, it was possible to assess the effect of two allergens,
Der p 1 and Can f 1, on epithelial-derived EV responses. We believe this is the
first study which examines the effect of both nebulised Der p 1 (both active
and inactive) and Can f 1 on 3D airway epithelial culture in any capacity. The
data presented here shows the effect of allergen 24- and 48-hour exposure on
microstructures, such as tight junctions and cilia, as well as their effect on
cytokine and EV responses. Here we assessed the expression of tight junction
proteins occludin and ZO-1, where ZO-1 was observed to decrease with
prolonged expose to active Der p 1. This is supported by the literature, with
the ability of Der p 1 to promote epithelial barrier dysfunction through the
proteolytic cleaving of tight junction proteins such as claudin, occludin and
Z0-1 being extensively reported (Jurkiewicz et al., 2025, Nur Husna ef al.,
2021b, Zhang et al., 2017). Additionally, because Poly(I:C) and Der p 1 are
known to promote the secretion of mucus (Pifieiro-Hermida et al., 2017, Lever
et al., 2015), SEM was used to profile changes to the epithelial barrier
microstructure, as well as assess mucus coverage. The novel data presented
here showed that 24-hour exposure of cells to nebulised active Der p 1 did
promote mucus secretion relative to proteolytically inactive Der p 1, which has
not been previously reported. After 48 hours, mucus density was too high in
all samples to properly ascertain the effect of stimuli. Additionally, nebulised
Can f 1 was observed to increase mucus production in 3D cultures which has

also not been reported previously in the literature.

The link between epithelial barrier disruption and alarmin cytokine
response is well established (Wenger et al., 2023). Exposure of our model to
nebulised allergens was observed to induce no measurable level of alarmin
cytokine response. While this appears to significantly contradict the literature
regarding epithelial cell responses, the reporting on alarmin production by

Calu-3 cells is poor, particularly in ALI culture. A study by Melnikova et al.,
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did show that Bet v 1 and Aln g 1 allergen exposure of Calu-3 cells cultured at
ALI did induce a significant increase in IL-33 and TSLP response, however,
this looked at gene expression, rather than cytokine secretion (Melnikova et
al., 2025). Additionally, secretion of IL-25 in ALI Calu-3 has not been
previously reported. The secretion of inflammatory cytokines, such as IL-1p,
IL-6 and IL-8 in response to allergen stimulation is also well established in the
literature (Naso et al., 2025, Chung, 2001, Bachert et al., 1995). While
Melnikova et al. also reported a significant increase in IL-1 gene expression
with allergen exposure, a study by He ef al., showed that nebulised exposure
of Calu-3 to LPS induced no detectable level of IL-1f in concordance with our
findings (He ef al., 2021). The lack of observed IL-6 secretion contradicts
literature regarding epithelial responses (Naso et al., 2025, Ogi et al., 2021),
however, information regarding nebulised responses of Calu-3 is limited, with
one study showing that nebulised LPS exposure of Calu-3 induced apical IL-6
secretion (Braakhuis ef al., 2023). Notably, the lack of IL-6 secretion observed
after 24-hour exposure of ALI inserts to Der p 1 conflicts with the literature,
with a study by Ogi et al., showing significant basal secretion of IL-6 after Der
p 1 exposure of ALI cultured primary nasal epithelial cells (Ogi et al., 2021) .
This difference in observation could be the result of the method of stimulation,
with Ogi et al., performing submerged stimulations which were noted to

induce IL-6 secretion in the presented submerged stimulations.

Here we show that exposure of 3D cultured Calu-3 epithelial cultures
to nebulised allergens can induce significant changes in IL-8 secretion.
Exposure of cultures to Can f 1 for 24 hours induced a significant polarised
apical cytokine response, which transitioned into a polarised basal response
after prolonged exposed, consistent with preliminary stimulation in Chapter 5.
There is currently no literature regarding the nebulised exposure of Can f 1 in
culture. Additionally, we showed that 24-hour exposure to active Der p 1
induced a significant polarised basal response, which became systematic after
48-hour exposure, being secreted both apically and basally. Der p 1 induced
IL-8 secretion has been observed in 2D culture models (Shi et al., 2010, Adam
et al., 2006), however, 3D culture literature is sparce. Polarised epithelial

cytokine responses in 3D epithelial cultures, particularly IL-8, are being
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increasingly reported in the literature (Barnett ez al., 2023, Chen et al., 2019,
Rossi et al., 2013, Chow et al., 2010). Additionally, these observations are
consistent with in vivo observations with luminal IL-8 being associated with
allergic phenotypes such as AR (Cergan et al., 2025, Gosset et al., 1997).
Secretion of IL-8 is highly associated with the promotion of allergic
phenotypes through the recruitment of immune cells, such as neutrophils, mast
cells and basophils promoting the generation of inflammation at the site of
allergen challenge (Ghrairi and Elhechmi, 2025, Cergan ef al., 2025). The
directionality of observed cytokine responses could serve to recruit immune
cells to facilitate allergen clearance at sites of epithelial barrier dysfunction
and penetration. Additionally, it has been suggested that the luminal secretion
of IL-8 could be an autocrine signal. Rossi et al. have shown the apical IL-8
secretion promoted intestinal epithelial differentiation, potentially acting as a
mechanism to restore the epithelial barrier function after it is compromised
(Rossi et al., 2013). This would support observations here which saw a
significant apical IL-8 response to Der p 1 alongside a pronounced decrease in
tight junction presence. Additionally, this apical restorative function could
further explain the lack of apical responses observed in inactive Der p 1, with
basal IL-8 secretion being induced through interaction with cells, as opposed

to damage induced secretion.

The effect of Der p 1 and Can f 1 on epithelial EVs is poorly explored
in the literature, with a recent systematic review identifying just one paper
looking at Der p 1 (Qiu ef al., 2011) and two papers looking at the broader
HDM extract (Gon et al., 2017, Zhang et al., 2021b). Furthermore, no
literature was identified looking at the effect of the aeroallergen Can f 1 on EV
response. Here we show, 24-hour exposure of nebulised Can f 1 induced a
significant EV response, promoting the secretion of EVs basally. Furthermore,
we show that exposure of inserts to active and inactive Der p 1 increased EV
secretion, with this increase being significant in proteolytically inactive
samples. This suggests that the Der p 1 protein itself plays an important role in
the induction of EV responses. While this observation in EV response is
unique, it is corroborated by other reports in the literature and cytokine data

presented here which suggests that the peptide itself is immunogenic
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(Kauffman et al., 2006). While inactive Der p 1 and Can f 1 exposure induced
significant increases in EV secretion after 24-hour exposure, they did not
significantly alter tetraspanin expression or distribution. Here we show that
active Der p 1 stimulation of epithelial cells can induce a significant change in
the distribution of tetraspanins on EVs, significantly upregulating the
percentage of CD9 and CD63 EVs as well as the number of CD9, CD63 and
CDS8I positive EVs. Tetraspanins play a diverse role in the context of EVs
being associated with the early biogenesis of exosomes, facilitating the
recruitment of ubiquitinated cargo to MVBs as part of the ESCRT pathway.
Consequently, observed changes in tetraspanin distribution on EVs could be a
potential indicator of cargo change as a result of stimulation. Tetraspanins,
such as CD9, have been shown to regulate the internalisation of MHC class 11
in DCs as well as enhance epidermal growth factor internalisation (Toribio and
Yanez-Mo, 2022, Rocha-Perugini et al., 2017, Murayama et al., 2008).
Additionally, this change in distribution could also indicate a change in signal
target. Tetraspanins CD9 and CD81 have been shown to be involved in the
targeting and uptake of exosomes by DCs (Jankovicova ef al., 2020, Fanaei et
al., 2011). In the context of allergy this is further supported by a study
conducted by Zhang et al which showed that HDM-induced airway epithelial
EVs were able to facilitate the recruitment, migration and activation of
monocyte derived DCs (Zhang et al., 2021b). In addition to changes in
tetraspanin distribution, we also showed that 24 hour nebulised active and
inactive Der p 1 exposure induced significance in the percentage of EVs
positive for E-Cadherin. A study by Takahashi ez.al. saw similar results to the
data presented, seeing a significant increase in E-Cadherin expressing EVs
from nasal epithelial cells as a result of epithelial injury, as well as no
significant change in EpCAM expression (Takahashi et al., 2020). In their
study they speculated that this change in E-Cadherin expression may reflect
the loss of adherent junctions which is consistent with tight junction staining
data for active Der p 1 (Takahashi and Schleimer, 2021). Additionally, E-
Cadherin has been shown to improve the structural stability of EVs, enhancing

their ability to signal over longer distances (Bénfer et al., 2022).
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Transcriptomic analysis of EV cargo showed upregulation of the
previously identified miR92b-3p in samples treated with active Der p 1 and
Can f 1. A study conducted by Bartel et al., initially saw upregulation of this
miRNA in a 3D “asthma like” model, with their pathway analysis suggesting
that this miRNA could facilitate the polarisation of Th2 cells by DCs (Bartel et
al., 2020). Consequently, upregulation of miR92b-3p in allergen exposed
samples relative to unstimulated controls potentially demonstrates a
mechanism through which allergen-epithelial cell interactions could induce
EVs which can promote Th2 skewing and the promotion of sensitisation. In
addition, assessing the expression of previously identified miRNAs, the data
presented here identifies some additional miRNAs which could further
influence Th2 polarisation; miR101-3p, mir103-3p, miR107, miR148a and
miR224a-5p.

A recent study by Kim et al., profiled 304 miRNAs in children with
asthma, separated by their sensitisation to HDM status. In this study they
identified a strong association between the expression of miR107 and HDM
sensitisation, with there being a link between miR107 expression and more
severe asthma phenotypes, including higher peripheral blood eosinophils and
total IgE levels (Kim et al., 2025a). miR107 expression has been previously
associated with TLR4 activation in other metabolic diseases (Foley and
O"Neill, 2012), which could explain its up regulation in active and inactive
Der p 1 samples. The association of this miR107 with HDM sensitised
individuals, and its upregulation in EVs after allergen exposure, could provide
an avenue for further understanding the role epithelial EVs can play in the

promotion of allergic sensitisation.

Upregulated expansion of miR103a-3p was observed in all allergen
containing exposures. The miRNA miR103a-3p has been previously shown to
be expressed in primed mast cells, where it was able to enhance IL-5 secretion
of ILC2s in the presence of IL-33 (Toyoshima et al., 2021). ILC2s play a
central role in allergic sensitisation and the generation of Th2 responses,
activating and facilitating the induction of pro Th2 DCs (Zheng et al., 2021,
Bartemes and Kita, 2021). The presence of upregulated miR103-3p in

epithelial-derived EVs could perform a similar role to that observed in mast
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cell EVs, further activating and promoting ILC2 cytokine response, alongside

the secretion of IL-33, ultimately promoting allergic sensitisation.

Here we show an upregulation of miR148a-3p after exposure to active
Der p 1. Currently miR148a-3p had been shown to play an important role in
Notch signalling which promotes the activation and polarisation of M1
macrophages. M1 macrophages produce pro-inflammatory cytokines such as
TNF-a, IL-6 and IL-1B and have been shown to be capable of inducing
sustained hyper reactive inflammation in response to HDM (Cergan ef al.,
2025, Dunbar ef al., 2024). The ability of epithelial derived EVs to promote
M1 macrophage phenotypes is well established in the literature (Yu et al.,
2021, Kulshreshtha et al., 2013, Shin et al., 2010), and was recently identified
in a recent systematic review as a key mechanism through which epithelial
EVs can promote allergic sensitisation (Browne et al., 2025). Conversely,
active Der p 1 and Can f 1 exposed samples also showed upregulated miR101-
3p. This has been previously reported to down regulate the expression of
inflammatory cytokines in proinflammatory macrophages, through the
inhibition of TLR2 pathways (Huang et al., 2020). This suggests that
epithelial-derived EVs could also promote allergic tolerance through
macrophages, as well as promote sensitisation. The ability of airway epithelial
derived EVs to promote tolerance as a result of allergen exposure has been

previously reported in the literature (Prado ef al., 2010, Prado et al., 2008).

In addition to the promotion of tolerance through the suppression of
M1 macrophages, epithelial-derived EVs could also promote tolerance
through the upregulation of miR224-5p. Upregulation of miR224-5p was
observed in samples exposed to Can f 1 and active Der p 1, as well in
Poly(I:C) stimulated cells. A study Li et al., showed that miR224-5p plays an
important role in the modulation of Th1/Th2 responses, where miR224-5p
promoted Th1 differentiation and consequently suppressed Th2 induction
through GATA3 (Li et al., 2024a). Over expression of miR224-5p was also
shown to reduce AR development, as well as attenuate symptoms, suggesting
its presence in allergen stimulated epithelial-derived EVs could act to prevent

sensitisation and promote tolerance.
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While the data presented here indicates the potential roles of airway
epithelial-derived EVs in allergic sensitisation, there are limitations with this
study. A major limitation of this study was that only a preliminary examination
of the transcriptomic data was feasible. Data only became available in the
second week of September 2025, around two weeks prior to thesis submission.
A more robust and extensive analysis of this data, as well as pathway analysis
of identified miRNAs, could provide additional insight and more robust
understanding of the role EVs play in allergic sensitisation. Furthermore, due
to limited sample availability, replicates had to be combined to create samples
concentrated enough for miRNA analysis. The reduction in sample size from
n=6 to n=3, and the limited amount of sample in combined replicates, reduced
the power of miRNA analysis. Consequently, future work could focus
specifically on this output, generating samples solely for transcriptomic

analysis, lending the analysis greater statistical strength.

Additionally, while the cell line Calu-3 identified for this model was
suitable for the development of a 3D model, their varied cytokine responses,
particularly the reports of upregulated alarmin cytokine gene expression with
no downstream protein observed in this study, and the literature suggests that
their cytokine machinery does not function properly (Melnikova et al., 2025,
He et al.,, 2021). Additionally, Calu-3 are known to be a high mucus secretion
cell line when cultured at ALI (Sonntag ef al., 2022). This provides many
technical challenges regarding the dosing of inserts, and can impact analysis as
was seen in this study with SEM analysis after 48 hours. Transformed cell
lines are a useful and accessible tool for the studying of disease pathogenesis,
however, as culture methods are further developed to better represent the
tissues they aim to model, the use of primary cells could further enhance the
biological relevance of models. Consequently, future work could focus on the
implementation of this and the profiling of cytokine and EV responses after

allergen exposure.

The robustness of the flow cytometric analysis could have been further
enhanced through the addition of EV negative markers. These could
supplement the selective Calcein-AM and cellular origin staining confirming

EVs are of cellular origin as opposed to potential contaminants (such as EVs
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of mitochondrial origin (MitoEVs)). The addition of antibodies for MitoEVs
markers such as VDAC or COX-IV would further emphasis the epithelial
origin of EVs (Zhou et al., 2023). However, this was not possible due to
limited panel space and the commercial availability of antibodies with optimal

fluorophores.

The final limitation of this study was the configuration of the Vitrocell.
While the nebuliser functioned as intended and stimulation of cells was
possible, the reduced deposition of stimulant as a result of adding plastic
plates to the chamber meant it was not possible to profile different allergen
concentrations. Due to the lack of literature regarding nebulised Der p 1 and
Can f'1 there was no recognised dose and as such allergens were used neat.
The profiling of different concentrations of allergen could allow for more
close modelling of the natural day to day exposure to allergens, giving the

model greater robustness.

Overall, the work presented here outlines the potential role airway
epithelial-derived EVs can have to both promote and prevent allergic
sensitisation. Through the development of a 3D airway epithelial model and
mechanism for its exposure, we were able to more accurately mimic the
exposure of the airway epithelium to common indoor allergens Der p 1 and
Can f 1. This facilitated the subsequent profiling of the EV responses, through
the development of novel imaging flow cytometric staining and analysis. This
analysis allowed for the profiling of tetraspanins and epithelial markers on
individual EVs, as well as across a whole population. Despite the lack of
significance observed in transcriptomic data, the upregulation of miRNAs;
miR101-3p, miR103-3p, miR107, miR148a and miR224a-5p were observed to
influence sensitisation, in mechanisms similar to that previously reported in
the literature (Browne ef al., 2025). While the data presented provides a
potential avenue for the better understanding of the mechanisms underpinning
allergic sensitisation, more research is still required to understand the full
scope of the role airway epithelial-derived EVs play in the regulation of

allergic sensitisation.
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