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Abstract

Asthma is a chronic heterogeneous airway disease characterised by airway inflammation,
hyperresponsiveness and remodelling. Onset of asthma primarily takes place in childhood, an
aspect that is underrepresented in mouse models of allergic airway disease (AAD), and results
in long-lasting deficits in lung function. Epidermal growth factor receptor (EGFR) is
ubiquitously expressed, fulfils both protective and pathogenic functions in various disease
contexts and was shown to be upregulated in both children and adults with asthma. The aim
of this thesis was to define the role of EGFR signalling in early-life AAD and compare it to
adulthood.

Analysis of newly generated and published data in Chapter 3 revealed widespread expression
of EGFR and its ligands in the lungs of both developing and adult mice and provided evidence

for enhanced EGFR signalling upon allergen exposure.

Manipulation of EGFR signalling in various AAD models in Chapter 4 identified a unique role
of this pathway in protecting against airway hyperresponsiveness in early life which was not

observed in adulthood.

In-depth analysis of EGFR inhibition during early-life AAD conducted in Chapter 5 established
a novel role for EGFR signalling in driving sex differences in early-life AAD by augmenting

type 2 immune responses of young female animals.

Finally, Chapter 6 investigated EGFR involvement in respiratory infection, comparing
SARS-CoV-2 infection between children and adults by studying paediatric and adult airway
epithelial cells. This demonstrated SARS-CoV-2 infection to be indistinguishable between
paediatric and adult cells but significantly diminished damage and inflammation compared to

infection with Influenza H1N1.

Collectively, these findings demonstrate that EGFR signalling is highly active during AAD but
fulfils distinct roles depending on age and sex, underscoring the need to use appropriate
models of disease. The pathway may constitute therapeutic targets to preserve lung function

in early life and may protect young females from developing severe disease.
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1 Introduction







1.1 Asthma

111 Definition, incidence and aetiology

Asthma is a chronic respiratory disease with an incidence ranging from 2-4% in Asian
countries to up to 20% in the UK and other developed countries, amounting to over 250 million
cases worldwide'. According to the Global Initiative for Asthma (GINA), the condition is defined
as variable expiratory airflow limitation in patients with a history of respiratory symptoms such
as shortness of breath, chest tightness, wheezing and cough?. Although reversibility of airflow
obstruction was previously considered a key feature of asthma, irreversible airflow obstruction
has been reported in subjects with severe asthma, likely due to the presence of mucus plugs
within the airways?®. Acute exacerbations of asthma (also known as “asthma attacks”) can be
triggered by allergen exposure, tobacco smoke, respiratory infections, pollution, chemicals or
even exercise or cold air, commonly require the use of medication to achieve relief and can,

in serious cases, result in hospitalisation or death.

Asthma is a highly heterogeneous disease and as such encompasses many different
aetiologies and clinical phenotypes. Although disease onset can occur at any point in life, with
adult-onset often associated with higher severity, faster decline in lung function and absence
of atopy*, asthma develops during early childhood in the vast majority. It is estimated that 80%
of cases begin within the first six years of life>. Due to the difficulty of definitively diagnosing
asthma in very young children, recurrent episodes of wheeze and breathing difficulty seen in
children under the age of six are termed pre-school wheeze (PSW)®. Although multiple factors
can cause wheezing in pre-school children, by far the most common trigger for wheezing is
viral respiratory tract infections, which cause episodic wheeze. These episodes are most
commonly provoked by infection with respiratory syncytial virus (RSV) or rhinovirus (RV) along
with human metapneumovirus and seasonal coronaviruses” &. Importantly, recurrent viral
infections in pre-school children, especially with RSV or RV, are associated with an increased
risk of developing asthma®'". Approximately one third of pre-school children wheeze during
viral infections, with around 40% of those wheezers going on to develop asthma’?, yet the
underlying decisive factors for disease progression remain poorly understood. Of note,
children with PSW already display key features of asthma pathology, such as eosinophilic
airway inflammation and thickening of the reticular basement membrane (RBM)'3. These
features are further exaggerated in school-aged children with difficult-to-treat or severe
therapy-resistant asthma (STRA), whose RBM thickening is comparable to adults with
asthma™ 15, Importantly, deficits in lung function developed during the first years of life were
shown to persist into adulthood'® ', conveying urgency to study the mechanisms underlying

the development of PSW and asthma in early life.
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In addition to early-life respiratory infections, various factors have been implicated in inferring
an increased risk of asthma development'®. Several genetic variants have been associated
with asthma risk, including single-nucleotide polymorphisms (SNPs) in the regions of
ORMDL3/GSDMB (specific to childhood-onset asthma), HLA-DQ, IL33, ILT1RL1/IL18R1,
SMAD3 and IL2RB’°. In addition, both the prevalence and severity of asthma differ between
the sexes in an age-dependent manner, wherein males exhibit worse disease during childhood
and females display higher incidence and disease severity in adulthood?® 2'. Further risk
factors suggested to affect the development of asthma include atopy, prenatal (maternal) and
postnatal tobacco exposure, pollution, antibiotic use, diet, nutrition and obesity'®. Whereas
atopy is less common in adult-onset asthma, exposure to occupational allergens such as
cleaning solutions, latex or flour dust can increase the risk of asthma development in adults.
Nevertheless, the exact causes of the disease remain elusive and will conceivably differ from

patient to patient.

11.2 Clinical phenotypes and endotypes

Historically, asthma was thought to be a single disease characterised by atopy, eosinophilia
and Th2-driven inflammation. However, it is now well-accepted that the term asthma
encompasses various conditions with varying observable features (phenotypes) and
underlying biological pathways (endotypes). For example, asthma pheno- and endotypes can
be grouped by age of onset (early onset vs. late onset), atopy (atopic vs. non-atopic), the
presence of type 2 (T2) inflammation (T2 high vs. T2 low), the kind of inflammation present
(eosinophilic, neutrophilic, mixed granulocytic or pauci-inflammatory) or disease triggers (e.g.
exercise-induced, obesity-related or aspirin-intolerant)?>24. Further distinctions have been
identified in patients with severe asthma by unsupervised clustering of clinical parameters,
including the response to corticosteroid therapy?®. Severe asthma is defined as asthma that
requires treatment with a second controller or systemic corticosteroids in addition to high-dose
inhaled corticosteroids to reach control or asthma which remains uncontrolled despite such
therapy?®. Based on the growing appreciation for the great complexity and heterogeneity of
asthma, efforts are being made to define phenotypes that can be linked to the underlying

biological mechanisms and thus aid in the development and selection of appropriate therapies.

1.1.3 Molecular mechanisms of asthma pathology

The defining element of asthma is variable airflow obstruction due to a reduction in the
diameter of the airways, which is usually reversible with bronchodilators. Other hallmark
features with varying presence between asthma phenotypes include chronic inflammation,

airway hyperresponsiveness, structural remodelling of the airway wall, such as goblet cell
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hyperplasia, increased airway smooth muscle mass and excessive deposition of extracellular
matrix, and often also allergic sensitisation. A feature observed across all phenotypes of
asthma is epithelial damage, which can be caused by allergens, especially protease-rich ones
such as house dust mites or cockroaches, or, in the case of non-allergic asthma, pollutants
and microbes?. In response to these insults, epithelial cells release a host of mediators,
including cytokines and chemokines?®. The most prominent among these are the so-called
‘alarmins’ interleukin-33 (IL-33), thymic stromal lymphopoietin (TSLP) and IL-25. IL-33 and
TSLP were found to be increased in the bronchoalveolar lavage (BAL) of patients with asthma
and both alarmins, but especially IL-33, correlated with the level of lung function decline
observed in these patients?®. In contrast, IL-25 expression was found to be elevated in the
bronchial epithelium of a subset of patients with T2-high asthma and good steroid
responsiveness®. Interestingly, single nucleotide polymorphisms in loci of /L33 and IL1RL1
that encode IL-33 and its receptor ST2 are among the genetic variants most strongly
associated with asthma risk'. In addition, mouse models have shown that intranasal
administration of either IL-33 or IL-25 is sufficient to induce key features of asthma pathology,
such as airway inflammation, remodelling, airway hyperresponsiveness, neoangiogenesis and
expression of type 2 cytokines, although the latter two were only observed after IL-33
treatment®'. Together these findings suggest that the epithelial release of alarmins, especially

IL-33, is likely central to the pathophysiology of various phenotypes of asthma.

Animal models have been a useful tool in the study of the pathophysiology of allergic asthma.
A commonly used model involves the peripheral sensitisation of rodents, generally mice, with
the model antigen ovalbumin (OVA), followed by an airway challenge, during which OVA is
administered intranasally, via the trachea or as an aerosol®?. Although this approach models
key features of asthma biology, such as airway hyperresponsiveness, airway inflammation,
especially eosinophilia, the production of type 2 cytokines and allergic sensitisation, it has
been criticised not just because peripheral sensitisation is not clinically relevant, but also due
to its inability to cause persistent pathology, particularly airway remodelling3®. These
shortcomings were overcome when allergic airway disease (AAD) was instead induced using
chronic inhaled exposure to the clinically relevant allergen house dust mite (HDM), which
induced severe eosinophilia and type 2 inflammation as well as airway remodelling and airway
hyperresponsiveness that persisted even beyond cessation of allergen exposure34. Both AAD
models, as well as hybrid models combining peripheral sensitisation with chronic allergen

challenge, are routinely used within the literature.

These approaches have provided valuable insights into the role of type 2 cytokines such as
IL-4, IL-5 and IL-13 in driving pathological features of asthma?®. These cytokines can be

produced by type 2 innate lymphoid cells (ILC2s) or type 2 helper T cells (Th2 cells) directly
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in response to IL-33, TSLP or IL-25 within the lung or after activation by conventional type 2
dendritic cells (cDC2s) within the lymph nodes, respectively®®2°. Activated basophils, mast
cells and eosinophils provide an additional source of type 2 cytokines. IL-4 plays a major
role in allergic sensitisation by inducing class switching of B cells to IgE and contributes to
eosinophil extravasation via the upregulation of adhesion molecules on the vessel wall*'.
Antigen-mediated cross-linking of IgE molecules captured by basophils or mast cells
expressing the high-affinity IgE receptor FceRI triggers their activation and release of
mediators, which include histamines, proteases and type 2 cytokines*°. These molecules can
support cell recruitment by increasing vascular permeability and contribute to airway
remodelling by inducing mucus production in goblet cells and an increase in smooth muscle
mass*> 42, In addition, IgE can act directly on smooth muscle cells to induce their proliferation,
contraction and secretion of cytokines and chemokines*:. IL-5 drives the maturation of
eosinophils in the bone marrow and also induces their activation within the tissue, triggering
the release of various mediators such as the toxic proteins, pro-inflammatory and type 2
cytokines, lipid mediators and fibrinogenic factors, several of which have been implicated in
driving airway hyperresponsiveness and remodelling**. In addition to its known ability to cause
airway hyperresponsiveness and drive mucus hyperplasia®> 46, IL-13 has recently been
suggested to disrupt epithelial barrier function via the breakdown of tight junction molecules*’.

The most important players of the type 2 response in asthma are summarised in Figure 1.1.

While the contributions of type 2 cytokines and associated cells to asthma pathophysiology
have been well-defined, particularly with the help of mouse models, less is known for example
about the role of IL-17 or neutrophils. The fact that many AAD models, especially the OVA
sensitisation/challenge approach, primarily or exclusively drive type 2 inflammation has made
the study of these pathways in vivo challenging with current models. While chronic allergen
exposure can drive neutrophilia and Th17 responses*®, these are induced in concert with
type 2 inflammation and thus reflect a mixed granulocytic rather than a T2-low phenotype of
asthma. The use of existing models has produced conflicting results regarding the role of IL-17
in asthma, with different studies reporting the cytokine to be either protective*® %, pathogenic®
or irrelevant®® in various models of AAD. Similarly, researchers are unsure whether the
presence of neutrophils during asthma is beneficial, detrimental or inconsequential®s.
Nevertheless, the presence of both neutrophils and IL-17 in patients with asthma is associated
with more severe disease phenotypes® %, underscoring the urgent need for the development
of novel in vivo models of neutrophilic asthma that allow the study of the underlying
pathophysiology. The same urgency applies to the development of models reflecting other
phenotypes of T2-low asthma, such as obesity-associated or smooth-muscle mediated, pauci-

granulocytic asthma, as the biological processes driving disease in these patients also remain
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Figure 1.1 Type 2 immune responses in (allergic) asthma (simplification).

Epithelial damage is caused by exposure to allergens, pollutants or microbes and results in the release of
alarmins (IL-25, IL-33, TSLP) from airway epithelial cells. These can act on cDC2s, which travel to the lymph
node where they activate Th2 cells, or directly activate ILC2s. These type 2 lymphocytes produce the type 2
cytokines IL-4, IL-5 and IL-13. IL-4 can drive IgE production by inducing B cell class switching and contributes
to eosinophil extravasation. Antigen-mediated IgE cross-linking activates basophils and mast cells to release a
host of mediators, which contribute to vascular permeability and induce an increase in airway smooth muscle
mass. IL-5 is crucial for the development and survival of eosinophils, which can drive airway remodelling and
hyperreactivity. IL-13 can induce goblet cell hyperplasia, airway hyperreactivity and contributes to barrier
dysfunction via the breakdown of epithelial tight junction molecules.

poorly understood. Finally, the maijority of in vivo studies utilise adult animals and thus fail to
reflect a striking feature of the majority of patients with asthma: the onset of the disease during
childhood. Work from our group has demonstrated that the inception of early-life AAD in
neonatal mice depends on the presence of IL-13" CD4 T cells, whereas IL-13 production from
ILC2s was sufficient to induce disease in adult animals®®. We have also shown that the
microbiome plays an important part in educating the immune system and modulating the risk

of asthma development: whereas pups exposed to inhaled HDM from day three of life
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exhibited exacerbated allergic airway inflammation, mice at two weeks of age showed reduced
susceptibility to type 2 inflammation, driven by changes in the abundance and composition in
the airway microbiome®’. In contrast, others have found that, compared to adults, mouse pups
of two weeks of age were characterised by an increased production of IL-33 in the lungs which
resulted in Th2 cell skewing via the spontaneous activation of type 2 cells by CD11b* cDCs
and was further exacerbated by exposure to HDM®8. Despite the somewhat conflicting findings
regarding the time frame for increased susceptibility to the development of type 2 responses
in early life, these studies illustrate that the mechanisms underlying asthma pathology are
likely distinct between childhood and adulthood, not least due to changes in the airway
microbiome, and highlight the need to study asthma biology in early life by using appropriate
models in neonatal mice. Overall, a better understanding of the disease-driving mechanisms
will be key to distinguishing different asthma endotypes and refining current treatment

strategies, thus improving the quality of life for patients with asthma.

114 Current treatment strategies

Perhaps not surprisingly given the great heterogeneity in asthma pheno- and endotypes, there
is currently no cure for asthma. Nevertheless, several different treatments are available to
patients to relieve and control symptoms. Commonly used ‘relievers’ are short-acting
B-agonists (SABA), which act directly on the B2-receptor expressed on smooth muscle cells,
causing muscle relaxation and dilation of the airways. Their use for ‘as needed’ symptom relief
was previously recommended for patients across all levels of asthma severity. However,
SABA-only treatment of asthma has since been associated with an increased risk of
exacerbations and asthma-related death, which prompted GINA to update its guidance on the
management of asthma in 2019 to recommend that patients should not be treated with SABA
alone®. Instead, the use of SABA should be accompanied or replaced by treatment with
inhaled corticosteroids (ICS). ICS are another mainstay therapy for asthma and are
considered among the most effective controllers of the disease due to their ability to suppress
airway inflammation and alleviate airway hyperresponsiveness®. GINA recommends their use
together with long-acting B-agonists, which have a longer duration of 12 hours compared to
the 3-6 hours achieved by SABA, either as needed or daily, depending on the severity of the
disease®. Another class of drugs available for asthma control are leukotriene receptor
antagonists (LTRA), which counteract the ability of cysteinyl leukotrienes to cause
bronchoconstriction, airway hyperresponsiveness, eosinophil recruitment, mucus production
and vascular permeability®’. If these treatments are insufficient to provide asthma control,
systemic corticosteroids, usually prescribed as oral tablets, can be used for asthma

management either long-term or during severe exacerbations®2. Nevertheless, in nearly a fifth
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of adults with asthma, the disease remains uncontrolled despite high doses of ICS in
combination with oral corticosteroids (OCS), which is termed difficult-to-treat asthma. While
modifiable factors such as poor adherence, incorrect inhaler technique, smoking,
comorbidities or persistent allergen exposure can contribute to poor control, around 5-10% of
adults suffer from severe asthma, where symptoms are poorly controlled despite maximal

therapy and good adherence and inhaler technique?®.

Various biologics have been developed for the treatment of severe asthma, the majority of
which target type 2 inflammation®®. The first biologic to be approved for use in asthma was
Omalizumab, which is directed against IgE. Omalizumab was shown to be effective in
improving lung function and reducing severe exacerbations and OCS usage in around 70% of
patients with moderate-to-severe asthma® and is currently used for severe persistent allergic
asthma. However, many patients with severe asthma do not qualify for treatment with
Omalizumab due to their IgE levels being outside the recommended range, creating the need
for alternative therapies. Three monoclonal antibodies targeting IL-5 signalling and thus
eosinophilia have been approved for use in severe eosinophilic asthma. While Mepolizumab
and Reslizumab target IL-5 directly, Benralizumab induces cytotoxicity in eosinophils and
basophils by binding to the IL-5 receptor alpha chain®. Dupilumab, a monoclonal antibody
against the IL-4 receptor alpha chain (IL-4Ra), which can form a heterodimer with both the
common gamma chain to promote IL-4 and the IL-13R to facilitate IL-13 signalling, is currently
used for the treatment of severe asthma with type 2 inflammation, as well as moderate-to-
severe atopic eczema and severe chronic rhinosinusitis with nasal polyps®. Given that
Tralokinumab and Lebrikizumab, two biologics targeting IL-13 signalling, failed to show
efficacy in phase Ill trials®”- %8, it is likely that Dupilumab exerts its function by interfering with
IL-4 signalling. While these therapies show efficacy in patients with T2-high asthma, approved
biologics for the treatment of T2-low asthma are lacking in the UK. Nevertheless, promising
results have been achieved in a phase Il trial of Tezepelumab®, a monoclonal antibody
targeting TSLP, in adolescents and adults with severe asthma, which has resulted in the
approval of this therapy in the US and EU within the last year. Importantly, Tezepelumab
reduced asthma exacerbations even in patients with low eosinophil counts®®, making it the first
effective biologic treatment for patients with T2-low asthma. In addition to TSLP, therapies
targeting other alarmins have also been developed. Iltepekimab, an anti-IL-33 antibody,
showed some efficacy in patients with moderate-to-severe asthma during phase | and Il
trials’® 7!, however, phase Ill trials were aborted’? and it is no longer pursued for the treatment
of asthma. Similarly, Astegolimab, which targets the IL-33 receptor ST2, reduced the rate of
asthma exacerbations in adults with severe asthma, including those with low eosinophil counts

in a phase lIb trial”® but further trials are currently only planned to investigate its use in chronic
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obstructive pulmonary disease’. Together, these findings somewhat surprisingly suggest that
targeting IL-33 signalling may not be an effective strategy in the treatment of severe asthma.
Overall, there remains a pressing need for the development of novel treatments for patients
with T2-low asthma, especially since previous attempts at targeting neutrophilic inflammation
by blocking CXCR2, TNFa or IL-17RA have failed to show efficacy’. In light of the great
heterogeneity of asthma endo- and phenotypes, a better understanding of the underlying

pathophysiology will be required to aid the development of novel therapies.

Of the currently licenced biologic therapies, only three are available in the UK for the treatment
of asthma in children over six (Mepolizumab, anti-IL-5 and Omalizumab, anti-IgE) or twelve
years of age (Dupilumab, anti-IL-4Ra)’®. Given that asthma develops during early childhood
in the vast majority of affected individuals and can result in long-lasting deficits in lung function,
greater efforts should be made to better understand the pathophysiology of childhood-onset
asthma and develop novel therapies targeted at preventing the progression from childhood to

adult asthma and providing long-term improvements in lung function.

1.2 Epidermal growth factor receptor (EGFR)

1.21 EGFR activation and canonical signalling pathways

The epidermal growth factor receptor (EGFR), also known as ErbB1 or HERH1, is a tyrosine
kinase of the ErbB family of growth factor receptors, which also includes ErbB2, ErbB3 and
ErbB4. EGFR consists of an extracellular ligand-binding domain, a transmembrane a-helix
and an intracellular tyrosine kinase domain. Upon ligand binding, the EGFR molecule forms a
dimer either with a second EGFR molecule (homodimerization) or with another member of the
ErbB family (heterodimerization)’” (Figure 1.2A). This dimerization is necessary for the
allosteric activation of the tyrosine kinase and leads to the cross-phosphorylation of the
receptor molecules’. The resultant phosphorylated tyrosine residues act as docking sites for
various adaptor molecules that induce a myriad of complex signalling cascades downstream
of EGFR’® ® (Figure 1.2B). For example, phospholipase C gamma (PLCy) can be recruited
to tyrosine residues Y992 and Y1173 and activated through phosphorylation, leading to the
generation of the secondary messenger molecules inositol triphosphate (IP3), which triggers
the release of Ca?* from the endoplasmic reticulum, and diacylglycerol (DAG), ultimately
resulting in the activation of Ca?*/calmodulin-dependent protein kinase (CAMK) and protein
kinase C (PKC). The mitogen-activated protein kinase (MAPK)/extracellular signal-regulated

kinase (ERK) pathway constitutes what is probably the most important biological response
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Figure 1.2 Overview of major signalling pathways induced downstream of EGFR.

A Upon ligand binding, EGFR can form homodimers or heterodimers with other members of the ErbB family,
which results in the phosphorylation of intracellular tyrosine residues (denoted by “Y”). B Simplification of major
signalling pathways induced by EGFR. Activated EGFR can amongst others induce the phospholipase pathway,
the ERK/MAPK pathway or the PI3K-Akt-mTOR pathway. Phosphorylated tyrosine residues acting as docking
sites are denoted next to downstream signalling molecules. C Upon activation, EGFR is internalised into
endosomes from where it can either be recycled, degraded or trafficked to the nucleus via the golgi apparatus
and the endoplasmic reticulum (ER), where it acts as a transcriptional co-activator for several pro-oncogenes.
D EGFR signalling modulates a myriad of key cellular functions, including survival, proliferation, growth,
differentiation and migration. Abbreviations: AREG, amphiregulin; BTC, betacellulin; EGF, epidermal growth
factor; EGFR, EGF receptor; EPGN, epigen; EREG, epiregulin; HB-EGF, heparin-binding EGF-like growth
factor; TGFA, transforming growth factor alpha; Y; tyrosine residue; PLCy, phospholipase C gamma; PIPz,
phosphatidylinositol biphosphate; IP3, inositol trisphosphate; IP3R, IP3 receptor; DAG, diacyl glycerol; PKC,
protein kinase C; CAMK, Ca2+/calmodulin-dependent protein kinase; Shc, SHC adaptor protein; Grb2, growth
factor receptor-bound protein 2; Sos, son of sevenless guanine nucleotide exchange factor; Ras, Ras small
GTPase; Raf, RAF proto-oncogene serine/threonine-protein kinase; MEK, mitogen-activated protein kinase
kinase; ERK, extracellular signal-regulated kinase; Gab1, Grb2-associated protein 1; PI3K, Phosphoinositide 3-
kinase; Raf, RAF proto-oncogene serine/threonine-protein kinase; PIP3, phosphatidyl trisphosphate; Akt, protein
kinase B; mTOR, mammalian target of rapamycin; CBL, E3 ubiquitin-protein ligase CBL; ER, endoplasmic
reticulum.

induced by EGFR signalling® and is induced when phosphorylated tyrosine residues Y1068
and Y1086 or Y1148 and Y1173 in EGFR are bound by growth factor receptor-bound protein
2 (Grb2) or SHC adaptor protein (Shc), respectively, both of which contain a Src Homology 2
(SH2) domain®'. Y1068 and Y1086 also act as a docking site for Grb2-associated protein 1
(Gab1), which, when phosphorylated, can recruit the p85 subunit of phosphoinositide 3-kinase
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(PI3K) and thus initiate the protein kinase B (Akt) pathway that results in mammalian target of
rapamycin (mTOR) signalling. Overall, the EGFR signalling pathway is thought to comprise
211 reactions between 322 molecules, including 202 proteins and various ions, oligomers,
genes and RNAs®2. The consequences of such complex signalling are manifold, modulating a
number of key biological effects including cell survival, proliferation, growth, differentiation and

migration® (Figure 1.2D).

EGFR activation also results in the rapid internalisation of the receptor via various routes,
including clathrin- and caveolae-mediated endocytosis®® (Figure 1.2C). Receptor molecules
reach the endosome, where the signalling can continue, and from there they are either
recycled to the plasma membrane or, if they have been ubiquitinated by the E3 ubiquitin-
protein ligase CBL, targeted to the lysosome for receptor degradation. Interestingly, EGFR
can also be translocated from the endosome via the Golgi apparatus and endoplasmic
reticulum to the nucleus, where it supports gene expression by acting as a transcriptional co-
activator® (Figure 1.2C). Target genes of nuclear EGFR signalling include CCND1 and MYC
(encoding cyclin D1 and c-Myc, respectively), which support cell-cycle progression, as well as

several other proto-oncogenes implicated in promoting cancer development®.

1.2.2 EGFR ligands

There are seven known ligands for EGFR: amphiregulin (AREG), betacellulin (BTC),
epidermal growth factor (EGF), epigen (EPGN), epiregulin (EREG), heparin-binding EGF-like
growth factor (HB-EGF) and transforming growth factor alpha (TGFa). Of these, BTC, EREG
and HB-EGF can also bind to and activate ErbB48%. Despite sharing a receptor, the seven
ligands were shown to induce disparate biological responses both in vitro and in vivo®®.
Distinctions between the ligands for example lie in their affinities for EGFR: while BTC, EGF,
HB-EGF and TGFA are considered high-affinity ligands, AREG, EREG and EPGN exhibit low
affinity for EGFR®” (Figure 1.3A-B). The various ligands further differ in their ability to induce
EGFR dimerisation, with low dimerisation capacities exhibited by EREG and particularly
EPGN®. These discrepancies in the ability to induce dimerisation between the ligands
translate to varying lengths of signalling and preferences for inducing receptor internalisation,
degradation or recycling, whereby strong inducers of receptor dimerisation tend to favour
transient signalling followed by rapid internalisation and degradation of the receptor8®®
(Figure 1.3B). In addition to the strength of dimerisation induced by ligand binding, further
factors such as EGFR-ligand saturation (i.e. one or two ligand molecules bound per dimer
depending on the concentration of ligand present), local receptor density, spatial organisation
and levels of negative feedback regulation through protein tyrosine phosphatases ‘fine-tune’

the cellular signalling fate following EGFR activation®. The ability of cells to integrate these
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Figure 1.3 Characteristics and signalling modes of EGFR ligands.

A EGFR ligands are produced as type 1 membrane precursors. While all ligands contain an EGF-like domain,
only AREG and HB-EGF also contain a heparin-binding domain. B EGFR ligands differ in their affinity for the
receptor and their ability to induce EGFR dimerisation, which translates into varying induction of receptor
internalisation, degradation and signalling durations. C EGFR ligands require cleavage by metalloproteinases
such as ADAM10 or ADAM17 (‘ectodomain shedding’) for release from the plasma membrane and auto- or
paracrine signalling. BTC, HB-EGF and TGFa can also signal in a juxtacrine manner, which is independent of
ectodomain shedding. exTRAcrine signalling occurs when AREG, HB-EGF or TGFa are packaged into
exosomes and bind to EGFR on target cells, thereby inducing their internalisation.

various signals explains the divergence in the functional consequences of EGFR engagement,
which can induce opposing outcomes such as cell proliferation (transient signalling) or
differentiation (sustained signalling) depending on the circumstances®. On a molecular level,
EGFR ligands also differ in their recruitment of downstream signalling proteins independently
of their affinity for the receptor®” and studies have shown that certain ligands, particularly

HB-EGF, displayed a superior ability compared to other ligands to induce activation of Akt and
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PLCy in HeLa cells®. In line with this, several reports have described divergent
phosphorylation profiles induced by the various ligands, whereby treatment with certain
ligands, especially those of low affinity, only resulted in the phosphorylation of a subset of
tyrosine residues in the cytoplasmic tail of EGFR®%-1%3, Signalling induction was further shown
to be dependent on the concentration of ligand present, whereby low concentrations favoured
the activation of PLCy and signal transducers and activators of transcription (STATs) while

high concentrations induced most canonical signalling pathways'%4.

Adding to the complexity of EGFR signalling, the various ligands differ in their structure,
release and the manner in which ligand-receptor interactions occur. While all seven EGFR
ligands contain at least one EGF-like domain®®, AREG and HB-EGF also contain a heparin-
binding domain, which has been suggested to aid in the localisation of ligands to the point of
cell-cell contact and restrict their proteolytic release’® %, EGFR ligands are synthesised as
type 1 transmembrane precursors and as such require extracellular domain cleavage for the
release of soluble ligands®® (Figure 1.3A). This process, which is commonly referred to as
ectodomain shedding, is primarily mediated by members of the a disintegrin and
metalloprotease (ADAM) family and can be induced for example by stimulation with phorbol
12-myristate 13-acetate (PMA)'%”. While ADAM17 conveys cleavage of the majority of EGFR
ligands, including AREG, EREG, EPGN, HB-EGF and TGFa, ADAM10 was shown to cleave
BTC and EGF and ADAM9, -12 or -15 also contributed to ectodomain shedding of EREG"%"-
%9 Once cleaved, the ligands can induce EGFR activation in an autocrine or paracrine manner
(Figure 1.3C). Nevertheless, juxtacrine signalling, which does not require ectodomain
shedding of the EGFR ligands, has also been reported for BTC, HB-EGF and TGFa''%'"3 is
thought to depend on the membrane-anchoring domain of these ligands and typically occurs
at the site of cell-cell contact''*. A final mode of signalling termed exosomal targeted receptor
activation (exTRAcrine) signalling occurs when AREG, HB-EGF or TGFa are packaged into
exosomes in full-length form and induce their internalisation by target cells via interaction with
EGFR, a process thought to contribute to the invasiveness of cancer cells''®. Importantly,
exosomal delivery of EGFR ligands was shown to be more effective than soluble ligands
regarding the strength and duration of signalling induced, likely because ligands are more
highly concentrated and can travel further distances when contained in extravesicular vesicles
compared to the limited diffusion of free ligand molecules®: "6, While reports of exTRAcrine
signalling of EGFR primarily stem from the field of cancer research, it will be interesting to
delineate how this signalling mode contributes to the role of EGFR in shaping various immune

responses.
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1.2.3 Cellular expression patterns of EGFR and its ligands

EGFR was identified in an epidermoid carcinoma cell line'"’, hence its designation as
epidermal growth factor receptor. Its expression however is not restricted to epidermal cells.
EGFR is expressed across all tissue types and is most abundant in epithelial and other
structural cells''®. Nevertheless, EGFR expression has also been detected in several different

124 plasma cells'?® and

immune cells, such as monocytes''®, macrophages'?%-'23, neutrophils
CD4 T cells'®, particularly Th2 cells'*” and regulatory T cells (Tregs)'?2. Importantly, immune
cell expression of EGFR was not only observed in the context of cancer but also
atherosclerosis, bacterial or helminth infection and dermatitis as well as during homeostasis '?"
126-128 and EGFR signalling appears to have a unique role in immune cells. Whereas the
canonical consequences of EGFR activation, which have primarily been described in
parenchymal (cancer) cells, include proliferation, differentiation, growth, migration and
survival, a growing number of specialised functions of EGFR signalling in immune cells have
been described, such as enhancing the suppressive capacity of Tregs in vitro and in vivo and
conferring activated Th2 cells the ability to produce IL-13 in a TCR-independent manner during
helminth infection'?”: 128, These findings illustrate that the relevance of EGFR activation
extends beyond the canonical consequences studied in vitro and underline the importance of
exploring the role of EGFR in various cell types and contexts of health and disease in

appropriate in vivo models.

In addition to the receptor, immune cells also express a range of EGFR ligands. AREG is the
most extensively studied EGFR ligand in the context of immune responses. It is primarily
produced by cells of the type 2 immune response, such as ILC2s'2%134,
Th2 cells'?” 135136 'mast cells'?® 137 138 pasophils'® 40 and eosinophils™' and is therefore
widely considered a type 2 cytokine. However, AREG expression is also found on other
subsets of T cells, including Th1 cells'#?, CD8 T cells'#> '3 and especially Tregs'3? 144147 gg
well as being expressed by macrophages'®'%!, dendritic cells'®? and neutrophils’®. Less is
known about the expression of the other EGFR ligands within the immune system.
Nevertheless, studies have found that HB-EGF can be produced by synovial macrophages,
ILC3s, mucosal-associated invariant T (MAIT) cells and conventional CD4 T cells'®*'%7, the
latter of which also expressed EREG and TGFa'%. However, more thorough analyses are
needed to characterise the expression of all seven EGFR ligands by the various cells of the

immune system.

1.24 EGFR signalling in health and disease

EGFR is vital for organogenesis and overall survival, exemplified by the fact that global

deletion of EGFR in mice results in lethality either during the foetal stage or within the first
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three weeks of life'*°-11, Outside of development and homeostasis, EGFR is most studied for
its role in tumorigenesis, with EGFR mutations occurring most prominently in lung and breast
cancers'®?, although its signalling has also been implicated in many other disease contexts.
Whether EGFR is protective or detrimental differs from disease to disease: whereas its
signalling was generally found to be protective following damage, for example after helminth
or viral infection, due to its ability to promote epithelial repair'?7. 130-132, 135,150, 163, 164 ' FGFR
signalling was also implicated in driving aberrant matrix deposition and remodelling in the

context of asthma, pulmonary fibrosis or liver fibrosis'3¢: 157 165-176

EGFR ligands fulfil different functions during organogenesis and homeostasis, likely as a result
of their diverging cleavage patterns, affinities for the receptor and abilities to induce
downstream signalling. While AREG is important for mammary gland development and female
reproduction®®, BTC has a role in driving B-cell differentiation and proliferation in the
pancreas®. EGF is a regulator of stem cells in different tissues, in addition to supporting
embryonic growth pre- and post-implantation and trophoblast invasion®. Although mice
deficient in either EPGN or EREG display no gross morphological defects'’” 178 suggesting
that these ligands are not involved in organogenesis, a role for EREG has been identified in
female reproduction and angiogenesis®. In addition to contributing to heart and lung
development, HB-EGF fulfils functions in angiogenesis, adipogenesis and reproduction®.
Finally, TGFa has important roles in eye and hair development, as demonstrated by the
partially opened eyes at birth and wavy coat of TGFa null mice'® '8 Despite the various
EGFR ligands fulfilling distinct biological roles, the fact that knockout mice for all ligands are
viable and fertile suggests a substantial functional overlap that is able to compensate for the

loss of individual ligands.

In addition to their functions in organogenesis and homeostasis, many contributions of EGFR
ligands to inflammation and repair have been defined. These can be broadly separated into
contexts where EGFR signalling is beneficial and those where it is detrimental. As with ligand
expression patterns, most is known about the role of AREG. Numerous studies have found
AREG to be protective during various diseases, such as after infection with viruses or
helminths127. 130-132, 135, 163, 164 35 well as in the context of acute lung injury, neurological
recovery after stroke, muscle injury, heart stress and graft-versus-host disease™# 146-148. 151,
Nevertheless, AREG can also contribute to disease pathology, for example by exacerbating
matrix deposition and remodelling during pulmonary fibrosis, lung injury, viral infection and
asthma, by establishing a niche for bacterial colonisation and by suppressing anti-tumour
responses'?8 136, 173,174, 181183 - Gimjlarly, HB-EGF was found to be protective in a model of
inflammatory bowel disease'® but exacerbated airway smooth muscle cell migration and

proliferation as well as eosinophilia and mucus production in OVA-driven models of AAD'":
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71 In addition, studies described both protective and detrimental roles for HB-EGF in the
context of liver fibrosis'> 84, Since these studies used genetic deletion or transgenic
overexpression of HB-EGF, respectively, both of which resulted in augmented fibrosis, precise
regulation of HB-EGF levels may be necessary to prevent exacerbated pathology. Finally,
while less is known about the involvement of the other five EGFR ligands in diseases outside
of cancer, it has been demonstrated that overexpression of TGFa in murine lungs can drive
pulmonary fibrosis'’® 76 Overall, these findings suggest that EGFR signalling is central to the
pathogenesis of many diseases, taking both protective and detrimental roles, and that the
careful regulation of EGFR ligand levels may be decisive for the disease outcome in many

contexts.

1.2.5 Targeting EGFR signalling clinically

Since 2003, fourteen tyrosine kinase inhibitors (TKIs) targeting EGFR have been approved
globally for the treatment of cancer'8®. While the majority of these are indicated in the treatment
of non-small cell lung cancer (NSCLC) with or without EGFR mutations, EGFR TKils are also
used in the treatment of squamous cell carcinomas of the lung, pancreatic cancer, medullary
thyroid cancer or breast cancers, particularly those inhibitors that also target ErbB2'%. In
addition, four monoclonal antibodies targeting EGFR have been approved for the treatment of
metastatic colorectal cancer and squamous cell carcinoma of the head and neck, with many
more under development or in clinical trials'®. Although the vast majority of EGFR-targeting
therapies have been developed for the treatment of cancer, the benefits of EGFR inhibition
have also been trialled in other conditions. For example, a phase Il trial was conducted to test
the safety and efficacy of inhalation of the EGFR inhibitor BIBW2948 BS to reduce mucin
stores in patients with chronic obstructive pulmonary disease (COPD)'"’. However, this
approach showed poor efficacy and caused significant adverse reactions in a subset of
subjects. Therefore, the use of EGFR-targeted therapeutics is currently restricted to the
treatment of cancers, where the benefits of the therapy outweigh the poor tolerability and risk
of adverse effects. Nevertheless, given the importance of EGFR signalling in a host of different
contexts, including chronic lung diseases'®, it is likely that efforts will continue to develop safer
and highly specific EGFR-targeted therapies in the future. Even so, the currently available
strategies for EGFR inhibition have important applications beyond the treatment of diseases,

as they constitute useful tools for the study of EGFR signalling in vivo and in vitro.
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1.3 Hypothesis and aims

While mouse models of AAD have been a valuable tool for the investigation of the mechanisms
underlying asthma pathophysiology, the vast majority of in vivo models were performed in
adult mice. However, asthma onset primarily takes place during childhood and results in
permanent deficits in lung function, underpinned by airway remodelling. A greater
understanding of the mechanisms contributing to remodelling and pathology during childhood
is key in developing therapeutics to prevent the transition to adult asthma and preserving lung
function and may even pave the way towards a cure for asthma. Therefore, there is a pressing
need to study the pathophysiologic mechanisms of AAD in early-life models, which encompass

allergen exposure and disease onset during childhood.

Overall hypothesis

EGFR signalling is induced by allergen exposure, contributes to the pathology of asthma and

AAD and fulfils distinct functions between early-life and adult onset of AAD.

Overall aims

1. To characterise the expression of EGFR and its ligands during postnatal development
compared to adulthood.

2. To define the effects of allergen or viral exposure on EGFR signalling during early life
and adulthood.

3. To investigate the contributions of EGFR signalling to the pathology of AAD using

various manipulation strategies in models of early-life or adult allergen exposure.
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2 Methods







2.1 Human airway and lung samples

211 Paediatric samples

All paediatric samples included in this thesis were recruited as part of the Breathing
Together'®® or Patterns of airway infection and inflammation in children studies under
appropriate ethics approval (NRES 16/L0O/1518, 17/LO/0013 and 15/L0O/1885). Five- to ten-
day-old infants born at term (37 to 42 weeks) were recruited for the collection of nasal
brushings for airway epithelial culture. Children between one and five years old with a history
of recurrent episodes of wheeze and difficulty in breathing who were due to undergo a clinically
indicated bronchoscopy were recruited in the PSW group (“pre-school wheezers”). Children
between six and sixteen years of age with a diagnosis of severe asthma made by a specialist
paediatrician, healthcare professional-documented wheeze and evidence of reversible airway
hyperresponsiveness (>12% change from baseline FEV 1) were recruited in the severe asthma
group (“school-aged severe asthma”). Children under the age of five with mild or moderate
wheezing or no history of wheezing were recruited as controls (“pre-school controls”). Children
between two and fourteen years of age who were undergoing a clinically indicated
bronchoscopy as part of investigation for recurrent chest infections or chronic cough were
recruited as controls (“disease controls”). Inclusion and exclusion criteria for all groups have

been described in detail previously8: 1%,

Nasal brushings were collected from all four groups using a Dent-O-Care interdental brush
620 (2.7 mm brush) (Dent-O-Care, London, UK). Bronchial brushings were collected from
groups two to four using sheathed 10-mm disposable cytology brushes (Olympus, Hamburg,
Germany). For group 2, blind bronchial brushings were performed during elective surgical
procedures. For groups three and four, bronchial brushings were obtained under direct vision
during clinically indicated bronchoscopies. All brushes were placed in Dulbecco's Modified
Eagle Medium (DMEM; Gibco, Waltham, USA) containing 100 U/ml penicillin and 100 pg/ml
streptomycin (P/S; Gibco) immediately upon collection for transport to the laboratory, where

they were processed.

BAL was collected at bronchoscopy for those that underwent clinically indicated
bronchoscopy. Three 1 ml/kg (to a maximum of 40 ml) aliquots of normal saline were instilled

into and aspirated back from the airways.
21.2 Adult samples

Healthy adult volunteers were recruited at the Royal Brompton Hospital, London, UK, under
National Research Ethics Service (NRES) ethics 15/LO/1399. All subjects had normal

spirometry and exclusion criteria included self-reported history of lung disease and infection
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within six months before sample collection. Bronchial brushings for epithelial cell culture were
taking from the right middle lobe during bronchoscopy using single use 3 mm cytology brushes

(Olympus) and placed directly into DMEM media containing P/S for transport to the laboratory.

For the outgrowth of normal lung fibroblasts, lung resections were collected under NRES
15/SC/0101 from patients undergoing lung cancer surgery or lung transplantation at Royal

Brompton Hospital.

2.2 Cell Culture

2.21 General cell culture and cell lines

All cells were cultured under sterile conditions and incubated at 37° C and 5% CO: in a
humidified incubator. MFB-F11 cells were maintained in DMEM containing 10% foetal bovine
serum (FBS), For stimulation, 1.2 x 108 cells were plated in 6-well plates in serum-free DMEM
containing P/S and rested overnight. Cells were incubated with 10 yM Gefitinib (Abcam,
Cambridge, UK) or vehicle (dimethyl sulfoxide, DMSO; Sigma-Aldrich, Burlington, USA) for 2
hours before addition of 100 ng/ml recombinant mouse amphiregulin (AREG; R&D Systems,
Minneapolis, USA) for 15 mins. Cells were then washed once in ice-cold tris-buffered saline
(TBS) before lysis in Radioimmunoprecipitation (RIPA) buffer (Abcam) containing 2 mM
sodium orthovanadate (NasVOa; Sigma) and cOmplete™ protease inhibitor cocktail (Roche,
Basel, Switzerland). Cells were scraped off, collected into tubes and incubated on ice with
agitation for one hour. Lysates were then spun at full speed (> 12,000 rcf) and supernatants

were stored for western blot analysis.

222 Air-liquid interface (ALI) culture of airway epithelial cells

Expansion and cryopreservation of basal cells

Cells were detached from nasal or bronchial brushes by vigorous agitation and basal cells
were expanded in fully supplemented Airway Epithelial Growth Medium (Promocell,
Heidelberg, Germany) containing 100 ug/ml Primocin (InvivoGen, San Diego, USA) in flasks
coated with 100 pug/ml (nasal) or 30 ug/ml (bronchial epithelial cells) PureCol® bovine Type |
Collagen Solution (Advanced BioMatrix, Carlsbad, USA) for two passages, at which point they
were cryopreserved in freezing medium (10% DMSO, 10% FBS, 80% Airway Epithelial Growth
Medium containing P/S).
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Differentiation of epithelial layers at ALI

For the establishment of ALI cultures, cryopreserved basal cells were expanded on collagen-
coated flasks in fully supplemented Airway Epithelial Growth Medium containing P/S for one
passage before 3 x 10* cells were seeded per 6.5 mm Transwell insert with polyethylene
terephthalate membrane and 0.4 um pores (Corning, Somerville, USA) coated with 30 ug/ml
collagen. During seeding and the submerged phase of the culture, a 1:1 mixture of Airway
Epithelial Growth Medium and DMEM constituted with P/S, 25 mM HEPES (Gibco), 1.5 ug/ml
bovine serum albumin (Sigma) and all supplements provided with the Airway Epithelial Growth
Medium except for Triiodo-L-thyronine was used as growth medium and supplied to the apical
(200 pl) and basal (500 ul) compartment. Medium was refreshed every 2-4 days until cells
reached confluency, at which point the apical medium was removed and the basal medium
was replaced with PneumaCult™-ALI Medium containing 0.0004% Heparin, 0.48 pg/ml
hydrocortisone (all Stemcell, Vancouver, Canada) and P/S, thereby air-exposing the cultures.
Basal medium was refreshed every 2-4 days for 4-9 weeks until cells were fully differentiated
as indicated by the movement of cilia and production of mucus. Where necessary, mucus was
removed by performing apical washes (see below). At least 48 hours prior to experiments,

hydrocortisone was excluded from the media.

Allergen treatment and viral infection

All treatments were prepared in serum-free DMEM and added to the apical compartment. For
stimulation with HDM, 25 pg or 50 ug of Dermatophagoides pteronyssinus extract (Citeq,
batch 15J02, Groningen, Netherlands) in 50 pl was added and incubated for 24 hours (cf.
Figure 3.11A-B) or 4 hours (cf. Figure 3.11C-D). For viral infections, a cell density of 2.5 x 10°
cells per insert was assumed. The viral strains used in this thesis were RSV BT2a (clinical
isolate'®'), SARS-CoV-2/England/IC19/2020 (early clinical isolate) and Influenza H1N1
A/England/195/ 2009 (2009 pandemic strain). Apical compartments were washed once with
PBS before infection. For infection with RSV 6.25 x 10* plaque-forming units (PFU) of RSV
(MOI 0.25) in 50 yl DMEM were added and incubated for two hours, after which two apical
washes were performed. For infection with SARS-CoV-2 or H1N1, 2.5 x 10 PFU (MOI 0.01)
or 2.5 x 102 PFU (MOI 0.001), respectively, in 100 yl DMEM were added and cells were
incubated for one hour, after which the apical liquid was removed and cells were returned to

the incubator.

Sample collection

Basal media and apical washes were collected every 1-2 days during experiments, as

indicated in the relevant figure legends. Apical washes were performed by the addition of 100-
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200 pl of PBS to the apical compartment followed by incubation at room temperature for 10
minutes. Presence of SARS-CoV-2 or H1N1 infectious particles in apical washes was
determined by members of the Barclay Group (Department of Infectious Disease, Imperial
College London, London, UK) using plaque assays as described in Stolting et al. 2022
(ref. 1°2). For mediator analysis after SARS-CoV-2 and H1N1 infection, apical washes and
basal media were UV-inactivated prior to storage at -80° C. For RNA analysis, cell layers were
lysed in 350 pl RLT buffer (QIAGEN, Hilden, Germany) or 200 pl Maxwell® homogenisation
buffer containing 1-Thioglycerol (Promega, Madison, USA). For imaging, cell layers were fixed
in 4% paraformaldehyde (PFA) in PBS for 20 minutes, followed by one wash in PBS and
storage in PBS at 4° C. For western blot analysis, cells were washed once in ice-cold TBS
prior to lysis in RIPA buffer containing 2 mM sodium NasVOs and cOmplete™ protease

inhibitor cocktail and cell debris was removed as described above for fibroblasts (see 2.2.1).

Basal media from untreated epithelial cells were collected for use in fibroblast proliferation

experiments.

223 Culture of normal lung fibroblasts

Outgrowth culture and maintenance

Normal lung fibroblasts were derived from 1 mm pieces of non-cancerous lung tissue obtained
from lung resections by outgrowth culture in DMEM containing 10% FBS and P/S as previously

described'®® and maintained in the same medium for up to eight passages.

Proliferation assays

For real-time proliferation assays, 1-2.5 x 10° cells per well were seeded in serum-free DMEM
in 96-well plates and rested overnight. At the start of the experiment, the medium was replaced
with epithelial cell-conditioned media (neat or diluted in serum-free DMEM) in the presence or
absence of 1-10 yM Gefitinib. Serum-free DMEM or DMEM containing 10% FBS were used

as negative and positive controls for proliferation, respectively.

For live imaging, cells were placed within the JuLI™ Stage Real-Time Cell History Recorder
(NanoEnTek, Seoul, Korea) within a humidified incubator and images were recorded using a
4x objected at 30-minute to 2-hour intervals for 72-96 hours. Cell confluence was calculated

using the PHANTAST plugin'®* for Fiji'®® and normalised to starting confluence.
224 Stimulation of murine lymph node cells

Single-cell suspension of mediastinal lymph node cells were prepared as described below

(see 2.4.3). For ex vivo stimulation, cells were harvested, processed and cultured in DMEM
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without phenol red containing 4.5 g/l glucose, L-glutamine, 25 mM HEPES, 10% dialysed,
heat-inactivated FBS (Sigma), P/S and 50 uM B-mercaptoethanol (Gibco). Cells were seeded
at 4 x 10° cells per well in round-bottom 96-well plates and stimulated with 10 yg HDM (Greer
lot 360923; resuspended in PBS) or 20 ng/ml PMA and 1.5 pg/ml ionomycin in the presence
or absence of 10 nM B-oestradiol (E2; Sigma; resuspended in ethanol) and/or 10 uM Gefitinib
(resuspended in DMSO). Supernatants were collected four days post stimulation and
analysed by ELISA (see 2.7.1 below).

2.3 Work on live animals

2.31 Source of animals and general husbandry

All animal experiments were conducted in accordance with the Animals (Scientific
Procedures) Act 1986 under project licence P996A24E1. Adult wildtype (WT) BALB/c and
C57BL/6J mice were purchased from Charles River Laboratories (Margate, UK). Mice were
housed at Imperial College Central Biomedical Services (CBS) under specific pathogen-free
conditions and with free access to food and water. Experimental animals and studs used for
breeding were fed a general maintenance diet (‘RM1”), whereas female breeders received a
highly nutritious diet specifically used for breeding, lactation and growth of young animals
(“RM3”).

For experiments in adult animals, female mice were used unless indicated otherwise and
animals were between 7-9 weeks old when experiments commenced. For neonatal
experiments, mice were bred in-house and both sexes were used. Mice were time-mated as
duos or trios to synchronise due dates of dams. Pregnant females were singly housed
approximately two weeks into gestation. Pups were housed with their dams until weaning at
20-21 days of life.

Unless stated otherwise, mice were sacrificed by intraperitoneal injection with pentobarbital
and death was confirmed by intersection of the femoral artery, in accordance with Schedule 1
of the Animals (Scientific Procedures) Act 1986.

2.3.2 Models of allergic airway disease (AAD)

Preparation of allergens, recombinant cytokines and inhibitors

Lyophilised extracts of Alternaria alternata (ALT) (lot 322776), house dust mite (HDM;
Dermatophagoides pteronyssinus) (lot 360923) and timothy grass (TG; Phleum pratense)
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(lot XP28-D12-21.43) were purchased from Greer Laboratories, Lenoir, USA and
reconstituted in sterile PBS to a protein concentration of 0.4 mg/ml for ALT, 1 mg/ml for HDM
and 0.808 mg/ml for TG.

Carrier-free recombinant mouse IL-33 was purchased from BioLegend (San Diego,
California), diluted to 1 mg/ml using sterile PBS and bovine serum albumin (BSA) was added
to a final concentration of 0.1 % (w/v). Carrier-free recombinant mouse AREG was purchased
from R&D Systems (Minneapolis, USA) and resuspended in sterile PBS at a concentration of
100 pg/ml. Recombinant mouse HB-EGF (Novus Biologicals, Centennial, USA) was

reconstituted in PBS containing 0.1 % (w/v) BSA at a concentration of 100 ug/ml.

Suspensions of EGFR tyrosine kinase inhibitor Gefitinib were prepared in 6% hydroxypropyl-
B-cyclodextrin (HP-B-CD; Thermo Fisher Scientific) or 1% Tween® 80 (Merck) at a

concentration of 10 mg/ml.

Neonatal models of AAD

To establish AAD, pups were intranasally administered with allergen three times per week
from day 6-8 of life. During the first two weeks of life, mice were administered 5 ug ALT,
10 yg HDM or 45 ug TG in a volume of 10 yl PBS and dosing was performed without
anaesthesia. From the third week of life, or fourth dose, mice were dosed intranasally under
light isoflurane anaesthesia using 10 pg ALT, 15 yg HDM or 9 ug TG in a total volume of
15 ul PBS.

For the mixed allergen challenge, a third of a ‘dose equivalent’ of ALT, HDM and TG were
administered combinedly, corresponding to 1.67 ug ALT, 3.33 ug HDM and 1.5 pg TG during
the first week of dosing and 3.33 ug ALT, 5 uyg HDM and 3 pg TG thereafter.

Adult models of AAD

Mice were dosed intranasally three times per week with either 25 yg HDM or 1 ug IL-33 in a

total volume of 25 ul PBS. All dosing was performed under light isoflurane anaesthesia.

Interventions

Unless otherwise stated, Gefitinib was administered by oral gavage three times a week,
approximately 4-6 hours prior to allergen dosing. Neonatal mice received 1 mg Gefitinib in
100 pl vehicle per dose, whereas adult mice were given 1.5 mg Gefitinib in 150 ul vehicle per
dose. In 4.3.2, where the optimal route for Gefitinib administration was established, 7-day old

mice received three doses of Gefitinib in 6% HP-B-CD over the course of one week either via
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the intranasal (0.1 mg Gefitinib in 10 yl 6% HP-B-CD), intraperitoneal (0.4 mg Gefitinib in 40 pl
6% HP-B-CD) or oral (0.4 mg Gefitinib in 40 pl 6% HP-B-CD) route.

AREG was administered intranasally three times per week either in combination with
recombinant IL-33, or 4-6 hours after allergen challenge. Neonatal mice received 0.4 uyg AREG
in 10 ul PBS during the second week of life, 0.6 uyg AREG in 15 ul PBS during the third week
of life and 0.75 ug AREG in 15 ul PBS from the fourth week of life, whereas the dose for adult
mice was 1 uyg AREG in 25 pl PBS. HB-EGF was administered intranasally 4-6 hours before
allergen challenge three times per week at a dose of 0.5 ug in 10 yl PBS in the second week
of life or 0.75 pg in 15 yl PBS thereafter.

233 Assessment of lung function

Lung function was assessed using the FlexiVent system (Scireq, Montreal, Canada) and
unless otherwise stated, measurements were performed one day post last allergen challenge.
Surgical anaesthesia was induced by administration of 50 mg/kg pentobarbital (Sigma-Aldrich)
intraperitoneally and 100 mg/kg ketamine (Zoetis, Parsippany-Troy Hills, USA)
intramuscularly. Mice were tracheotomised and connected to the ventilator using a 19-gauge
blunt-ended cannula, from whence they were ventilated at 150 breaths per minute, using a
tidal volume of 7 ml/kg body weight and a positive end-expiratory pressure of approximately
2cm Hy0.

Perturbations and measurements

A user-written script was used for the measurement of different lung function parameters.
Firstly, three deep inflations were performed to bring lungs to total lung capacity and normalise
lung volume. Next, mice were subjected to a brief, single-frequency 2.5 Hz forced perturbation
(‘Snapshot-150’), followed by two sets of broadband forced oscillations lasting 3 seconds each
(‘Quick Prime-3’) with intermittent periods of normal ventilation. Snapshot and Quick Prime

perturbations were repeated five times for a total of six and twelve readings, respectively.

Calculation of parameters

Measures of upper airway resistance, Resistance (R, expressed as cmH;Oxs/ml), Elastance
(E, expressed as cmH20O/ml) and Compliance (C, expressed as ml/cmH;O) were calculated
by the FlexiVent software from Snapshot readings using multiple linear regression fitting to a
single compartment model. Newtonian Resistance (Rn, expressed as cm H>Oxs/ml), Tissue
Damping (G, expressed as cmH>O/ml) and Tissue Elastance (H, expressed as cmH>O/ml)

were calculated by the FlexiVent software from Quick Prime readings in a number of steps
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including Fourier transformation of frequency superposition, calculation of input impedance at

every oscillating frequency and finally, the application of a Constant Phase Model fit.

Methacholine challenge

Measurements were acquired at baseline, as well as in response to increasing concentrations
of methacholine (MCh) (Sigma-Aldrich), which was administered via the nebuliser prior to
Snapshot and Quick Prime measurements. MCh solutions were prepared in PBS and used at

concentrations between 1 to 100 mg/ml.

Quality control of data

Computed measurements were inspected for the quality of the model fit using the coefficient
of determination (CoD) values determined by FlexiVent software. Different cut-offs were
applied based on the AAD model and the age of mice (listed in Table 2.1). Where different
allergens were given within the same experiment, the lowest CoD cut-off was used. Where
fewer than 50% of measurements from a single animal at a specific dose met quality

requirements, this dose was excluded for the animal in question.

Table 2.1 Coefficient of determination (CoD) cut-offs used in the quality control of lung function data.

Age of mice Model CoD Cut-off
Neonates HDM, TG 0.85
Neonates ALT, Mixed allergen 0.80
Adults HDM 0.90
Adults IL-33 0.85

234 Blood collection

Where indicated, blood from live animals was collected using tail vein puncture. To this end,
mice were warmed in a heating chamber set to 37° C for at least 10 minutes. A small incision
to the tail vein was made using a No.11 surgical scalpel (Swann-Morton, Sheffield, UK) and
blood was collected using heparinised capillary tubes (Hirschmann Laborgerate, Eberstadt,
Germany). No more than 10% of the total blood volume was withdrawn on any one occasion

and no more than 15% of the total blood volume in any 28 days.
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24 Animal tissue harvest and processing

241 Blood and serum

Blood was collected from mice either via tail vein puncture (see 2.3.4 above), by blind cardiac
puncture under terminal anaesthesia or by intersection of and collection from the jugular vein.
For tail vein punctures, where heparinised capillaries were used for collection, blood was
transferred to Eppendorf tubes and centrifuged for 10 minutes at 20,000 rcf at 4° C to separate
layers. The serum layer was collected and stored at -80° C. Otherwise, blood was collected
directly into Microtainer serum separating tubes (BD, Franklin Lakes, USA) and centrifuged

for 5 minutes at a minimum speed of 10,000 rcf prior to storage at -80° C.

24.2 Bronchoalveolar lavage (BAL)

The trachea was exposed and cannulated using a blunt-ended needle secured by surgical
sutures. A syringe was attached to the needle, lungs were carefully flushed with PBS and
lavage was recovered in the syringe. Unless stated otherwise, a total of three washes was
performed. A volume of 0.4 ml per wash was used in animals from four weeks of age, whereas
a reduced volume of 0.3 ml per wash was used in animals between two and three weeks of
age. Recovered BAL fluid was centrifuged at = 300 rcf and supernatant was stored at -80° C
for subsequent analysis. Cells were resuspended 0.5 ml complete RPMI (cRPMI; Roswell
Park Memorial Institute 1640 medium + 10% FBS + P/S; all Gibco), counted and analysed by

flow cytometry (see 2.5 below).

243 Mediastinal lymph nodes (LN)

Mediastinal lymph nodes were collected prior to the removal of lungs. To obtain a single-cell
suspension for flow cytometry analysis or ex vivo cultures, lymph nodes were passed through

70 um cell strainers, centrifuged and resuspended in 0.5 ml cRPMI.

244 Standard protocol for lung removal and processing

Unless stated otherwise, lungs were removed as a whole and lobes were separated according

to downstream applications.

Left lobe (flow cytometry)

In the standard protocol, the left lung lobe was used for flow cytometry analysis of lung immune
cells. The lobe was minced using scissors and digested for 45-60 minutes at 37°C in a

solution containing 150 ug/ml collagenase D and 25 pg/ml DNase | (both Roche) in cRPMI.
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Following digest, the tissue was passed through 70 um cell strainers and erythrocytes were
lysed by incubation in red blood cell lysis buffer (155 mM NH.Cl, 13 mM KHCOs3,
100 uM EDTA, pH 7.4) for five minutes at room temperature. Lung cells were resuspended in

1 ml cRPMI, counted and used for analysis.

Right superior lobe (histology)

The right superior lobe was inflated with PBS, enclosed in a histology cassette and fixed in
10% neutral buffered formalin for 24 hrs before transfer to 70% ethanol. All further processing,
such as paraffin embedding, slicing and standard histology stains were performed by Lorraine

Lawrence of the Histology Facility at Imperial College London.

Right middle and inferior lobes (protein)

The right middle and inferior lobes were collected for protein analyses by enzyme-linked
immunosorbent assay (ELISA) and western blot (WB), respectively. Lobes were snap-frozen

in liquid nitrogen and stored at -80° C until further processing.

Right post-caval lobe (RNA)

Post-caval lobes were incubated in RNAlater® (Sigma-Aldrich) for 24 hours at 4° C prior to
storage at -80° C.

Lung homogenates

Lung homogenates used for RNA and protein assays were prepared by mechanical disruption
of tissue using Lysing Matrix D beads and a FastPrep®-24 homogeniser instrument (both MP
Biomedicals, Santa Ana, USA). Different buffers were used for homogenisation: for RNA
extraction, RLT buffer (QIAGEN) containing 1% (v/v) 2-mercaptoethanol was used; when
prepared for ELISA, Hank’s Balanced Salt Solution (HBSS) without Mg?* or Ca?* (Thermo
Fisher Scientific) supplemented with cOmplete™ Protease Inhibitor (Roche) was used and
when prepared for WB, RIPA buffer supplemented with cOmplete™ Protease inhibitor and
2 mM sodium orthovanadate was used. A fixed volume of 500 ul buffer was used for RNA
extraction, whereas buffer volumes were normalised to lung weights for protein assays, using

1 ml of buffer per 50 mg or 100 mg of lung tissue for ELISA and WB, respectively.

245 In situ dispase digest of lungs

A different digest method was used for the recovery of both immune (CD45") and structural
(CD45") cells from lungs. Perfusion of the lungs was achieved by intersection of the abdominal

aorta and subsequent injection of 5 ml of ice-cold PBS into the right ventricle of the heart. The
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trachea was cannulated and lungs were inflated with an age-appropriate volume (between
0.15 ml for 3-day-old mice and 1.5 ml for adult animals) of 5 mg/ml dispase Il (grade Il; Sigma-
Aldrich) in PBS. Digest solution was trapped in the lungs by injection of 0.1-0.5 ml 1% (w/v)
low melting point agarose (Thermo Fisher Scientific) in PBS, warmed to 37-40° C. Once the
agarose was solidified, lungs were removed en bloc and incubated in dispase Il solution for
40 minutes at room temperature and then transferred into a petri dish containing DMEM
supplemented with 25 mM HEPES and 50 ug/ml DNase I. Lung lobes were gently teased
apart using forceps and incubation for 10 minutes at room temperature with gentle agitation.
Tissue was then forced through a 70 um cell strainer and red blood cell lysis was performed
as described above (see 2.4.4). Cells were resuspended in DMEM containing 25 mM HEPES

for counting and subsequent analysis.

In some cases, only the left lung lobe was digested with dispase. To this end, all right lung
lobes were tied off using suture thread before inflation. Volumes were decreased appropriately

and all other processing steps were performed as described above.

2.5 Flow cytometry and flow-activated cell sorting

251 Stimulation of cells for intracellular cytokine analysis

To assess the potential of lymphocytes to produce cytokines, cells were seeded in 96-well
round- or V-bottom plates and stimulated with 20 ng/ml PMA and 1.5 pug/ml ionomycin in the
presence of 5 pg/ml Brefeldin A (all Sigma-Aldrich) in cRPMI for 4 hours at 37° C in a

humidified incubator containing 5% CO-.

2.5.2 General staining protocol

Unless stated otherwise, staining of cells for flow cytometry was carried out in 96-well V- or
round-bottom plates with a maximum of 5x108 cells per well. Cells were washed at least once

between individual staining steps in the buffer last used for staining.

For discrimination of cells based on viability, cells were incubated for 15-20 minutes at room
temperature, in the dark, in 40 ul of LIVE/DEAD™ Fixable Blue Dead Cell Stain (Thermo

Fisher Scientific) diluted to working concentration in PBS.

For staining of extracellular antigens, antibodies (see Table 2.2) were diluted in FACS buffer
(PBS containing 1% BSA and 0.05% sodium azide) and cells were incubated with 30 pl
antibody mixture for 20-30 minutes at 4° C, in the dark. Purified Anti-Mouse CD16 / CD32 (Fc
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block) (Tonbo Biosciences, San Diego, USA) was included in all extracellular antigen stains

to block non-specific binding.

Cells were then fixed either in IC Fixation Buffer or, where fixation was followed by
transcription factor staining, Foxp3 / Transcription Factor Fixation/Permeabilization working
solution (both Thermo Fisher Scientific) for 10-15 minutes at room temperature. In some

cases, cells were stored in FACS buffer overnight at 4° C at this point.

Where intracellular staining was performed, cells were resuspended in 100 pl
Permeabilization buffer (Thermo Fisher Scientific) for 5 minutes at room temperature followed
by a 20-30-minute incubation at 4° C, in the dark, with 30 pl antibody mix also prepared in
permeabilization buffer (see Table 2.3 for antibodies). Where indicated, staining for EGFR
was performed before intracellular staining with directly conjugated antibodies. Cells were
stained with 30 pl of rabbit anti-EGFR antibody (clone D1P9C; Cell Signaling Technology,
Danvers, USA) diluted 1:100 in Permeabilization buffer for 20-30 minutes at 4° C. Following a
wash step, staining for intracellular antigens was continued as described above, with inclusion
of Alexa Fluor™ 594-conjugated donkey anti-rabbit IgG (H+L) highly cross-absorbed
secondary antibody (Thermo Fisher Scientific) at a dilution of 1:100. Finally, cells were

resuspended in FACS buffer and acquired on the same day.

Single stains for compensation were prepared using Anti-Rat and Anti-Hamster Ig k /Negative
Control Compensation Particles (BD), except for the single stain of the viability dye, for which

a mixture of live and dead cells was used.
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Table 2.2 Antibodies used for staining of extracellular antigens.
T denotes markers included in the lineage cocktail for the ILC panel.

Antigen Clone Conjugates Supplier Dilution
CD103 2E7 FITC BioLegend 1:100
CD11bt M1/70 APC BioLegend 1:200
CD11cf N418 APC, APC-Cy7 BioLegend 1:100
CD127 (IL-7Ra) A7R34 BV711 BioLegend 1:100
CD146 ME-9F1 APC BioLegend 1:100
CD19t 6D5 BV605, APC BioLegend 1:200
CD25 PC61 BV510 BioLegend 1:100
CD31 390 Bv421, FITC BioLegend 1:100
CD326 (EpCAM) 9C4 PE-Cy7 BioLegend 1:100
CD335 (NKp46) 29A1.4 BV510, BV605 BioLegend 1:100
CD3e 145-2C11 PE-Cy7 BioLegend 1:100
CD4 RM4-5 Bv421, BV510 BioLegend 1:100-1:200
CD44 IM7 PerCP-Cy5.5 BioLegend 1:200
CD45 30-F11 BV711, AF700 BioLegend 1:100-1:200
CD49b DX5 PE-Dazzle BioLegend 1:100
CDA49e 5H10-27 PE BioLegend 1:200
CD5f 53-7.3 APC BioLegend 1:100
CD62L MEL-14 BV605 BioLegend 1:200
CD64 (FcyRI) X54-5/7 1 Bv421 BioLegend 1:50
CD69 H1.2F3 APC BioLegend 1:200
CD86 GLA1 PE-Dazzle BioLegend 1:100
CD8a 53-6.7 PE-Cy7 BioLegend 1:100
CD90.2 (Thy-1.2) 53-2.1 BV605 BioLegend 1:100
F4/807 BM8 PE-Cy7, APC BioLegend 1:50-1:100
FceRla® MAR-1 APC BioLegend 1:100
I-A/I-E (MHC-II) M5/114.15.2 PerCP-Cy5.5 BioLegend 1:100
Ly-6A/E (Sca-1) D7 BV785 BioLegend 1:100
Ly-6C HK1.4 BVv510, AF700 BioLegend 1:100
Ly-6G 1A8 BV510, BV605, AF700 BiolLegend 1:100
Ly-6G/Ly-6C (Gr1)T RB6-8C5 APC BioLegend 1:100
LYVE-1 223322 APC R&D Systems 1:100
Siglec F E50-2440 PE BD 1:100
TCR B chain' H57-597 PE-Cy7, APC BioLegend 1:100-1:200
TCR y/5t GL3 APC, APC-Fire 750 BioLegend 1:100
TER-1191 TER-119 APC BioLegend 1:100
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Table 2.3 Antibodies used for staining of intracellular antigens.

Antigen Clone Conjugates Supplier Dilution
FOXP3 FJK-16s PE BioLegend 1:100
Gata-3 TWAJ PerCP-eFluor 710 Thermo Fisher 1:25
IFN-y XMG1.2 FITC BioLegend 1:100
IL-10 JES5-16E3 APC BioLegend 1:100
IL-13 eBio13A PE Thermo Fisher 1:100
IL-17A TC11-18H10.1 PerCP-Cy5.5, AF700  BiolLegend 1:100
IL-5 TRFK5 Bv421 BioLegend 1:100
RORyT Q31-378 BV786 BD 1:25
T-bet 4B10 BV711 BioLegend 1:25
Vimentin 091D3 Vimentin BioLegend 1:100
2.5.3 Acquisition and analysis

Samples were acquired on LSRFortessa™ machines with either four or five lasers running
FACSDiva™ software (both BD). Data analysis was performed in FlowJo software (BD). All
analyses were restricted to non-debris, live, single cells (Figure 2.1A). Representative gating
strategies for the identification of myeloid cells (Figure 2.1B-C), T lymphocytes
(Figure 2.3A-B), innate lymphoid cells (Figure 2.3C) and structural cells (Figure 2.2) are
shown below. NK cells were gated from live, single, CD45" lymphocytes based on their

expression of NKp46.

254 Flow-activated cell sorting (FACS)

Lung cells were stained and sorted following dispase digest (see 2.4.5 above). Antibodies (see
Table 2.4 for panel) were diluted in a low-protein FACS buffer (PBS containing 0.1% BSA,
1 mM EDTA and 25 mM HEPES) in the presence of Fc block and cells were stained in a
volume of 200 ul for 30 minutes at 4° C, in the dark. Cells were washed once in low-protein
FACS buffer after staining and filtered into tubes with 35 um filter caps (Corning, Corning,
USA) prior to acquisition. TO-PRO™-3 |odide viability dye (Thermo Fisher Scientific) was

added to a final concentration of 50 nM immediately before acquisition.

Cells were sorted by staff of the Imperial College Flow Cytometry Core Facility using a
FACSAria lll machine (BD) with a 100 ym nozzle. Purity setting were applied and cells were
collected into PBS containing 10% FBS and 25 mM HEPES. A gating strategy for the
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identification of airway macrophages, other immune cells, epithelial cells and other structural

cells is shown in Chapter 3 (Figure 3.2B).
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Figure 2.1 Dead cell exclusion and gating strategy for myeloid cells.

A Gating steps for exclusion of debris, dead cells and doublets. Analysis was restricted to CD45* cells for
immune cells. B Gating strategy for myeloid cells. C Backgating analysis of myeloid cell populations showing
their size (FSC-A) and granularity (SSC-A).
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Figure 2.3 Gating strategy for lymphocytes.

A Gating strategy for cytokine-producing T lymphocytes after stimulation with PMA and ionomycin in the
presence of Brefeldin A. B Gating strategy for Treg cells and phenotyping of CD4 T cells. C Gating strategy for

ILC2s. Markers included in the lineage mix are indicated in Table 2.2.
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Figure 2.2 Gating strategy for structural cells.
A Gating strategy for structural cells in dispase-digested lungs. B Backgating
populations showing their size (FSC-A) and granularity (SSC-A).
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Table 2.4 Flow cytometry panel used to identify airway macrophages, other immune cells, epithelial
cells and other structural cells.

Antigen Fluorochrome Use

CD64 Bv421 Identification of airway macrophages

CD19 BV605 ) )
Exclusion of B cells (CD19), T cells and innate

CD90.2 BV605
lymphoid cells (CD90.2) and NK cells (NKp46)

NKp46 BV605

CD45 BVv711 Identification of immune cells

CD31 FITC Exclusion of endothelial cells

Siglec F PE Identification of airway macrophages

EpCAM PE-Cy7 Identification of epithelial cells

TO-PRO™-3 n/a Exclusion of dead cells

CD11c APC-Cy7 Identification of airway macrophages

2.6 RNA isolation, cDNA synthesis and quantitative PCR

2.6.1 RNA isolation

Commercially available kits were used for the isolation of RNA from tissues and cell lysates.
The RNeasy Mini Plus kit (QIAGEN) was used for the extraction of RNA from lung
homogenates. Flow-sorted cells and cell monolayers were lysed in RLT Plus buffer containing
1% (v/v) 2-mercaptoethanol and RNA were isolated using the RNeasy Micro Plus kit
(QIAGEN). RNA from epithelial cells grown at ALl was extracted using either the RNeasy Mini
Plus kit or the Maxwell® RSC automated RNA isolation platform with the simplyRNA Blood,
Tissue or Cells Kit (all Promega). RNA quantity and quality were measured using either the
NanoDrop™ 1000 spectrophotometer (Thermo Fisher Scientific) or the 2200 TapeStation

instrument and reagents (Agilent, Santa Clara, USA).

2.6.2 cDNA synthesis

Equal amounts of RNA were transcribed into cDNA using the High Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific) for inputs between 200 ng to 1 ug of RNA or the
GoScript™ Reverse Transcriptase kit with random primers (Promega) for lower inputs. Where
possible, controls lacking either RNA template or reverse transcriptase were prepared

alongside sample preparation.
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2.6.3 Quantitative PCR (qPCR)

gPCR reaction mixes were prepared from TagMan™ FAM probes and Fast Advanced Master
Mix (both Thermo Fisher Scientific). A list of all TagMan™ probes used in this thesis can be
found in Table 2.5. Per reaction, 3.6 ul of reaction mix was added to 2.4 pl of diluted cDNA
per well. All conditions were run in duplicates in 384-well plates on a ViiA 7 Real-Time PCR
system (Thermo Fisher Scientific) using manufacturer-recommended settings. QuantStudio
Real-Time PCR software (Thermo Fisher Scientific) was used to determine cycle threshold
(Cr) values and consistent thresholds for the calculation of Ctvalues were assigned for each
target to allow for comparison between individual experiments. Relative expression of genes

was calculated using the following formula:
Relative Expression = 24¢t,
where ACr = Cr(housekeeping gene) — Cr(gene of interest)

Actb and Gapdh or ATP5B and YWHAZ were used as housekeeping genes for mouse or
human samples, respectively and Cr values were averaged before calculation of relative

expression.

2.6.4 Transcriptomics analysis

Bulk RNA sequencing of bronchial brushes from children with PSW, severe asthma or controls
was performed by members of the Marsland lab (Department of Immunology and Pathology,
Monash University, Melbourne, Australia) as previously described'®. Sequence alignment,
processing and quality control were also performed by the Marsland group. Gene counts were
then normalised as counts per million (CPM) using the edgeR package in RStudio and genes
were filtered to include only those that were expressed (CPM > 0.5) in at least n = 13 samples
(smallest group size). Genes of interest where then plotted on a logarithmic scale using the

ggplot2 package in RStudio.
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Table 2.5 TagMan™ assays used for gene expression analysis.

* indicates housekeeping genes.

Gene Species Assay ID (((;;r::_) (sc%en(;'f;s ;(Gt«:sosnat)./) ID

AREG Human Hs00950669 m1 Ccl5 Mouse MmO01302427_m1
ACE2 Human Hs00222343 m1 Ccl7 Mouse MmO00443113_m1
ATP5B* Human Hs00969569 m1 Ccl11 Mouse MmO00441238 m1
BTC Human Hs01101204_m1 Ccl12 Mouse MmO01617100_m1
CTSL Human Hs00964650_m1 Ccl17 Mouse MmQ01244826 g1
CXCL8 Human Hs00174103_m1 Ccl24 Mouse MmO00444701_mA1
cxXcL1o Human Hs01124252 g1 Chil3 Mouse MmO00657889_mH
DDX58 Human Hs01061436_m1 Col1a1 Mouse MmO00801666_g1
EGF Human Hs01099990 m1 Col3a1 Mouse MmQ01254476_m1
EGFR Human Hs01076090_m1 Col4a1 Mouse MmO01210125_mA1
EPGN Human Hs02385424 m1 Dcn Mouse MmO00514535_m1
EREG Human Hs00914313_m1 Egf Mouse MmO00438696_m1
FOXJ1 Human Hs00230964 m1 Egfr Mouse MmO01187858 m1
FURIN Human Hs00965485_g1 Epgn Mouse MmO00504344_m1
HBEGF Human Hs00181813_m1 Ereg Mouse MmO00514794 m1
IFIH1 Human Hs00223420_m1 Fn1 Mouse MmO01256744_m1
IFIT1 Human Hs00356631_g1 Gapdh* Mouse Mm99999915 g1
IFNB1 Human Hs01077958 s1 Hbegf Mouse MmO00439306_m1
IFNL1 Human Hs00601677_g1 Ifng Mouse MmO01168134 _m1
IL6 Human Hs00174131_m1 114 Mouse MmO00445259 m1
ISG15 Human Hs01921425 s1 115 Mouse MmO00439646_m1
KRT5 Human Hs00361185_m1 1o Mouse MmO01288386_m1
MUCS5AC Human Hs01365616 _m1 13 Mouse Mm00434204 m1
MUC5B Human Hs00861595 m1 I117a Mouse MmO00439618_m1
NRP1 Human Hs00826128 m1 1125 Mouse Mm00499822 m1
NRP2 Human Hs00187290_m1 1133 Mouse MmO00505403_m1
TGFA Human Hs00608187_m1 Mmp2 Mouse MmO00439498 m1
TJP1 Human Hs01551861_m1 Mmp9 Mouse MmO00442991_m1
TMPRSS2 Human Hs01122322 m1 Mmp12 Mouse MmO00500554_m1
TNF Human Hs00174128 m1 Mmp13 Mouse MmO00439491_m1
YWHAZ* Human Hs01122445 g1 Mmp14 Mouse MmO00485054 m1
Acta2 Mouse MmO00725412_s1 Mucbac Mouse MmQ01276705_g1
Actb* Mouse MmO00607939_s1 Muc5b Mouse MmO00466391_m1
Adam8 Mouse MmO01163449 g1 Piezo1 Mouse Mm01241549 m1
Areg Mouse MmO00437583_m1 Retnla Mouse MmO00445109_m1
Arg1 Mouse MmO00475988 _m1 Tgfa Mouse Mm00446232_m1
Btc Mouse MmO00432137_m1 Tnc Mouse Mm00495662_m1
Ccl2 Mouse Mm00441242_m1 Tsip Mouse MmO01157588 m1
Ccl3 Mouse MmO00441259 g1
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2.7 Protein analyses

271 Enzyme-linked immunosorbent assay (ELISA) and membrane-based

proteome arrays

Protein concentrations in bronchoalveolar lavage fluid, lung homogenates and cell
supernatants were measured using commercially available sandwich ELISA kits (Table 2.6)
or matched antibody pairs. Unless stated otherwise, assays were performed in 96 well half-
area microplates (Corning) following manufacturer's recommendations but reducing all
volumes by 60%. The matched antibody pairs and recombinant proteins used for ‘homemade’
sandwich ELISAs are listed in Table 2.7. For matched antibody pairs, plates were coated with
capture antibody diluted in 0.1 M NaHCO3; pH 8.6 overnight at room temperature, washed
three times and blocked in 3% BSA in PBS for one hour, also at room temperature. Samples
and standards (7-point standard curve using two-fold dilutions) were diluted in sample diluent
(PBS containing 1% BSA with or without 0.05% Tween® 20) and incubated overnight at 4° C.
Plates were then subsequently incubated with detection antibody for two hours and
streptavidin-HRP (R&D Systems) for 30 minutes, both prepared in sample diluent, at room
temperature. Following each step, plates were washed thrice with PBS containing 0.05%
Tween® 20 (PBS-T). Assays were developed by addition of Enhanced K-Blue® TMB
substrate (Neogen, Lansing, USA) and enzymatic reactions were stopped by the addition of
2N H2SOs. Optimal density (OD) was measured using a SpectraMax® i3x plate reader
(Molecular Devices, San Jose, USA) and protein concentrations were interpolated from

standard values using 4-parameter nonlinear regression.

Table 2.6 List of commercially used ELISA kits used in this thesis.

Analyte Species Detection Range Supplier
IFN-beta Human 7.8-500 pg/mi R&D Systems
IL-8/CXCL8 Human 31.2-2000 pg/ml R&D Systems

IL-6 Human 9.4-600 pg/ml R&D Systems
IL-29/1L-28B (IFN-lambda 1/3) Human 62.5-4000 pg/mi R&D Systems
Amphiregulin Mouse 15.6-1000 pg/ml R&D Systems
Betacellulin Mouse 7.8-500 pg/ml R&D Systems
Epiregulin Mouse 125-8000 pg/ml R&D Systems
HB-EGF Mouse 31.2-2000 pg/ml R&D Systems

IFN gamma Mouse 31.2-2000 pg/ml Thermo Fisher Scientific
IL-13 Mouse 7.8-500 pg/mi Thermo Fisher Scientific
IL-17A (homodimer) Mouse 7.8-500 pg/ml Thermo Fisher Scientific
IL-33 Mouse 15.6-1000 pg/ml R&D Systems
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Table 2.7 Antibodies and recombinant proteins used for ‘homemade’ sandwich ELISAs.

Capture antibodies Clone Concentration Supplier

Purified Rat Anti-Mouse IgE R35-72 2 pg/ml BD Biosciences
Purified Rat Anti-Mouse 1gG1 A85-3 2 pg/mi BD Biosciences
Purified Rat Anti-Mouse IgG2a R11-89 2 ug/ml BD Biosciences
Purified Rat Anti-Mouse IL-4 11B11 2 pg/ml BD Biosciences
Purified Rat Anti-Mouse IL-5 TRFK5 2 pg/mi BD Biosciences
Standard Clone/Cat. Concentration Supplier

Purified Mouse IgE, k Isotype Control C38-2 6.25-400 ng/ml BD Biosciences
Purified Mouse IgG1, k Isotype Control MOPC-21 0.156-10 ng/ml BD Biosciences
Purified Mouse 1gG2a, k Isotype Control G155-178 7.81-500 ng/ml BD Biosciences
Recombinant Mouse IL-4 550067 15.6-1000 pg/ml  BD Biosciences
Recombinant Mouse IL-5 554581 31.2-2000 pg/mi BD Biosciences
Detection antibodies Clone Concentration Supplier

Biotin Rat Anti-Mouse IgE R35-118 2 pg/ml BD Biosciences
Biotin Rat Anti-Mouse IgG1 A85-1 2 ug/ml BD Biosciences
Biotin Rat Anti-Mouse IgG2a R19-15 0.5 pg/ml BD Biosciences
Biotin Rat Anti-Mouse IL-4 BVD6-24G2 0.5 pg/ml BD Biosciences
Biotin Rat Anti-Mouse IL-5 TRFK4 2 pg/mi BD Biosciences

The Proteome Profiler Human XL Cytokine Array Kit (R&D Systems) was used to detect 105
different cytokines and chemokines in pooled basal media from infected ALI cultures. The
assay was performed according to the manufacturer's recommendations and membranes
were images using the myECL™ Imager (Thermo Fisher Scientific). Mean grey values of
duplicate spots was determined using Fiji software (National Institutes of Health, Bethesda,
USA) and abundance of proteins relative to reference spots was calculated after background
subtraction.

2.7.2 Western blot (WB)

Prior to western blot analysis, protein content in clarified cell lysates and lung homogenates
was determined using Pierce™ BCA protein assay (Thermo Fisher Scientific). Samples were
diluted in RIPA buffer to yield equal concentrations, NUPAGE™ LDS Sample Buffer (4X)
(Thermo Fisher Scientific) was added and samples were incubated at 90° C for 5 minutes. Up
to 30 pg of protein or 3 pl of Precision Plus Protein™ Kaleidoscope™ Prestained Protein
Standards were then loaded into 4-12% Criterion™ XT Bis-Tris Protein gels (both Bio-Rad,
Hercules, USA) and run in electrophoresis chambers filled with 1X Bolt™ MES SDS Running
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buffer (Thermo Fisher Scientific) at a constant voltage of 110 V until the lowest protein
standard reached the end of the gel. Proteins were then transferred from gels onto PVDF
transfer membranes (Thermo Fisher Scientific) by wet transfer for 30 minutes at 110 V in
cassettes submerged in WB transfer buffer (25 mM Tris-base, 192 mM glycine, 20% (v/v)
methanol). Immediately after transfer, the position of the visible protein standards was
indicated using Western Blot Marker Pen (Abcam) to allow visualisation of protein standards
with chemiluminescence. Membranes were then blocked in 5% BSA in TBS containing 0.1%
Tween® 20 (TBS-T), followed by incubation in primary antibodies in 5% BSA/TBS-T overnight.
Membranes were washed thrice for five minutes in TBS-T and then incubated with secondary
antibody diluted in 5% BSA/TBS-T for one hour. All antibodies are listed in Table 2.8.
Following three more washes in TBS-T, membranes were developed using Pierce™ ECL
PLUS Western Blotting Substrate and chemiluminescence was captured using a myECL™
Imager (both Thermo Fisher Scientific). Image processing and quantification of bands was

performed in Image Studio™ Lite software (LI-COR Biosciences, Lincoln, USA).

Table 2.8 Antibodies used for WB analysis.

Antibody Clone/Cat. Dilution Supplier
EGF Receptor (Mouse Preferred) D1P9C 1:1000 Cell Signaling Technology
Phospho-EGF Receptor (Tyr1068) D7A5 1:1000 Cell Signaling Technology
Anti-alpha Tubulin EPR13478(B) 1:2000 Abcam
Anti-rabbit IgG, HRP-linked 7074 1:2000 Cell Signaling Technology
2.8 Imaging analysis
2.81 Agarose-embedding and sectioning of ALl inserts

Cross-sections of ALl inserts were prepared for imaging analysis. Membranes were excised
from the inserts and embedded in 4% low-melting point agarose, followed by paraffin-
embedding and sectioning at 4 ym thickness at the Histology Facility at Imperial College

London.
2.8.2 Histological stains

Wax embedding, sectioning as well as haematoxylin and eosin (H&E) staining, periodic acid-
Schiff (PAS) and Gordon & Sweet’s silver staining were performed by Lorraine Lawrence of

the Imperial College Histology Facility. The mean linear intercept (L) of the lung parenchyma
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was calculated by overlaying 8 parallel lines on images of H&E-stained lungs and counting
the number of airspaces intercepted by the lines. L, values were averaged from four fields of
view per mouse and expressed as distance between intercepts in ym. Mucus staining was
assessed by scoring all airways within an entire lung section, from an individual mouse, based
on the degree of PAS* cells in the epithelium using the following scoring system: 0 = <5%
PAS® cells; 1 = 5-25% PAS" cells; 2 = 25-50% PAS" cells; 3 = 50-75% PAS" cells; 4 = > 75%
PAS" cells. Scores across all airways were averaged. Reticulin thickness was measured using
Fiji software at ten points per airway in sections stained with Gordon & Sweet’s silver stain
and averaged across all airways per lung section for each mouse. Epithelial height was
measured in H&E-stained cross-sections of epithelial cells at ten points across the epithelial

layer using ImageScope Software (Leica, Wetzlar, Germany)

2.8.3 Immunofluorescence

Immunofluorescence staining was performed on lung section or cross-sections of epithelial
layers from ALI cultures. Paraffin-embedded section were passed through two changes of D-
Limonene (GENTACLEAR; Genta Medical, York, United Kingdom) and rehydrated using
decreasing concentration of ethanol (100%, 90%, 70% for 1 minute each followed by PBS).
Slides were placed in 90° C EDTA buffer (1 mM EDTA, pH 8) or Tris-EDTA buffer (10 mM
Tris-base, 1 mM EDTA, pH 9) and incubated covered for 30 minutes for heat-induced antigen
retrieval. Samples were blocked and permeabilised in PBS containing 10% donkey serum and
0.5% Tween® 20 for one hour at room temperature followed by two five-minute washes in
PBS. Slides were then incubated with primary antibodies diluted in 1% BSA in PBS overnight
at 4° C. After two further washes in PBS, samples were incubated with secondary antibodies
diluted in 1% BSA in PBS for at least one hour at room temperature. Where staining panels
contained conjugated and unconjugated antibodies raised in the same species, the staining
with the unconjugated primary and conjugated secondary antibody was followed by an
additional blocking step in serum of the species that the primary antibody was raised in prior
to staining with the conjugated primary antibody. Following secondary antibody staining, slides
were washed twice in PBS. In some instances, 0.1 ug/ml DAPI (Sigma) was included in the
last wash step as a counterstain for nuclei. Samples were mounted using ProLong™ Diamond
Antifade Mountant and allowed to cure at room temperature for 24 hrs before imaging or
storage at 4° C. A list of all antibodies used for immunofluorescence imaging within this thesis

can be found in Table 2.9.
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Table 2.9 Antibodies used for immunofluorescence staining.

Primary antibodies

Antibody (Host/clone) Conjugate Conc. Supplier

ACE2 (Goat polyclonal) - 4 ug/mi R&D Systems
Alpha-smooth muscle actin (Mouse 1A4) AF488 2.5 uyg/ml Thermo Fisher Scientific
Alpha-tubulin (Mouse 6-11B-1) - 10 pg/ml Abcam
Cytokeratin 5 (Rabbit EP1601Y) AF647 2.5 yg/ml Abcam

Goat IgG, polyclonal isotype control - 2-4 pg/ml Abcam

Mucin 5AC (Rabbit EPR16904) AF555 5 pg/ml Abcam

PIEZO1 (Rabbit polyclonal) - 10 pg/ml Novus Biologicals
Rabbit IgG, polyclonal isotype control - 10 pg/ml Vector Labs
SARS NP (Rabbit polyclonal) - 10 pg/ml Novus Biologicals
Type | Collagen (Goat polyclonal) - 2 ug/ml Southern Biotech
Secondary antibodies

Antibody Conjugate Conc. Supplier
Donkey anti-goat IgG AF488 10 ug/ml Thermo Fisher Scientific
Donkey anti-goat 1gG AF647 10 yg/ml Thermo Fisher Scientific
Donkey anti-mouse 1gG AF488 10 yg/ml Thermo Fisher Scientific
Donkey anti-rabbit IgG AF546 10 yg/ml Thermo Fisher Scientific
Donkey anti-rabbit IgG AF594 10 yg/ml Thermo Fisher Scientific

2.8.4

Fluorescence imaging

Fluorescence images were acquired on a Leica DM 2500 microscope with a Leica DFC300

Image acquisition and analysis

FX camera or using the Aperio VERSA slide scanner (all Leica) with a maximum magnification

of 400x. Images were cropped, rotated and adjusted for brightness and contrast using Fiji

software, which was also used to assign pseudocolours and add scale bars. For quantification

of a-smooth muscle actin staining, regions of interest were drawn around the large airways

and underlying smooth muscle and the amount of a-smooth muscle actin staining within these

areas was calculated using Fiji software.

Second-harmonic generation

Second-harmonic generation images of fibrillar collagens were generated by two-photon

imaging of dewaxed, dehydrated and mounted lung sections using a Leica SP5 inverted

confocal multi-photon fluorescence lifetime measures microscope. Tissue autofluorescence
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was recorded in an additional channel to allow orientation within sections. Z-stacks were
generated with a constant number of steps and Z-step size (around 1 ym) and maximum
projections were generated using Fiji software. Collagen organisation was analysed within
collagen regions across four angles (0°, 45°, 90°, 135°) using the GLCM-TextureToo plugin
for Fiji and yielded values for contrast (measure of local variations in the image), angular
second moment (represent the uniformity of the image), entropy (statistical measure of

randomness) and inverse difference moment (measure of similarity).

2.9 Data analysis, statistics and visualisation

291 Data processing and simple statistical testing

All data processing, calculations and analyses were conducted within RStudio to allow for
reproducibility and automation. The R stats package was used for statistical analyses. Since
normality of data could not be assumed, non-parametric analyses were conducted. Unless
stated otherwise, two groups were compared by calculating exact p values using a two-sided
Mann-Whitney test, with p values < 0.05 being considered statistically significant. Where
matched data existed, groups were compared using a paired Wilcoxon test. Where three or
more groups were compared, the R rstatix packages was used to perform a Kruskal-Wallis
test followed by a Dunn’s post-hoc test between individual groups. P values were corrected

for multiple comparisons using the Bonferroni.

2.9.2 Correlations, principal component analysis and network analysis

The R stats package was used to perform principal component analyses and compute
correlations. For principal component analysis of complete records of continuous variables,
data were scaled and centred and the first two principal components were plotted. The
Spearman method was used for correlation analysis, yielding exact p values and rank
correlation coefficients (p). Venn diagrams of overlapping significant correlations
(p value < 0.05 and a |p| > 0.5) between assigned clusters were created using the ggvenn2
package. Network analysis was conducted on correlation data, whereby correlations with a p
value < 0.05 and a |p| > 0.75 were considered as interactions (edges) between variables
(nodes). A node-edge diagram of correlations with ‘fr’ layout was created using tidygraph and

ggraph packages. Interesting valuables (nodes) were labelled in the network map.
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2.9.3 Visualisation

Graphs were created using the ggplot2 package. Unless stated otherwise, data are shown as
box-and-whisker plots with the whiskers ranging from minimum to maximum, the box

indicating the interquartile range and the line denoting the median. Where possible, individual

data points are shown.
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3 Results |:

Pulmonary levels of EGFR and its ligands
— changes during development and with
allergen or virus challenge
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3.1 Introduction

3.1.1 Stages of lung development in humans and mice

The key physiological role of the lungs is the successful gas exchange between the external
environment and the blood in order to support the supply of oxygen to all tissues. During
embryonic development, oxygen is supplied from the mother via the umbilical cord, which
allows the development of the lungs during this period. However, even though human lung
development is sufficiently advanced even at around 36 weeks of gestation to support gas
exchange in infants born at term or slightly pre-term'®’, classical alveolarization continues until
around 3 years of age and the lungs undergo further maturation processes up until young
adulthood'®. Lung development of both humans and mice can be divided into five main

histological stages'%2°! (Figure 3.1A, page 77).

During the embryonic stage, which spans gestational week 4-7 in humans and embryonic days
(E)9.5-12 in mice, the lung buds emerge from the ventral foregut endoderm and separate from
the oesophagus, resulting in the formation of the lung primordium, a primitive larynx and
trachea, the latter of which bifurcates shortly after. During this stage, the primordial tubes

complete their branching to give rise to the five main lobes of the lungs.

The subsequent pseudoglandular phase (week 5-17 in humans; E12-16.5 in mice) is named
for the resemblance the branching epithelial tubes bear to exocrine glands. As a result of this
branching process, a primitive respiratory tree is formed, which is fluid-filled at this stage and

thus unable to support gas exchange.

The canalicular stage (week 16-26 in humans; E16.5-17.5) is a short stage characterised by
significant changes in morphology. This phase sees the firstimmergence of immature terminal
sacs, formed when terminal bronchioles are divided into the proximal respiratory bronchioles
and the distal alveolar ducts, as well as increases in vascularisation and angiogenesis as the

respiratory tree expands.

These immature terminal sacs develop further to form primitive respiratory sites during the
saccular stage (week 24-38 in humans; E17.5 to postnatal day (P)4 in mice). In this phase,
the alveolar epithelial cells differentiate into alveolar type | and type Il cells, the latter of which
produce surfactants which prevent the lungs from collapsing. At the same time, the interstitium
of the lungs thins, accompanied by further increases in capillaries, innervation and lymphatics
in the lungs. At the end of this stage, the primitive respiratory sites are sufficiently developed

to support gas exchange, which is particularly crucial in prematurely born infants.
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During the final phase of lung development, the alveolar stage (from week 36 of gestation in
humans; P4-P21 in mice), the terminal sacs formed during the previous stages of lung
organogenesis develop into mature alveolar ducts and alveoli, resulting in the formation of the
majority of the gas exchange surface. While classical alveolarization, during which alveoli are
formed by the development of secondary septa, is concluded by around 3 years of age in
humans or P21 in mice, septation and maturation of the microvasculature continue into young
adulthood.

3.1.2 The role of EGFR and its ligands during lung development

EGFR signalling plays a crucial role during lung development. Studies analysing EGFR-
deficient mice have reported immature lungs and a lack of proper alveolarization in those
animals that survived past gestation'®® '6' |t was later shown that EGFR is crucial for
successful branching and that EGFR-deficient mice showed defects as early as E12, resulting
in an overall 50% reduction in alveolar volume and thus severely impaired gas exchange?®.
The same study also found that EGFR contributed to the maturation of alveolar type Il cells,
particularly the formation of multilamellar bodies, and that treatment of healthy lung organ
cultures with EGF was sufficient to induce expression of surfactant protein C (SP-C) and
thyroid transcription factor-1 (TTF-1), both of which are markers of alveolar type Il cell
maturation. EGFR signalling is further necessary for expression of SP-A in the lungs?®, and
Wang and colleagues (ref. 2°4) have reported that mechanical stretch of embryonic type Il
alveolar cells can result in shedding of HB-EGF and TGFa, which induced SP-B and SP-C by
signalling via EGFR, thus driving type Il cell differentiation. Finally, mice deficient for ADAM17,
the enzyme responsible for membrane shedding of AREG, EREG, HB-EGF and TGFa,
showed visible respiratory distress and failed to form normal saccular structures, characterised
by impaired branching morphogenesis, a thick-walled mesenchyme and deficient septation?°®,

providing further evidence for a central role for EGFR signalling during lung development.

Despite the clear importance of EGFR in pulmonary development, the individual contributions
of each of the seven ligands is less clear. Although a role for AREG in lung branching has
been predicted using ex vivo and in vitro approaches?°®, AREG null mice displayed no gross
or histological abnormalities of the lungs?®’. Similarly, studies characterising mice deficient for
BTC, EGF, EPGN, EREG or TGFa, or triple-deficient mice for AREG/EGF/TGFa or
EGF/EREG/TGFa, did not report any gross defects in the lungs of these animals'77-180. 207, 208
indicating that these ligands are dispensable or only contribute minorly to lung development.
Itis also possible that the loss of one or a few ligands can be compensated for by the remaining
ligands. In contrast, roughly half of HB-EGF null mice displayed lung defects, including

thickened mesenchymal tissue between alveoli as well as an overall reduction in the number
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of alveoli and defects in the differentiation of alveolar type Il cells?°®, suggesting that HB-EGF
plays a major, non-redundant role in lung development. However, further studies dissecting
the exact contribution of each individual ligand are currently lacking. In addition, although
some efforts have been made to analyse the presence and expression patterns of EGFR and
some of its ligands within the lungs?®®-2'" cell-type specific pulmonary expression of the

receptor and all of its seven ligands has not yet been described.

3.1.3 EGFR signalling during asthma, AAD and respiratory viral infection

There is overwhelming evidence to suggest that EGFR signalling is altered during asthma and
AAD, as well as in response to viral infection. EGFR and its ligands AREG, HB-EGF and EGF
were increased in the bronchial epithelium of adult and paediatric patients with asthma
compared to controls?'?2'® and elevated levels of AREG or EGF were found in the sputum of
children with asthma?'® 220, Additional studies have reported elevated nasal EGF levels in
children and adults with wheeze??! as well as increased numbers of AREG-expressing cells'®
or subepithelial expression of ADAM17222 in bronchial biopsies from patients with asthma.
Augmented expression of EGFR ligands and receptor activation compared to controls was
present in nasal and bronchial cells from patients with asthma?'® 223.224_ |mportantly, EGFR or
ligand expression correlated with several key disease parameters, such as sputum
eosinophilia, airway hyperresponsiveness, forced expiratory volume, mucus production or
reticular basement membrane thickness'3® 214.215.220.223 “indjcating that EGFR signalling may

actively contribute to disease pathogenesis.

Further insight can be gained from evaluating in vivo and in vitro studies. For example, it has
been shown that the fungal allergen Alternaria alternata (ALT) can induce phosphorylation of
EGFR in human bronchial epithelial cells??®. Similarly, the aeroallergen house dust mite (HDM)
acted cooperatively with IL-4 and IL-13 to induce the expression of TGFa along with IL-8 and
GM-CSF in bronchial epithelial cells from healthy controls or patients with asthma??*. The
ability of allergens to induce EGFR signalling has also been demonstrated in vivo in various
rodent models. Using traditional sensitisation-challenge models of AAD, several groups have
shown increases in EGFR phosphorylation and expression of HB-EGF in the lungs upon
challenge with OVA or HDM'57: 168, 169, 226, 227 ' Thege findings are complemented by studies
employing more physiologically relevant models of chronic inhaled allergen exposure, which
describe increases in EGFR ligand levels or augmented activation of EGFR in the airway
epithelium of mice upon repeated exposure to HDM or ALT'34 136.166.223 Thege results clearly
highlight that EGFR signalling is active during AAD, although there is little data available to
show how the levels of the individual ligands change with allergen exposure or suggest which

ligand(s) may be involved in driving EGFR activation in this context.
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However, increased EGFR activation is not unique to inhaled allergen exposure. Of particular
relevance to PSW and asthma are respiratory viral infections, as these are common triggers
of exacerbations and may also predispose to disease development. Various common
respiratory viruses, such as RSV, RV or influenza A virus (IAV) can induce EGFR
phosphorylation in primary epithelial cells or cell lines??®2%7, Importantly, the induction of
mucins such as MUC5AC by these viruses was shown to depend on EGFR signalling?3" 235
28 These findings are especially interesting as mucus hypersecretion is also a key
pathological feature of asthma, and similar EGFR-dependent mechanisms may be driving

pathology in this context.

Overall, despite overwhelming evidence for the importance of EGFR signalling both during
lung development and during asthma and viral infection, comprehensive approaches to study
the individual roles of all seven ligands in these contexts are lacking. In addition, little is known
about EGFR signalling during early-life AAD. This chapter aimed to address both of these

questions.

3.1.4 Hypothesis and aims

Hypothesis

EGFR is central to lung development as well as the pulmonary response to allergens and

viruses both in early life and adulthood, with unique roles for the individual ligands.

Aims
1. To analyse how EGFR ligand levels change during pulmonary development.

2. To investigate which cells are the primary sources of EGFR and ligands in the naive

lung at different stages of life.

3. To measure how EGFR signalling, including expression of the various ligands, is

affected by allergen or viral challenge in early life and compare it to adulthood.

72



3.2 Methods

3.21 Analysis of published data sets

The whole genome expression data set prepared by Beauchemin et al. 2016 (ref. 23°) was
used to analyse Egfr and ligand gene expression in the developing murine lung. Expression
data were downloaded directly from http://lungdevelopment.jax.org/ and plotted without further

transformation.

Expression patterns of EGFR and ligand genes in the human lung were analysed in the single-
cell RNA sequencing data set prepared by Travaglini et al. 2020 (ref. 24°). Data from the 10X
genomics sequencing approach were explored using the Chan Zuckerberg CELLXGENE
Discover cellular visualisation tool, restricting the analysis to Ilung tissue
(https://cellxgene.cziscience.com/d/krasnow_lab_human_lung_cell_atlas_10x-1.cxg/).

Genes or gene sets were visualised directly within the tool and resultant graphs were exported
for use in this thesis. Cell population identity was confirmed by plotting population-specific

gene sets (Table 3.1).

Table 3.1 Gene sets used to validate sorted cell populations.

Population Gene set
Immune PTPRC
Stromal VIM, DCN, COL1A2, ACTA2
Endothelial PECAM1, CDHS5, TIE1
Epithelial EPCAM, KRT19, AQP3, SFTPC, FOXJ1, KRT5, MUC1
3.2.2 Sorting lung cell populations at different stages of development

Naive C57BL/6J mice were culled at different postnatal timepoints and lungs were dissociated
into single-cell suspensions using dispase and DNase digestion. Four major lung cell
populations, airway macrophages (AMs), other immune cells, epithelial cells and other
structural cells, were isolated using fluorescence-activated cell sorting. Gene expression of

Egfr and ligands was measured using qPCR.
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3.23 Murine models of allergic airway disease (AAD)

AAD was induced in neonatal or adult BALB/c mice by repeated intranasal dosing with
recombinant mouse IL-33, HDM or ALT. In some cases, mice were also infected with RSV or
treated with AREG. Organs were harvested 24 hours after the final challenge. Details of which

models were used are given in the relevant figure legends.

3.24 Use of primary human samples to investigate effects of allergen on
EGFR ligands

Primary airway epithelial cells were collected from 5-8-day-old infants, a 3-year-old child with
lower respiratory tract infection and non-asthmatic pre-school children or adults by nasal or
bronchial brushing. Cells were grown at air-liquid-interface (ALI) for at least three weeks until
fully differentiated and then challenged with HDM and/or RSV. Gene expression and protein

levels were analysed in cell lysates using qPCR and western blot, respectively.

Normal human lung fibroblasts (NHLFs) were isolated from human lung resections using
outgrowth cultures. Fibroblasts were treated with basal media from naive differentiated nasal
epithelial cells in the presence or absence of EGFR inhibitor Gefitinib and cell proliferation was

determined using live imaging and subsequent image analysis.

Children of pre-school or school-age with or without wheeze or severe asthma were recruited
for sampling by bronchoscopy as previously described'® 0. Brushings of the large airways
and BAL were collected for gene expression analysis by bulk RNA sequencing or gPCR,
respectively. Donor demographics of samples used for analysis of bronchial brushes and BAL
cells can be found in Table 3.2 and Table 3.3, respectively. Atopy was defined specific

IgE > 0.35 kUA/I against common allergens (grass pollen, tree pollen, cat, dog, HDM, moulds).
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Table 3.2 Demographics of donors used for transcriptome analysis of bronchial brushings.

Pre-school controls

Pre-school wheeze

School-aged severe

(n =28) (n=13) asthma (n = 14)
Female sex (%) 11 (39%) 4 (31%) 10 (71%)
Median age
) 48.5 (18-67) 46 (31-70) 161 (80-205)
(range) in months
Ethnicity (%)
Asian 5 (18%) 2 (15%) 1(7%)
Black - 3 (23%) -
White 4 (14%) 7 (54%) 8 (57%)
Mixed 18 (64%) 1(8%) 3(21%)
Any other 1 (4%) - 1(7%)
Unknown - - 1(7%)
Atopy status (%)
Atopic 7 (25%) 5 (38%) 8 (57%)
Non-atopic 11 (39%) 8 (62%) 6 (43%)
Unknown 10 (36%) - -
Viral PCR
Positive - 7 (54%) 7 (50%)
Negative - 4 (31%) 6 (43%)
Unknown 28 (100%) 2 (15%) 1(7%)

Table 3.3 Demographics of donors used for gene expression analysis of BAL.

Disease controls

Pre-school wheeze

School-aged severe

(n=38) (n=9) asthma (n = 6)
Female sex (%) 5 (63%) 2 (22%) 4 (67%)
Median age
49.5 (25-159) 33 (27-49) 140 (74-205)
(range) in months
Ethnicity (%)
Asian - 1(11%) 1(17%)
Black - 1(11%) -
White - 7 (78%) 1(17%)
Mixed - - 4 (67%)
Any other - - -
Unknown 8 (100%) - -
Atopy status (%)
Atopic 1(13%) 4 (44%) 3 (50%)
Non-atopic 7 (87%) 4 (44%) 3 (50%)
Unknown - 1(11%) -
Viral PCR
Positive 5 (63%) 3 (33%) 2 (33%)
Negative 3 (37%) 3 (33%) 3 (50%)
Unknown - 3 (33%) 1 (17%)
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3.3 Results

3.31 EGFR and ligand expression throughout pulmonary development

While the requirement for EGFR signalling for successful pulmonary development has been
described previously, the contribution of the individual ligands has not been studied in detail,
nor how their expression might change during the different stages of pre- or postnatal lung
development (Figure 3.1A). Even though the individual contribution of each ligand to
successful lung development is difficult to assess without the detailed study of knockout
animals, a publicly available data set was used to delineate pulmonary gene expression of
EGFR and its ligands during lung development. Beauchemin and colleagues (ref. 2°) collected
whole lungs from male mice of three different inbred stains (A/J, C3H/HeJ and C57BL/6J) at
several embryonic (E11.5 to E19.5) and postnatal stages (PO to P56), as well as whole
embryos at E9.5, and performed whole genome gene expression analysis on RNA extracted
from these tissues. From this data set, expression levels of Egfr and its ligands throughout
lung development were extracted (Figure 3.1B). Egfr exhibited strong expression in both
developing and mature lungs, and levels were elevated compared to those measured in whole
embryos at E9.5, underlining the prominence of EGFR in the lungs. While all ligands were
detected in the data set, expression levels of Areg, Hbegf and Tgfa were higher compared to
the other ligands, potentially pointing towards a greater role for these molecules in lung
development. Interestingly, transcript levels of both Egfr and its ligands remained largely
stable during both embryonic and postnatal stages, with the exception of Hbegf, whose
expression increased steadily throughout development. Hbegf was also the only gene that
showed differential expression between the different mouse strains, with elevated levels
measured in C3H/HeJ mice. Together, these observations may suggest particular importance
of Hbegf compared to its fellow EGFR ligands in the murine lung. However, it was not possible

to infer distinct roles for either of the ligands in pulmonary development from these data.

A limitation of the approach used by Beauchemin et al. (ref. 23°) is its inability to measure cell-
specific changes in gene expression. In order to address which cells displayed the highest
expression of Egfr and its ligands in the murine lung, as well as how cell-specific expression
levels might change during postnatal development, FACS was used to divide lung cell
suspensions collected at different postnatal timepoints into four main populations: airway
macrophages (AMs; CD45" Siglec F* CD11c* CD64"), other immune cells (CD457), epithelial
cells (CD45- EpCAM* CD317) and other structural cells (CD45") (Figure 3.2A-B). While Epgn
transcripts were not reliably detected throughout the time course in any population and Egf
MRNA was only present in other structural cells at all timepoints, robust expression of Egfr

and the remaining ligands was observed, especially in the structural compartment (epithelial
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Figure 3.1 Egfr and ligand expression during pre- and postnatal murine lung development.

A Schematic illustrating pre-natal (embryonic, EMB; pseudoglandular, PSG; canicular, CAN; saccular, SAC)
and post-natal (alveolar, ALV; mature, MAT) stages of lung development. B Gene expression (log2 probe
intensity) of indicated genes in whole embryos (E09.5) or lungs of male A/J, C3H/HeJ or C57BL6/J during
different stages of development, as reported by Beauchemin et al., 2016 (ref. 239). Data are shown as median
(interquartile range) of n = 2-3 per strain and timepoint.

cells and other CD45") (Figure 3.2C). In comparison, Egfr and ligand expression levels were
lower in immune cells, particularly in AMs. In line with whole lung expression (cf. Figure 3.1),
MRNA levels were largely stable throughout development in all populations except AMs, which

displayed timepoint-dependent differences in expression of Egfr and its ligands, potentially
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Figure 3.2 Egfr and ligand expression levels in four major lung cell populations at different stages of
lung development.

A Schematic overview of experimental approach. WT C57BL/6J mice were culled at various postnatal timepoints
and four major cell populations were isolated from lungs using fluorescence-activated cell sorting. B Gating
strategy for the isolation of airway macrophages (AMs), other CD45* cells, epithelial cells and other CD45 cells.
C Gene expression by gPCR of indicated genes in four major lung cell populations across various postnatal
timepoints. Data are shown as median (interquartile range) of n = 3-8 mice per timepoint. Dotted line denotes
limit of detection.

pointing towards a role for these cells in alveolarization. Overall, these data show that Egfr
and most of its ligands were widely expressed in the murine lung and that the CD45~

compartment was the dominant source of transcript.
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In order to address whether cell-specific expression patterns of EGFR and its ligands were
comparable in the human lung, publicly available single-cell sequencing data from normal lung
resections of patients undergoing lobectomy for focal lung tumours, collected by Travaglini
and colleagues?® as part of the Human Lung Cell Atlas (HLCA), were explored (Figure 3.3A).
Tissue from three donors was collected from three different regions of the lung (proximal,
medial and distal) and dissociated into cell suspensions, which were enriched for epithelial
(EPCAM™), endothelial/immune (CD31* CD45%) or stromal (EPCAM- CD31~ CD45") cells prior
to single-cell sequencing using the 10x genomics platform (Figure 3.3A). While distal lung
tissue was available for all donors, medial and proximal were only collected from one donor,
respectively (Figure 3.3B). Sequencing data were visualised using the Chan Zuckerberg
CELLXGENE Discover cellular visualisation tool, which generated a tSNE plot for each cellular
compartment (n = 4, across) and donor (n = 3, down). To confirm the appropriate assignment
of the cellular compartments, expression of cell type-specific gene sets was visualised on the
tSNE plots (Figure 3.3C, cf. Table 3.1). As expected, expression of PTPRC, the gene
encoding CD45, was restricted to the immune compartment, while stromal cells could be
identified by their high expression of VIM, DCN, COL1A2 and ACTA2. Similarly, the
expression of endothelial (PECAM1, CDH5 and TIE1) and epithelial cell gene sets (EPCAM,
KRT19, AQP3, SFTPC, FOXJ1, KRT5 and MUC1) was restricted to their respective cellular
compartments, thus validating the assignment of each of the populations. The expression of
EGFR and each of its seven ligands within these data was then plotted to investigate their cell
type-specific expression within the human lung (Figure 3.3D). As observed in the murine lung,
EGFR expression was highest in structural (stromal, endothelial and epithelial) populations.
Ligand expression was varied, with AREG and HBEGF displaying high expression across all
compartments, whereas other ligands, such as BTC, EPGN, EREG and TGFA, were restricted
to one or two compartments. EGF expression was rare in any compartment. Overall, these
data suggest that similar to the findings in the murine lung, EGFR and some of its ligands,

particularly AREG and HBEGF, are widely expressed in the adult human lung.

While the HLCA provides detailed information on cell type-specific gene expression patterns,
it only reflects gene expression of adult (46- to 75-year-old) individuals. In order to assess the
influence of age, as well as anatomical location, on the gene expression of EGFR and its
ligands in human epithelial cells, primary nasal (NEC) or bronchial (BEC) epithelial cells were
collected from non-asthmatic infants, pre-school children or adults and grown into well-
differentiated pseudostratified epithelial layers in air-liquid interface (ALl) cultures
(Figure 3.3E). Gene expression analysis of these cultures revealed comparable expression
of EGFR and its ligands across ages and locations, with only minor differences detected in

EGFR expression between infants and pre-school children and TGFA between NECs and
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Figure 3.3 EGFR and ligand expression in the human lung.

A Travaglini et al. (ref. 240) performed single-cell RNA sequencing (scRNA-seq) on immune, stromal, endothelial
and epithelial cells enriched from lung resection from three adult donors. B tSNE plot of scRNA-seq data
showing tissue location for all donors. C tSNE plots showing expression of key subset defining genes: Immune:
PTPRC; Stromal: VIM, DCN, COL1A2 and ACTAZ2; Endothelial: PECAM1, CDH5 and TIE1; Epithelial: EPCAM,
KRT19, AQP3, SFTPC, FOXJ1, KRT5 and MUC1. D tSNE plots showing expression of EGFR and ligand genes.
E Gene expression of EGFR and ligand genes by gPCR in differentiated nasal (NEC) or bronchial (BEC)
epithelial from infants, pre-school children or adults without respiratory pathology. n = 3-10. Statistics: Mann-
Whitney test between indicated groups. *, p < 0.05.
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BECs of pre-school children, respectively. Of note, the level of gene expression in these
epithelial cell cultures resembled those previously observed in both human and murine lungs,
with high expression of the receptor as well as the ligands AREG, BTC, HBEGF and TGFA
and lower expression of ligands such as EGF or EPGN, suggesting that both ALI cultures of

epithelial cells and murine models are suitable approaches to study EGFR in the lung.

3.3.2 Effects of allergen treatment on EGFR gene expression

The role of EGFR in wound healing, remodelling and repair and its wide expression within the
lungs prompted the question of how the EGFR pathway would respond to allergen or virus
challenge. To this end, whole lung gene expression analysis (Figure 3.4A) was performed in
various models of neonatal and adult AAD routinely used in our group (Figure 3.4B-E). First,
three well-established®® short neonatal AAD models where 3-day-old neonatal mice were
intranasally administered a total of six doses of ALT, HDM or the epithelial alarmin IL-33 over
the course of two weeks were compared (Figure 3.4B). Interestingly, both allergen and
cytokine exposure resulted in the downregulation of various ligands, while pulmonary mRNA
of Egfr remained unaffected (Figure 3.4F). A possible explanation for this pattern would be
that the reduction in whole lung transcript results from an influx of immune cells into the lungs,
as previous data (cf. Figure 3.2, Figure 3.3) would suggest that these exhibit lower expression
of EGFR ligands compared to the structural compartment. Thus, pulmonary gene expression
was also measured in a chronic neonatal allergen exposure model (Figure 3.4C), where
remodelling and repair pathways would be more prominent. However, the pulmonary gene
expression after five weeks of HDM exposure mirrored that of the two-week model, with
significant decreases in the whole lung expression of Btc, Egf, Epgn and Tgfa (Figure 3.4G),
suggesting that allergen exposure resulted in the downregulation of EGFR pathway members
in the lung. In order to investigate whether these transcriptional changes were maintained
even after cessation of allergen challenge, gene expression was measured in the lungs of
neonatal mice which were allowed to resolve for four weeks following three weeks of allergen
exposure (Figure 3.4D). A subset of mice was additionally infected with RSV, a virus which
has been implicated in disease development and exacerbation in children with wheeze and
asthma®"" and previously shown to induce EGFR signalling??® 232, 24 hours prior to tissue
harvest. With the exception of Epgn and Hbegf, which were slightly up- and downregulated,
respectively, there were no long-lasting effects of HDM exposure on pulmonary expression of
EGFR pathway genes (Figure 3.4H). Interestingly, viral infection had diverging effects,
resulting in the downregulation of some ligands, such as Egf, Epgn and Tgfa while
simultaneously inducing the expression of Bfc, Ereg and Hbegf. These effects were

independent of whether the animals had previously been exposed to HDM. Overall, these
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Figure 3.4 Egfr and ligand gene expression in response to allergen or virus challenge.

A RNA was extracted from lung lobes and gene expression measured using gPCR. (B-E) Schematics depicting
experimental approaches. All animals were dosed intranasally and lungs were harvested 24 hours after the final
dose. B 3-day-old BALB/c mice were treated with 50 pg/kg IL-33, 20 ug HDM or 5 ug A. alternata extract three
times a week for two weeks. n = 3-9. C 7-day-old BALB/c mice were dosed with HDM (10 ug in week 1, 15 ug
thereafter) three times a week for five weeks. n = 12-16. D 7-day-old BALB/c mice were treated with HDM (10 pg
in week 1, 15 ug thereafter) three times per week for three weeks, rested for four weeks and then infected with
a single dose of 1x10% PFU RSV. n = 7-8. E Adult female BALB/c mice were treated with 25 ug HDM five times
per week for five weeks. n = 4-6. F-I Whole lung gene expression of indicated genes in previously described
models (F—B, G—C, H—-D, I-E), shown as fold-change from PBS-treated controls. Black error bars depict
interquartile range, grey bars depict range. Statistics: Mann-Whitney test between indicated group and PBS
control (*, **, ***) or HDM/PBS group (°, °°, °°°; H only). */°, p < 0.05; **/°°, p < 0.01; ***/°°°, p < 0.001.

results suggest that the transcriptional regulation of EGFR pathway members is highly
complex and differs between the various ligands. Finally, in order to address whether the
observed effects of allergen treatment on gene expression were specific to neonatal animals,

MRNA levels were also measured in lungs from female adult mice exposed to HDM for five
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weeks (Figure 3.4E). This analysis revealed patterns of ligand and receptor downregulation
upon allergen treatment which were comparable to the neonatal model (Figure 3.41),
indicating that the ability of HDM to suppress the expression of EGFR pathway genes was not

age specific.

3.3.3 Cell-specific expression of EGFR in the allergic lung

While the analysis of whole lung mRNA allowed the study of the effects of allergen exposure
on EGFR pathway gene expression in a variety of models, a limitation of this method is the
inability to capture cell-specific expression. To address this issue, flow cytometry was used to
measure EGFR expression on lung cells of neonatal mice following two weeks of allergen
challenge (Figure 3.5A). Hierarchical gating strategies for various cell populations are shown
in Figure 2.1, Figure 2.2 and Figure 2.3 of the methods chapter (cf. 2.5.3). As expected, HDM
challenge resulted in significant increases in the total numbers of lung cells (Figure 3.5B),
driven primarily by recruitment of immune cells such as eosinophils, neutrophils and dendritic
cells, although slight increases in epithelial cell numbers were also observed (Figure 3.5C).
In naive animals, EGFR expression was primarily detected on epithelial cells and fibroblasts
(Figure 3.5D-E), while HDM exposure led to receptor expression on greater proportions of
dendritic cells and eosinophils as well as epithelial cells (Figure 3.5F). In addition, increased
geometric mean fluorescence intensity (gMFI) of EGFR was observed on dendritic and
epithelial cells upon allergen exposure, suggesting an upregulation of the receptor on a per-
cell basis (Figure 3.5G). In contrast, AMs from HDM-challenged mice displayed reduced per-
cell expression of EGFR compared to controls. Overall, these data indicate that while EGFR
is primarily restricted to structural cells in the naive lung, immune cells can upregulate EGFR

expression in the context of allergen challenge.

In addition to measuring EGFR expression on myeloid and structural lung cells in two
independent experiments (cf. Figure 3.5), T cells and BAL were also analysed in one of the
two repeats and an additional treatment with recombinant EGFR ligand amphiregulin (AREG)
was included to investigate whether exogenous activation of EGFR would affect its expression
(Figure 3.6A). Similar to the lungs, HDM exposure also led to significant influx of cells into the
airways (Figure 3.6B), primarily driven by eosinophil and neutrophil recruitment (Figure 3.6C).
In addition, there were increased numbers of CD4* T cells in the lungs (Figure 3.6D), the
majority of which could be identified as GATA3* Th2 or Foxp3* regulatory T (Treg) cells
(Figure 3.6E).

AREG treatment had no effects on either airway or lung cellularity, suggesting that EGFR
activation alone did not induce cell recruitment. Similarly, EGFR expression levels were also
unaffected by AREG treatment.
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Figure 3.5 Increased EGFR expression on immune and structural cells in the allergic lung.

A 7-day-old BALB/c mice were treated with HDM (10 ug in week 1, 15 pg in week 2) three times per week foi
two weeks and culled 24 hours after the last dose. B Total cell counts per left lung lobe. C Myeloid and structural
cell numbers in the lung. One circle per mouse and population, where the size of the circle depicts total cell
numbers per left lung lobe and the colour represents change from the PBS control. D Representative histograms
showing EGFR staining on dendritic or epithelial cells. (legend continued on next page)
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(legend continued from previous page)
E EGFR staining on lung myeloid and structural cells. One circle per mouse and population, where the size of
the circle depicts fraction of cells expression EGFR and the colour represents change in EGFR geometric mean
fluorescence intensity (gMFI) from PBS control. F Frequency of EGFR expression on indicated lung cell
populations. G gMFI of EGFR on indicated lung cell populations expressing the receptor. n = 6-7. Data pooled
from two independent experiments. Statistics: Mann-Whitney test between indicated groups. *, p < 0.05; **, p
<0.01; **, p<0.001.
In line with its effect in the lung, HDM exposure induced upregulation of EGFR on myeloid
cells in the airways, although the analysis of its effects was somewhat confounded by the low
frequencies of these cells in naive animals (Figure 3.6F). EGFR expression was detected on
T lymphocytes (Figure 3.6G-H) and its expression was significantly increased on CD4* T cells
upon HDM exposure, particularly on Th2 and Treg cells, both on population (Figure 3.61) and
cellular level (Figure 3.6J). In summary, HDM had profound effects on EGFR expression of
eosinophils, dendritic cells, Th2 and Treg cells, all of which are central to the immune response

during AAD, providing further incentive to study the role of EGFR signalling in this context.
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Figure 3.6 Increased EGFR expression on T lymphocytes in the allergic lung.
A 7-day-old BALB/c mice were treated with HDM (10 ug in week 1, 15 ug in week 2) or amphiregulin (AREG
0.4 pg in week1, 0.6 ug in week 2) three times per week for two weeks and culled 24 hours after the last dose.
B Total cell counts in left lung lobe or bronchoalveolar lavage (BAL). C Myeloid cell numbers in BAL. One circle
per mouse and population, where the size of the circle depicts total cell numbers per ml BAL and the colour
represents change from the PBS control. D T cell numbers in the lung. One circle per mouse and population,
where the size of the circle depicts total cell numbers per left lung lobe and the colour represents change from
the PBS control. E T cell frequencies in the lung. One circle per mouse and population, where the size of the
circle depicts the frequencies of CD4* T cells and the colour represents the change from PBS control. F EGFR
staining on BAL myeloid cells. One circle per mouse and population, where the size of the circle depicts fraction
of cells expression EGFR and the colour represents change in EGFR geometric mean fluorescence intensity
(gMFI) from PBS control. G Representative histogram showing EGFR staining on GATA3* CD4 T cells. H EGFR
staining on lung T cells, represented as in (F). | Frequency of EGFR expression on indicated lung cell
populations. J gMFI of EGFR on indicated lung cell populations expressing the receptor. n = 3-5. Statistics:
Mann-Whitney test between indicated groups. *, p < 0.05.
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3.3.4 Pulmonary levels of EGFR ligands and their release into the airways

The use of flow cytometry has provided valuable insights into the cell-specific expression
patterns of EGFR and how receptor levels were affected by allergen treatment. However,
canonical induction of EGFR signalling requires the receptor to be bound by one of its ligands.
Therefore, the levels of four EGFR ligands, AREG, BTC, EREG and HB-EGF, were measured
by ELISA in both acute (Figure 3.7A-B) and chronic (Figure 3.7C) models of AAD.

A BALB/c B BALB/c C BALB/c
) . O PBS » . O PBS > . O PBS
el o IL-33 ol © HDM ol © HDM
adult adult adult
Cull Cull yCull
["Weelc1 | Week2 | Weeks | Weskca | Weeks |
AAA AAAAAAAAAAAAAAAL
PBS or i.n. PBS or HDM i.n. PBS or HDM i.n.
Lung homogenate Bronchoalveolar lavage (BAL)
Amphiregulin Betacellulin Epiregulin HB-EGF Amphiregulin Betacellulin Epiregulin HB-EGF
o 800 400 y 2500 6000 Hxx *x 2500 %
5 5 =600 6000
) B 2000 E 2000
600 300 2
E ° 4000 e o
© 1500 £ 400 1500 4000
T 400 200 2 °
9 1000 s
g 2000 "D- 200 ° % e 2000
o
S 2001 o 100 Lo 500 g 500
Q. o)
0 0 0 [} 0 0 0
Amphiregulin Betacellulin Epiregulin HB-EGF Amphiregulin Betacellulin Epiregulin HB-EGF
6000 800
- . o o o 5000
c —_
2 300 &0 150 frooa] T o 100
= > 600 400 4000
£ 40001 o 2
s k=]
n 40 £ 3000
» 100
e ke .« ‘
] 2000 s |Lol o | 200 2000
° J
5 100 20 50 220010 o
2 o 1000
0 0 0 0 0 0 Q 0 0
Amphiregulin Betacellulin Epiregulin HB-EGF Amphiregulin Betacellulin Epiregulin HB-EGF
800 40000 800
*% *% *% * *% *% *% *%
g’ 1500 — 6000{ —— . - i 4000 8000
2 2 00 150 :
600 B
g ' i 30000 2 3000 6000
o o 2
1000 4000 =
2 400 2 400 100 o
£ ° 20000 o 20001 [0 ] 4000
Ll s o :
= 500 2000
a 200 10000 < 200 50
= o ﬁ 3 @ 3 1000 2000
o o <

0 0 0 0 0 0 0 0

Figure 3.7 EGFR ligand levels increase in lung homogenates but decrease in the airways during adult
AAD.

A-C Schematics depicting experimental approaches. Adult female BALB/c mice were dosed intranasally with
1 pg IL-33 (A) or 25 ug HDM (B-C) for one (A-B) or five (C) weeks and culled 24 hours after the final dose.
D-F Levels of EGFR ligands in lung homogenates (left) or bronchoalveolar lavage (BAL; right) from mice treated
as previously depicted (D—A; E—B, F—C). n = 4-6. Statistics: Mann-Whitney test between indicated groups. *,
p <0.05;**, p <0.01.
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Interestingly, the effects of alarmin or allergen exposure were divergent between levels
measured in the lung homogenates and BAL, with increases in ligand levels in the lungs but
decreases in the airways (Figure 3.7D-F). The greatest changes in ligand levels were found
in the chronic HDM exposure model (Figure 3.7F), although similar trends were observed
after one week of treatment with either IL-33 or HDM, suggesting that both alarmins and
allergens can alter EGFR ligand availability in the lungs and airways. Analysis of EGFR ligand
levels in two chronic neonatal AAD models produced comparable results to the chronic adult
AAD model (Figure 3.8), suggesting that these allergen-induced effects were not age specific.
Since EGFR ligands are produced in a membrane-bound form prior to release by enzymes
such as metalloproteases, these results could suggest that, while more ligand is being
produced within the lungs, less is being released into the airways. However, another potential

explanation is that BAL ligand levels were decreased as a consequence of more uptake of
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Figure 3.8 EGFR ligand levels increase in lung homogenates but decrease in the airways during neonatal
AAD.

A-B Schematics depicting experimental approaches. 7-day-old BALB/c mice were dosed intranasally with HDM
(10 pg in week 1, 15 ug thereafter; A) or ALT (5 pg in week1, 10 ug thereafter; B) for five weeks and culled 24
hours after the final dose. C-D Levels of EGFR ligands in lung homogenates (left) or bronchoalveolar lavage
(BAL; right) from mice treated as previously depicted (C—A; D—B). (C) n = 12-16, pooled from two independent
experiments (D) n= 4-5. Statistics: Mann-Whitney test between indicated groups. *, p <0.05; **, p <0.01;
*** p <0.001; ****, p <0.0001.
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ligand by receptor-expressing cells, which would indicate an overall increase in EGFR

signalling.
3.3.5 Measuring EGFR activation in the allergic lung

Western blot analysis of phosphorylated tyrosine residue Y1068 of EGFR was performed as
a measure of EGFR autophosphorylation, indicative of receptor activation. To validate this
method, murine fibroblasts were treated with the EGFR ligand AREG in the presence or
absence of the pharmacological EGFR inhibitor Gefitinib (Figure 3.9A). As expected, an
increase in Y1068 phosphorylation was observed upon treatment with AREG and abrogated
in the presence of Gefitinib (Figure 3.9B), suggesting that the western blot method is a valid
approach to study EGFR activation. To investigate how allergen exposure would affect
pulmonary EGFR activation, Y1068 phosphorylation was measured in lung homogenates from
neonatal mice that were treated with HDM for one, two or five weeks (Figure 3.9C). While
total levels of the receptor seemed to be unaffected by allergen treatment, slight reductions in
Y1086 phosphorylation were observed after one and two weeks of allergen exposure,
suggesting less overall EGFR activation. Results after five weeks of HDM treatment were
more variable and no clear trends were obvious. Similarly, there were no clear patterns when
lung homogenates from neonatal mice treated with ALT for two weeks were analysed
(Figure 3.9D). Although these findings may suggest that a reduction of EGFR signalling is
specific to short-term treatment with the allergen HDM, a concern was that the chosen
timepoint for the analysis, 24 hours after the last allergen challenge, may contribute to the
variability of the results. Receptor phosphorylation is a transient event which often occurs
within minutes following a stimulus®, and although this approach shed light on the overall
EGFR activation state of the allergic lung, it did not inform of whether allergen exposure could
directly result in receptor phosphorylation. To address this question, a timepoint directly
following allergen exposure was analysed. To this end, three-week-old mice were intranasally
administered a single dose of either IL-33, HDM or ALT and lungs were harvested 15 minutes
later (Figure 3.10A). Treatment with AREG was included as a positive control and
administered both intranasally and intraperitoneally, to study the effect of both local and
systemic ligand exposure on pulmonary EGFR activation. However, this approach produced
no clear results and levels of Y1068 phosphorylation were highly variable even within the
control groups (Figure 3.10B), indicating that caution should be exerted when interpreting
whole lung EGFR activation data. Unfortunately, it was therefore not possible to confirm
whether allergen exposure could directly result in EGFR activation or suppression in this

model.
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Figure 3.9 Effects of allergen exposure on pulmonary EGFR activation.

A MFB-F11 cells were treated with 100 ng/ml AREG in the presence or absence of 10 uM Gefitinib for 15 min
prior to lysis for western blot analysis. B Western blot of MFB-F11 lysates treated as in (A), using indicated
antibodies. C 7-day-old BALB/c mice were intranasally treated with HDM (10 pg in week 1, 15 pg thereafter)
three times per week for one, two or five weeks and culled 24 hours after the last dose. Lung homogenates
were analysed by western blot using the indicated antibodies. D 3-day-old mice were intranasally treated with
10 ug ALT three times a week for two weeks and lung homogenates were analysed by western blot using the
indicated antibodies. n = 3-4 per treatment.
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Figure 3.10 Pulmonary EGFR activation immediately following ligand or allergen exposure.

A 3-week-old mice were given a single dose of AREG (0.75 pg or 1.5 pg), IL-33 (0.25 pg), HDM (15 pg) or ALT
intranasally or intraperitoneally. Lungs were harvested 15 min later and homogenised for western blot analysis.
B Western blot analysis of lung homogenates using indicated antibodies. n = 2 per treatment.

3.3.6 Using primary human airway cells to investigate effects of allergen

or viral stimulation on EGFR signalling

To overcome the issues posed by analysing whole lung homogenates, ALI cultures of primary
airway epithelial cells were used to study the effects of allergen or viral infection on EGFR
signalling. Airway epithelial cells are among the first cells to encounter and defend against
invading particles, such as allergens and viruses, and together with the strong expression of
EGFR pathway members by epithelial cells, as well as the great degree of epithelial
differentiation and polarisation achieved during air exposure, this makes ALI cultures a highly
relevant model to study EGFR signalling in the airways. Well-differentiated nasal epithelial
cells from 5- to 8-day-old infants were infected with RSV 24 hours after exposure to HDM and
gene expression was analysed 4 days post-infection (Figure 3.11A). While there were no
effects of a single HDM challenge on EGFR pathway gene expression, RSV infection
significantly induced the expression of several EGFR ligands, regardless of whether the cells
had previously been exposed to allergen (Figure 3.11B). This may suggest that EGFR
signalling is part of the repair response induced by viral infection. However, since allergen
exposure, especially with HDM, is rarely a single event, the effects of daily HDM treatment in
conjunction with viral infection were also tested in bronchial epithelial cells from a non-

asthmatic pre-school-aged disease control donor (Figure 3.11C). As with the single HDM
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Figure 3.11 HDM induced epithelial EGFR activation without affecting gene expression.

A Nasal differentiated epithelial cells from 5-8-day-old infants were differentiated at air-liquid interface (ALI).
Cells were infected with 5x10* TCIDso RSV 24 hours after stimulation with 50 ug HDM and lysed 96 hrs post-
infection. B Gene expression by qPCR of EGFR and ligands in cell lysates from (A), shown as change from
DMEM control group. Asterisks indicate statistically significant change from relevant uninfected group. Statistics:
paired Wilcoxon test with Bonferroni correction for multiple (n =5) comparisons. *, p <0.05; **, p <0.01.
C Bronchial epithelial cells from a single 3-year-old donor were differentiated at ALI and treated with HDM (12.5
or 25 ug) daily. Cells were infected with 5x104 TCIDso RSV on day four as indicated and lysed on day 4, 76 or
124 hours after the first HDM challenge as indicated. D Gene expression by gPCR of EGFR and ligands in cell
lysates from (C), shown as change from DMEM control at 4hrs. E Western blot analysis of cell lysates from (C)
using the indicated antibodies.

treatment, there were no effects of allergen exposure on gene expression but viral infection
resulted in upregulation of EGFR ligands (Figure 3.11D). Nonetheless, dose-dependent
increases in Y1068 phosphorylation of EGFR could be observed as early as four hours post

HDM treatment, suggesting that exposure to the allergen was able to induce EGFR signalling
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directly without affecting gene expression (Figure 3.11E). In line with its effects on gene
expression, receptor activation was also strongly induced by infection with RSV. Overall, these
findings suggest that EGFR signalling was active in airway epithelial cells upon challenge with
allergens or viruses, and it will be interesting to dissect if and how this pathway may contribute

to repair and remodelling during AAD.

In a first attempt to study remodelling pathways in the lungs and how they are shaped by the
interactions between cell types, the effects of epithelial cell-derived factors on fibroblast
proliferation were analysed. To this end, normal human lung fibroblasts were treated with
basal media from well-differentiated cultures of nasal epithelial cells collected from pre-school
children and fibroblast proliferation was measured using live cell imaging (Figure 3.12A).

Treatment with normal fibroblast medium (DMEM) with or without addition of serum served as
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Figure 3.12 Epithelial-derived factors can drive fibroblast proliferation, which is partly EGFR-dependent.
A Normal human lung fibroblasts (NHLF) were treated with basal media from differentiated nasal epithelial cells
(NECs) and their proliferation was measured using live cell imaging. B Fibroblast proliferation after treatment
with DMEM containing either no or 10% FCS (panel 1), fresh epithelial cell media (PneumacCult), either neat or
diluted in serum-free DMEM (panel 2) or epithelial-cell conditioned media from NECs isolated from a healthy
(panel 3) or wheezing (panel 4) child of pre-school age, either neat or diluted in serum-free DMEM. C NHLF
were treated with basal media from differentiated NECs in the presence or absence of EGFR inhibitor Gefitinib.
D Fibroblast proliferation after treatment with fresh (panel 1) or conditioned (panel 2) epithelial cell media in the
presence of varying doses of Gefitinib. Data are shown as mean +/- standard error of n=3-6 technical

replicates.
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positive or negative control for proliferation, respectively, and fresh epithelial cell medium
(PneumacCult) was included as an additional control (Figure 3.12B). While fibroblasts
displayed dose-dependent proliferation in both fresh and epithelial cell-conditioned
PneumacCult, the cells replicated more rapidly when treated with epithelial cell-conditioned
media, suggesting that epithelial cells release factors that can drive fibroblast expansion. In
order to test the role of EGFR signalling in this context, these experiments were repeated in
the presence of Gefitinib (Figure 3.12C). EGFR inhibition slowed down proliferation of
fibroblasts treated with either fresh or epithelial cell-conditioned PneumaCult (Figure 3.12D),
indicating that fibroblast replication was at least in part EGFR-dependent. These findings
provide further weight to the question of how the EGFR pathway may contribute to airway

remodelling during AAD.

3.3.7 EGFR and ligand levels in airway samples from children with PSW

and severe asthma

A major aim of this chapter was to address whether EGFR signalling is augmented during
PSW or asthma. To this end, gene expression analyses were performed in brush and BAL
samples from children with PSW or severe asthma and their expression of EGFR pathway
members was compared to non-asthmatic children (Figure 3.13A). Although EGFR
expression levels obtained from bulk RNA sequencing of brushes were largely comparable
between groups, samples from children with PSW or severe asthma exhibited modest but
significant increases in AREG and HBEGF compared to controls, suggesting that these
ligands may be involved in airway inflammation or remodelling (Figure 3.13B). Of note,
brushes contained high levels of EGFR and its ligands BTC, HBEGF and TGFA, whereas
EPGN was not detectable, which corresponds to previous findings in both murine and human
lungs (cf. Figure 3.2, Figure 3.3). Similarly, when gene expression was analysed in cell pellets
derived from BAL, robust expression of EGFR and its ligands AREG, BTC, EREG, HBEGF
and TGFA was observed, whereas mRNA levels of EGF and EPGN were low or undetectable
(Figure 3.13C). In contrast to bronchial brushings, there were no differences in ligand or
receptor expression levels between disease groups in BAL samples. Overall, these results
suggest that children with PSW or severe asthma exhibit a modestly augmented EGFR gene

signature, which is most likely driven by epithelial cells and may contribute to disease.
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Figure 3.13 EGFR ligands were present in airway samples from children with PSW or severe asthma.

A Children of pre-school or school-age with or without wheeze, asthma or lower respiratory tract infections
(disease controls) were recruited for bronchoscopy. Gene expression in bronchial brushes or bronchoalveolar
lavage (BAL) was analysed by bulk RNA sequencing (RNAseq) and qPCR, respectively. B Gene expression in
bronchial brushes of indicated patient groups by RNAseq. C Gene expression in BAL cell pellets from indicated
patient groups by qPCR. Statistics: Kruskal Wallis test followed by Dunn’s post-hoc test using Bonferroni
correction for multiple comparisons. *, p < 0.05; **, p < 0.01.
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3.4 Discussion

This chapter investigated the expression patterns of EGFR and each of its seven ligands within
diverse cell types and at various stages of life, with a particular focus on lung development
and early life. A variety of different methods were used to study how EGFR and ligand levels
are affected by allergen exposure or viral infection and presence of EGFR ligands in primary
airway samples of children with PSW or severe asthma was confirmed. Finally, the role of
EGFR signalling in fibroblast proliferation was examined as a first step of the investigation of

the potential role of EGFR in driving asthma pathology.

Multiple techniques were employed, namely gene expression analysis by qPCR, flow
cytometry, ELISA and western blotting, to study expression patterns of EGFR and its seven
ligands during development and in different disease contexts. Each of these approaches
comprised unique advantages and disadvantages. For example, while gene expression
analysis is a highly sensitive high-throughput technique, cell-type specific analysis can only
be achieved by prior sorting of cells, followed by either traditional gPCR analysis or single-cell
sequencing. In addition, measuring gene expression of EGFR and its ligands provides no
insight into whether the signalling pathway is active, as the ligands must undergo several post-
transcriptional processes such as translation, transport to and shedding from the cell

membrane before signalling can be initiated.

Some of these shortcomings can be overcome by the use of ELISA to measure ligand levels,
for example in lung homogenates or BAL. While this technique is able to capture actual protein
levels and, in the case of analysis of BAL analysis, also provides insights into protein shedding
from cells, it requires relative high amounts of sample and is not cell-type specific. Analysis by
flow cytometry is a sample-efficient approach to determine cell-specific protein expression in
a high-throughput manner. However, although this method has been successfully applied to
measure expression of EGFR within this thesis, the analysis of ligand expression provided
challenges. While it is possible to detect ligand expression in in vivo samples by flow
cytometry, for example in BAL airway macrophages of mice infected with Nippostrongylus
brasiliensis', analysis of lung homogenates using this method did not yield any results, likely
due to cleavage of ligands during the digestion process. To overcome this issue, researchers
have either employed intracellular transgenic reporters'®® or administered the protein transport
inhibitor Brefeldin A either directly in vivo™ or during ex vivo restimulation of cells™" 1% to

allow measurement of intracellular EGFR ligands by flow cytometry.

Nevertheless, none of the approaches discussed thus far directly capture EGFR signalling.
Here, western blot analysis of tyrosine phosphorylation (Y1068) was used as a measure of

receptor activation. Although western blot bands were not quantified, which would have
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allowed a more detailed analysis of the obtained results and should be considered in the
future, these analyses provided some insights into the feasibility of using western blotting as
a way to determine EGFR activation. While this method produced robust results in human
epithelial cells and in a murine fibroblast cell line, Y1068 phosphorylation levels in murine lung
homogenates were highly variable even within the same experimental group. Since receptor
phosphorylation is a transient modification, it seems likely that extensive processing, such as
is needed to derive homogenates of whole lung lobes, may alter the signal. As such, the use
of western blotting to measure Y1068 phosphorylation may be restricted to the analysis of cell
lysates of in vitro cultures. An additional caveat of the western blotting approach as performed
in this thesis is that it was restricted to phosphorylation at a single tyrosine residue, namely
Y1068. However, different ligands exhibit varying preferences of phosphorylation sites and
future analyses should also probe for other phosphorylated tyrosine residues, such as Y992,
which is the primary phosphorylation site induced by AREG®® ' A final approach to study
EGFR signalling would be the use of immunofluorescence imaging, for example of lung
sections. Although only semiquantitative and labour-extensive, this technique provides the
opportunity to combine the staining for EGFR (total or phosphorylated) and its ligands with
other cell-specific markers or morphological features to allow the analysis of EGFR signalling

in different tissue regions.

Overall, despite the unique advantages of each of the techniques discuss above, the study of
EGFR signalling in complex systems such as the allergic lung remains challenging.
Nevertheless, some interesting observations were made within this chapter. Overall, there
were no gross differences in EGFR expression or activation between early life and adulthood,
suggesting that EGFR signalling is governed by similar processes during both stages of life.
However, the expression levels and patterns differed between the various ligands of EGFR,
as well as in their responses to stimulation with allergen or virus. This highlights that despite
sharing a receptor, the various ligands are likely to fulfil unique roles in the lungs, in line with

their varying affinities for EGFR®” and outcomes of receptor activation®” %,

Out of the seven ligands, HB-EGF was the only one to display increases in gene expression
during lung development. It was also among the most highly expressed EGFR ligands in both
human and murine lungs at various stages of life. Together, these findings suggest that
HB-EGF may play a crucial, non-redundant role during lung development and homeostasis.
This hypothesis is supported by the finding that mice deficient for EGFR and HB-EGF, but not
any of the other ligands, display defective lung development'60 161, 177-180, 207, 208 ' 35 do mice
lacking the enzyme responsible for shedding of HB-EGF from the cell surface?®®. HB-EGF
levels were increased in the lungs after chronic allergen exposure, in line with previous reports
of induction of HB-EGF using the traditional OVA sensitisation/challenge model'®": %8 HBEGF
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gene expression was also elevated in bronchial epithelial cells from children with PSW and
severe asthma compared to controls, similar as previously described in the airway epithelium
of adults with asthma?'®. This suggests that, in addition to its pivotal role during lung
development, HB-EGF may contribute to asthma pathology. Indeed, Wang and colleagues
(ref. %) showed that administration of anti-HB-EGF blocking antibodies in OVA-sensitised
mice resulted in ameliorated mucus hyperplasia and reduced airway smooth muscle thickness
upon aerosol challenge. The same group later found that administration of HB-EGF in a similar
model led to exacerbated airway smooth muscle thickening and promoted migration of airway
smooth muscle cells'!. Farahnak et al. (ref. '%7), who identified CD4 T cells as a source of HB-
EGF, further demonstrated that CD4-specific deletion of HB-EGF was sufficient to reduce
mucus, inflammation, eosinophilia, airway hyperresponsiveness and IL-5 production after
OVA-challenge of sensitised mice. Overall, these studies illustrate that HB-EGF can drive key
pathological features of AAD in the OVA sensitisation/challenge model and that its function in
this context cannot be compensated for by either of the other six EGFR ligands. It will be
important to investigate whether HB-EGF is of similar relevance in more physiological models

of AAD, such as chronic exposure to inhaled HDM.

Interestingly, measurement of EGFR ligand levels after chronic allergen exposure detected
increases in the lungs concurrent with significant decreases in the BAL. In the polarised airway
epithelium, EGFR expression is largely restricted to the basal cells, whereas ligands such as
EGF are primarily released at the apical surface?®*', providing a natural sequestration between
receptor and ligand. Upon disruption of the epithelial layer, EGFR becomes exposed and
signalling can be initiated. Since many allergens such as HDM and ALT contain proteases
that can directly damage the epithelium, it is likely that the reduction in airway levels of free
EGFR ligands in our model of chronic allergen exposure is caused by increased receptor
engagement following epithelial damage and thus reflects a net increase in EGFR signalling.
In support of this, we found that HDM could directly induce EGFR activation in polarised
cultures of primary bronchial epithelial cells. These findings suggest that the increased EGFR
signalling previously described in lung samples derived from both patients with asthma?2® and
mouse models of AAD"34 166,222,223 may at least in part be the direct result of allergen exposure.
However, EGFR signalling is not restricted to epithelial cells in the lungs and receptor
expression was detected on fibroblasts as well as several key immune cells of the allergic
type 2 response, such as eosinophils, monocyte-derived dendritic cells and Th2 lymphocytes
within this thesis. While epithelial damage may also increase availability of epithelial-derived
ligands to structural and immune cells in the underlying tissues, EGFR activation in these cells
is likely governed by complex autocrine and paracrine signalling processes during allergic

inflammation and will need to be elucidated in more detail. In particular, it would be interesting
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to explore whether ligands found in the lungs and airways exist in the cleaved, soluble form or
whether they are contained in exosomes. As EGFR ligands in extracellular vesicles have been
shown to induce stronger signals, attributed to their increased concentration of ligand
molecules and ability to travel further distances than achieved by diffusion of soluble ligands®
18 the presence of exosome-contained EGFR ligands in the lungs and airways may be a
further indicator of active and directional EGFR signalling between the various cells present

in this environment.

Finally, the investigation of the potential consequences of increased EGFR signalling revealed
that increased fibroblast proliferation in response to epithelial cell-derived mediators was at
least in part EGFR-dependent, suggesting that EGFR activation of fibroblasts may potentially
contribute to asthma pathology in vivo. In line with this, studies have shown that AREG can
drive proliferation of primary human lung fibroblasts'®’. Future studies will aim to characterise
the effects of epithelial-derived mediators on fibroblast phenotype and production of
extracellular matrix components, as well as the EGFR-dependence of these processes. In
addition, it will be interesting to investigate whether media derived from allergen-exposed or
virus-infected epithelial cells would elicit augmented fibroblast proliferation or matrix
deposition, thus providing some mechanistic insights into disease pathogenesis of asthma.
Efforts will be made to develop co-culture models of primary, polarised epithelial cells and lung

fibroblasts as a tool to dissect the contribution of EGFR signalling to airway remodelling.

3.5 Concluding remarks and future work

Overall, despite considerable challenges in the analysis of EGFR signalling in the asthmatic
or allergic lungs, the work described in this chapter has demonstrated widespread expression
of the receptor and its ligands in various key cell populations, as well as described how ligand
levels and receptor activation are affected by allergen exposure and viral infection.
Furthermore, this chapter has provided evidence that the expression of two EGFR ligands,
AREG and HBEGEF, is upregulated in bronchial epithelial cells from children with PSW or
severe asthma and that EGFR signalling may contribute to fibroblast proliferation induced by
epithelial-derived mediators. Future experiments will aim to define which EGFR ligands are
released by bronchial epithelial cells in response to allergens or viruses, test whether these
are contained in exosomes and explore their effect on fibroblast phenotype and function,
particularly with respect to extracellular matrix production. In addition, the following chapter
(see Chapter 4), describes how various interventions and models of AAD were used to study

the contribution of EGFR signalling to disease pathology.
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4.1 Introduction

411 Investigating the role of EGFR signalling in rodent models of AAD

The previous chapter (see Chapter 3) characterised how expression and activation of EGFR
and its ligands are altered during asthma or AAD. This chapter will focus on the functional
contribution of EGFR signalling to AAD pathology. Various studies have employed
pharmacological inhibition to study the role of EGFR in mouse models of AAD. In the traditional
OVA sensitisation/challenge model, treatment with EGFR inhibitors resulted in reductions in
airway eosinophilia and levels of type 2 cytokines such as IL-4 and IL-13'%5 170 Importantly,
the intervention also resulted in ameliorated airway hyperresponsiveness and remodelling, as
shown by decreased staining for mucus, airway smooth muscle and, in a subset of studies,
also collagens'3¢ 165.168.170 |mprovements in hallmark features of AAD upon EGFR inhibition
were also observed in studies using inhaled HDM models of AAD, which described reductions
in airway type 2 inflammation, goblet cell hyperplasia, airway smooth muscle thickening,
collagen deposition and expression of remodelling-associated genes'®¢ 166, 167, 169, 242
Collectively, these reports provide compelling evidence for a detrimental role of EGFR
signalling in driving AAD pathology. Inhibition of EGFR signalling in rat OVA
sensitisation/challenge models of AAD also led to ameliorated lung function, airway
inflammation and abundance of mucus and airway smooth muscle??”- 243 illustrating that the
pathogenic contributions of EGFR signalling to disease extend beyond the mouse model.
Interestingly, amelioration of lung function and type 2 inflammation was only achieved when
an EGFR inhibitor was administered during the allergen challenge, but not during the
sensitisation phase of the rat OVA model?*® 244, Nevertheless, EGFR inhibition during
sensitisation resulted in reduced airway inflammation?*4, suggesting distinct contributions of

EGFR signalling during different stages of disease.

Further, albeit circumstantial, evidence for the contribution of EGFR to AAD pathogenesis can
be gleaned from studies employing interventions that result in changes in EGFR signalling.
For example, activation of EGFR was reduced upon genetic deletion of dual oxidase 1
(DUOX1) during HDM-induced AAD, as were airway hyperresponsiveness, neutrophils,
mucus hyperplasia, collagen deposition and airway smooth muscle thickening??. Similarly,
animals deficient for ADAM17, the enzyme responsible for membrane shedding of several
EGFR ligands, displayed reduced EGFR activation along with ameliorated lung function and
airway remodelling upon sensitisation and challenge with OVA?22, In contrast, conditional
deletion of integrin beta-4 (ITGB4) from airway epithelial cells of HDM-exposed animals
resulted in augmented EGFR signalling accompanied by exacerbated airway

hyperresponsiveness and inflammation?*?. Given the great similarity in phenotypes between
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EGFR inhibition and the genetic interventions described above, it seems conceivable that the
pathology of the latter was, at least in part, driven by EGFR-related mechanisms. Interestingly,
airway epithelial-specific deletion of ITGB4 was also described in neonatal mice, where it
resulted in exacerbated inflammation and airway hyperresponsiveness both at baseline and
after inhaled HDM exposure?*. To our knowledge, this is the only study characterising the role
of EGFR signalling during early-life AAD, albeit only indirectly, and the contribution of EGFR

to AAD pathology in early life and how it may differ from adults is unknown.

41.2 Contribution of individual EGFR ligands to AAD

In addition to defining the role of EGFR in driving AAD pathology, efforts have been made to
characterise the contribution of individual ligands. Several studies have focused on the role of
HB-EGF, a high-affinity EGFR ligand ubiquitously expressed in the lungs. Blockade of
HB-EGF using neutralising antibodies in a mouse OVA sensitisation/challenge model resulted
in reduced airway smooth muscle and mucus'®®, whereas genetic deletion of HB-EGF from
CDA4 T cells in a similar AAD model led to diminished airway inflammation, eosinophilia and
IL-5, along with ameliorated lung function and decreased mucus hyperplasia'’. Conversely,
intratracheal installation of HB-EGF caused exacerbated airway smooth muscle thickening in
OVA-sensitised and -challenged mice'”". These findings suggest that HB-EGF may be the
primary EGFR ligand involved in driving key features of AAD pathology in the OVA model. In
line with this, a study comparing parameters of allergic inflammation between WT and AREG-
deficient animals after sensitisation and challenge with OVA did not observe any differences
between phenotypes?*, indicating that the low-affinity ligand AREG is dispensable in this
context. In contrast, Morimoto et al. 2018 (ref.'®) found reduced collagen deposition and
expression of remodelling-associated genes in AREG-deficient mice compared to WT animals
using an inhaled HDM model of AAD, illustrating that the individual contribution of each of the

EGFR ligands is likely highly context-dependent.

Overall, the literature provides overwhelming evidence for a pathogenic role of EGFR in driving
pathology of AAD. This chapter will build on these findings by characterising the role of EGFR
signalling in different models, for example during acute AAD or after exposure to the alarmin
IL-33, using both EGFR inhibition and ligand administration. Importantly, this work will define
the contribution of EGFR signalling to key features of disease pathology in early life by

employing various intervention strategies in neonatal models of AAD.
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41.3 Hypothesis and aims

Hypothesis

EGFR signalling is important in the development of AAD and its absence will result in less

severe pathology in adult animals but has a different impact on disease in early life.

Aims

1. To study the role of EGFR signalling in acute and chronic models of AAD by receptor
activation or inhibition.

2. To compare the contribution of EGFR signalling to hallmark features of AAD between
early life and adulthood.

3. Toestablish a mixed allergen challenge model of AAD as a novel approach to studying

the role of EGFR signalling.
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4.2 Methods

4.21 EGFR intervention in murine models of AAD

Full details of dosing regimens are given in the relevant figures and legends. Briefly, AAD was
induced in female adult BALB/c mice or neonatal BALB/c mice of both sexes by repeated
intranasal exposure to recombinant IL-33 or HDM. A novel model of early-life AAD was
established in 7-day-old animals by administration of an allergen mix made up of ALT, HDM

and timothy grass (TG) and compared to administration of each of the allergens alone.

To activate EGFR signalling, recombinant ligands AREG or HB-EGF were given intranasally
either together with or 4-6 hours after alarmin or allergen treatment. EGFR inhibitor Gefitinib

was administered orally 4-6 hours prior to allergen exposure to block EGFR signalling.

4.2.2 Assessment of key pathological features of AAD

Animals were culled one day after the last alarmin or allergen dose. Inflammation of airways
and lungs was assessed by flow cytometry analysis of BAL and lung homogenates using
markers to identify myeloid cells, innate lymphoid cells and T lymphocytes as well as cytokine
production potential and activation state of these cells. Baseline lung function and airway
hyperresponsiveness to the inhaled bronchoconstrictor methacholine (MCh) were measured
in anaesthetised and tracheotomised animals using the Scireq FlexiVent system. EGFR
activation levels and ligand, cytokine or antibody levels were analysed in lung homogenates
and/or BAL or serum by western blot and ELISA, respectively. Pulmonary gene expression
changes were measured using gPCR. Traditional Periodic Acid-Schiff or Gordon & Sweet’s
silver staining as well as immunofluorescence and second-harmonic generation imaging of

collagen fibres were used to study airway remodelling.

423 Integrative data analysis

To allow more in-depth analysis of EGFR inhibition during neonatal AAD, complete
quantitative data sets from ELISA, flow cytometry, lung function and gPCR analyses were
analysed combined. Correlations between individual parameters were calculated using the
Spearman rank method and correlation coefficients and p-values were plotted as a correlation
matrix. In an attempt to identify shared drivers, four clusters of parameters with significant
differences between inhibitor- and vehicle-treated HDM-exposed animals were defined and a
Venn diagram was created to visualise shared correlations between clusters. Finally,
relationships between individual parameters were interrogated using network analysis, where

significant correlations were represented as edges between parameters (nodes).
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4.3 Results

4.3.1 Exogenous activation of EGFR signalling during acute models of
adult AAD

A major aim of this chapter was to use EGFR ligands or inhibitor to activate or block EGFR
signalling, respectively, as a way to establish the contribution of EGFR signalling to the
pathology of AAD. To start off, effects of exogenous AREG administration on disease were

analysed in an acute model of IL-33-induced airway inflammation (Figure 4.1A). There were
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Figure 4.1 Exogenous administration of AREG during acute IL-33-induced airway inflammation did not
affect overall inflammation.

A Schematic depicting experimental approach. Adult female BALB/c mice were given three intranasal doses of
1 yg recombinant IL-33 and/or 1 pg recombinant AREG in 25 ul PBS in the span of one week and animals were
sacrificed on the day following the last dose. B Total cells in bronchoalveolar lavage or the left lung lobe.
C Numbers of airway macrophages (AMs), eosinophils, neutrophils and dendritic cells in bronchoalveolar lavage
or the left lung lobe, as measured by flow cytometry. D Numbers of lung type 2 innate lymphoid cells (ILC2s)
and their potential to produce cytokines after stimulation with PMA and ionomycin in the presence of Brefeldin
A, as measured by flow cytometry. (B-D) n = 8-12, pooled from two independent experiments.
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no effects of AREG treatment on overall inflammation in the airways or lungs (Figure 4.1B-C),

nor on the numbers or cytokine production potential of ILC2s (Figure 4.1D).

Baseline lung function and airway hyperresponsiveness were also largely unaffected by
AREG administration (Figure 4.2A), with the exception of mildly exacerbated compliance and
tissue elastance in response to 100 mg/ml MCh (Figure 4.2B). However, the lung function

measurements at the highest dose of MCh were highly variable and up to half the animals in
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Figure 4.2 Exogenous administration of AREG during acute IL-33-induced airway inflammation resulted
in mild decreases in lung function.

Animals were treated as described in Figure 4.1A. A Various lung function parameters in response to increasing
doses of bronchoconstrictor methacholine (MCh). Data are shown as mean +/- standard error. B Lung function
parameters at indicated doses of MCh. (A-B) n = 6-12; measurements for some animals had to be excluded for
not meeting quality control standards. Data are pooled from two independent experiments. Statistics: Mann-
Whitney test between indicated groups. *, p < 0.05.
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the IL-33-treated groups had to be excluded during quality control, indicating that these results

should be interpreted with caution.

Given the lack of effect of AREG administration in this model, western blot analysis of Y1068
phosphorylation was performed to validate receptor activation (Figure 4.3A). While not
statistically significant, there was a trend towards increased EGFR phosphorylation in AREG-
treated animals (Figure 4.3B), suggesting that the administration of AREG was likely sufficient
to induce EGFR signalling. The absence of a strong Y1068 signal in response to recombinant
AREG administration may be attributed to the fact that AREG preferentially induces
phosphorylation of Y992% 1%, |n addition, there were significantly increased levels of AREG,
but not any of the other ligands, in the BAL of animals treated with both IL-33 and AREG
compared to IL-33 alone (Figure 4.3C), providing further evidence for the successful delivery

of recombinant AREG to the airways. Interestingly, AREG treatment had no effect on lung
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Figure 4.3 Exogenous AREG was detectable in bronchoalveolar lavage but did not alter airway or lung
ligand levels.

Animals were treated as described in Figure 4.1A. A Representative western blot of lung homogenates using
indicated antibodies. B Quantification of p-EGFR signal relative to EGFR signal in western blots from two
independent experiments. C-D EGFR ligand levels in bronchoalveolar lavage (C) and lung homogenates (D).
(A)n=4.(B)n=8.(C-D)n =6-12. Data shown are pooled from two independent experiments. Statistics: Mann-
Whitney test between indicated groups. ****, p < 0.0001.
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ligand levels (Figure 4.3D), which may indicate that exogenous AREG was unable to traverse

the epithelial barrier.

Overall,

inflammation and lung function during acute IL-33-induced airway inflammation.
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Figure 4.4 Exogenous administration of AREG during acute HDM-induced AAD did not affect overall

inflam

mation.

A Schematic depicting experimental approach. Adult female BALB/c mice were given three intranasal doses of
HDM (25 pg) in the span of one week. Recombinant AREG (1 ug) was given intranasally 4-6 hrs after allergen
challenge and animals were sacrificed on the day following the last dose. B Total cells in bronchoalveolar lavage
or the left lung lobe. C Numbers of airway macrophages (AMs), eosinophils, neutrophils and dendritic cells in
bronchoalveolar lavage or the left lung lobe, as measured by flow cytometry. D-F Numbers of different
lymphocyte populations (D, E) and their potential to produce cytokines after stimulation with PMA and ionomycin
in the presence of Brefeldin A (F), as measured in left lung lobes by flow cytometry. (B-D) n = 4-6, data from
one experiment.
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To test whether these findings were model-specific, the consequences of AREG
administration were also assessed in an acute model of HDM-induced AAD (Figure 4.4A).
Similar to the observations during IL-33-induced airway inflammation, there were no effects of
exogenous AREG treatment on overall inflammation in airways and lungs (Figure 4.4B-C),
the numbers of lymphocytes in the lungs (Figure 4.4D-E) or their potential to produce
cytokines (Figure 4.4F). In line with this, there were also no changes in lung function upon
AREG administration, even at high doses of MCh (Figure 4.5). Nevertheless, AREG was
present at elevated levels in the airways of animals treated with the recombinant cytokine

(Figure 4.6A), while the levels of other ligands remained unaffected (Figure 4.6A-B).

Taken together, exogenous EGFR activation with the low-affinity ligand AREG during two

acute models of airway inflammation did not result in any overt changes in disease pathology.
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Figure 4.5 Exogenous administration of AREG during acute HDM-induced AAD did not affect lung
function.

Animals were treated as described in Figure 4.4A. A Various lung function parameters in response to increasing
doses of bronchoconstrictor methacholine (MCh). Data are shown as mean +/- standard error. B Lung function
parameters at 100 mg/ml MCh. (A-B) n = 2-6; measurements for some animals had to be excluded for not
meeting quality control standards.
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Figure 4.6 Exogenous AREG was detectable in bronchoalveolar lavage but did not alter airway or lung
ligand levels.

Animals were treated as described in Figure 4.4. A-B EGFR ligand levels in bronchoalveolar lavage (A) and
lung homogenates (B). n = 4-6, data from one experiment. Statistics: Mann-Whitney test between indicated
groups. *, p <0.05; **, p < 0.01.

4.3.2 Inhibition of EGFR signalling during a chronic model of adult AAD

The next aim was to investigate the effects of EGFR inhibition rather than activation on
pathology of AAD. While receptor inhibition can be achieved through various means, for
example with blocking antibodies, the majority of in vivo studies have used EGFR TKIls due to
their ease-of-use, commercial availability and cost effectiveness. Gefitinib is a first-generation
EGFR TKI clinically approved for the treatment of non-small cell lung cancer' and was
chosen in this thesis for its extensive tissue distribution, especially to the lungs?¥, its potential
to suppress pathology in an adult AAD in vivo model'®® as well as its increased solubility and
relative low cost compared to other available EGFR TKils. To start off, the ideal route of
administration for the EGFR inhibitor Gefitinib, as well as its safety for use in vivo, was
investigated first. Neonatal BALB/c mice were given three doses of Gefitinib within one week,
either via the intranasal, intraperitoneal or oral route. One day after the final Gefitinib dose,
mice were administered recombinant AREG intranasally to activate EGFR signalling and
tissues were collected two hours later (Figure 4.7A). Inhibitor treatment did not affect weight
gain of the pups (Figure 4.7B) and had no effects on overall cellularity of the lungs
(Figure 4.7C). Western blot analysis of Y1068 phosphorylation was used as a measure of
EGFR activation and showed that Gefitinib suppressed pulmonary EGFR signalling regardless
of administration route (Figure 4.7D). However, as white deposits were found on the lungs of
animals treated with Gefitinib intranasally or intraperitoneally, likely caused by drug

precipitation, oral gavage was used as route of administration in future experiments.
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Figure 4.7 Gefitinib administration was safe and able to suppress EGFR activation regardless of

administration route.

A Schematic depicting experimental approach. 7-day-old mice were treated with three doses of Gefitinib (Gef)
or vehicle (Veh) intranasally (0.1 mg/ 10 yl), intraperitoneally (0.4 mg / 40 pl) or orally 0.4 mg / 40 ul) on days
0, 3 and 5. All mice were given 1 yg AREG intranasally on day 6 and culled 2 hours later. B Weight gain of pups
relative to starting weight. C Total numbers (indicated by circle size) of different myeloid lung cell populations
as measured by flow cytometry. D Western blot analysis of lung homogenates using indicated antibodies.

n = 2-3, data from one experiment.

To investigate the role of EGFR signalling in established AAD, female adult BALB/c mice were

intermittently exposed to inhaled HDM for five weeks and Gefitinib was administered at a dose

roughly equivalent to 75 mg/kg 4-6 hours prior to HDM dosing during weeks three to five of

allergen exposure (Figure 4.8A). This dosing regimen was chosen to test the therapeutic

potential of Gefitinib in modifying AAD pathology while minimising the risk of drug-related

adverse effects such as the development of interstitial lung disease or inflammation203 248, 249

by administering the drug less frequently than the widely reported six to seven weekly doses

of EGFR TKIs'85167. 169 Qverall inflammation, as well as recruitment of myeloid cells to the

lungs and airways, were unaffected by EGFR inhibition (Figure 4.8B-C). Similarly, there were

no effects of Gefitinib treatment on pulmonary lymphocyte populations (Figure 4.8D-E), nor
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Figure 4.8 EGFR inhibition during chronic HDM-induced AAD did not affect overall inflammation.

A Schematic depicting experimental approach. Adult female BALB/c mice were given inhaled HDM (25 pg) three
times per week for five weeks. During weeks three to five, mice were orally administered Gefitinib (1.5 mg)
approx. 4-6 hours prior to allergen challenge and animals were sacrificed on the day following the last dose.
B Total cells in bronchoalveolar lavage or the left lung lobe. C Numbers of airway macrophages (AMs),
eosinophils, neutrophils and dendritic cells in bronchoalveolar lavage or the left lung lobe, as measured by flow
cytometry. D-F Numbers of different lymphocyte populations (D, E) and their potential to produce cytokines after
stimulation with PMA and ionomycin in the presence of Brefeldin A (F), as measured in left lung lobes by flow
cytometry. (B-D) n = 8-12. Data are pooled from two independent experiments.

on the ability of CD4 T cells to produce cytokines in response to ex vivo stimulation with PMA

and ionomycin (Figure 4.8F).

Interestingly, measurement of airway hyperresponsiveness in response to increasing doses

of MCh in these animals revealed significantly reduced lung function in control but not HDM-

treated animals upon EGFR inhibition (Figure 4.9). Specifically, Gefitinib treatment resulted
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Figure 4.9 EGFR inhibition resulted in worsened lung function of PBS- but not HDM-treated animals.

Animals were treated as described in Figure 4.8A. A Various lung function parameters in response to increasing
doses of bronchoconstrictor methacholine (MCh). Data are shown as mean +/- standard error. B-D Lung
function parameters at indicated doses of MCh. E Area under the curve of lung function in response to increasing
doses of MCh. (A-E) n = 6-12; measurements for some animals had to be excluded for not meeting quality
control standards. Data are pooled from two independent experiments. Statistics: Mann-Whitney test between

indicated groups. *,

p <0.05; **, p<0.01.

in worse elastance and compliance, both in response to the lowest and highest concentrations

of MCh (Figure 4.9B-D). In addition, there was significantly worsened tissue elastance of
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PBS-exposed mice treated with Gefitinib compared to untreated controls (Figure 4.9D), and
these animals displayed increased area under the curve for all three lung function parameters
(Figure 4.9E). These results suggest that some EGFR signalling is necessary to maintain lung

function in naive animals.

As previously shown for AREG administration, western blot analysis of Y1068 phosphorylation
in lung homogenates was performed to validate the ability of Gefitinib to inhibit EGFR
signalling. However, this approach failed to reliably detect p-EGFR in these samples
(Figure 4.10A) and it was thus not possible to draw conclusions regarding the activity of
Gefitinib in this model. In addition, there were no differences in EGFR ligand levels between
inhibitor- and vehicle-treated animals (Figure 4.10B), suggesting that Gefitinib treatment did
not alter ligand availability in the lungs or airways. Since it was not possible to confirm the
activity of Gefitinib in vivo, an in vitro approach was used to validate its ability to suppress
EGFR activation. To this end, fully differentiated bronchial epithelial cells from a healthy pre-
school child were treated with 10 um Gefitinib or vehicle for one hour prior to lysis. Western
blot analysis revealed robust Y1068 phosphorylation in the absence of intervention, which was
reduced by administration of Gefitinib dissolved in either 6% hydroxypropyl-B-cyclodextrin
(HP-B-CD; in vivo vehicle) or dimethyl sulfoxide (DMSO; in vitro vehicle) (Figure 4.10C).
Although it was possible to confirm that Gefitinib dissolved in the vehicle HP-B-CD was able
to suppress EGFR activation, inhibition appeared weaker than when dissolved in DMSO.
Gefitinib is insoluble in water and reconstituting the drug in HP-B-CD proved difficult, as the
resulting suspension was unstable and the drug precipitated within minutes. Therefore,
sonication was used to aid the even reconstitution of Gefitinib in the vehicle, which may have
resulted in some loss of activity, as suggested by our in vitro findings. Nevertheless, other
solvents such as DMSO and ethanol would cause adverse effects at the concentrations
needed to deliver doses of up to 1.5 mg Gefitinib to mice. For that reason, a second in vivo
vehicle, 1% (w/w) Tween® 80, was tested, which resulted in slightly better reconstitution
results (data not shown) and produced comparable results in vivo (cf. Figure 4.8-Figure 4.10,

where data are pooled from two experiments).

Thus far, there were no effects of EGFR inhibition during chronic AAD on inflammation or lung
function, two key features of disease pathology. However, other hallmark characteristics of
AAD, such as sensitisation and airway remodelling were also measured. Total serum IgE,
IgG1 and IgG2a antibody levels were unaffected by EGFR inhibition (Figure 4.11A). There
were also no effects of Gefitinib treatment on HDM-induced expression of genes encoding
extracellular matrix components (Figure 4.11B). Interestingly, however, there was
significantly lower expression of Col1a1, as well as slightly reduced levels of Col4a1, after

Gefitinib treatment of PBS-challenged animals, which may potentially be linked to the worse
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Figure 4.10 EGFR inhibition during chronic HDM-induced AAD did not affect lung or airway levels ol

EGFR ligands.

Animals were treated as described in Figure 4.8A. A Western blot of lung homogenates using indicated
antibodies. B EGFR ligand levels in bronchoalveolar lavage (top) and lung homogenates (bottom). n = 4-12,
data from one experiment (A, B bottom) or pooled from two independent experiments (B top). C Bronchial
epithelial cells from a non-asthmatic donor were cultured at air-liquid interface until fully differentiated. Cells
were treated with 6% hydroxypropyl--cyclodextrin (HP-B-CD; vehicle) or 10 uM Gefitinib dissolved in either 6%
HP-B-CD or dimethyl sulfoxide (DMSO for 1 hour. Cells were lysed and analysed by western blot using indicated
antibodies. n=2 technical replicates per group; data from one experiment.

lung function observed in these animals. Finally, histological analyses were used to

characterise mucus production and airway smooth muscle deposition in our model, which did

not reveal any effects of Gefitinib treatment in either PBS- or HDM-exposed mice
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(Figure 4.11C). Taken together, these results suggest that this EGFR inhibition approach did

not modify hallmark pathologic features of established AAD in adult animals.
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Figure 4.11 EGFR inhibition during chronic HDM-induced AAD does not affect sensitisation or airway
remodelling.

Animals were treated as described in Figure 4.8A. A Total antibody levels in serum as determined by ELISA.
B Whole lung gene expression of indicated genes by qPCR. C Quantification of Periodic-Acid Schiff (PAS)
staining or immunofluorescence staining for a-smooth muscle actin (aSMA) in 4 um lung sections. (A-C) n = 4-6;
data from one experiment. Statistics: Mann-Whitney test between indicated groups. *, p < 0.05.

4.3.3 EGFR inhibition during early-life AAD affected monocytic

inflammation and lung function

The data previously discussed showed no effects of EGFR inhibition during adult AAD.
However, the hypothesis of this chapter was that the mechanisms underlying disease

pathology would be distinct in early life. The consequences of EGFR inhibition were therefore
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also investigated in a neonatal model of AAD. In line with the adult model, neonatal mice were
exposed to inhaled HDM three times a week for five weeks, and Gefitinib was administered
orally during the last three weeks of allergen exposure (Figure 4.12A). While EGFR inhibition
did not affect pulmonary gene expression of Egfr or its ligands (Figure 4.12B), there were
decreased ligand levels, particularly in the lungs, of Gefitinib-treated HDM-exposed animals

when compared to vehicle controls (Figure 4.12C). In addition, there was a reduction of total
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Figure 4.12 EGFR inhibition during early-life AAD altered lung EGFR and ligand levels.

A Schematic depicting experimental approach. 7-day-old BALB/c mice were given inhaled HDM (10 pg in
week 1, 15 ug thereafter) three times per week for five weeks. During weeks three to five, mice were orally
administered Gefitinib (1 mg) approx. 4-6 hours prior to allergen challenge and animals were sacrificed on the
day following the last dose. B Whole lung gene expression of indicated genes by gPCR, shown as log> fold
change from PBS/Vehicle control. C EGFR ligand levels in bronchoalveolar lavage (top) and lung homogenates
(bottom). D Western blot of lung homogenates using indicated antibodies. (B-C): n = 12-16; data pooled from
two independent experiments. (D) n = 4; data from one experiment. Statistics: Mann-Whitney test between
indicated groups, *, p < 0.05.
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and phosphorylated EGFR levels in lung homogenates from these animals (Figure 4.12D),

suggesting that Gefitinib treatment was able to alter EGFR signalling.

Since Gefitinib was administered systemically during a period when mice were still growing

and developing, body weight was monitored from the start of EGFR intervention, showing no
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Figure 4.13 EGFR inhibition during early-life AAD restricted monocytic inflammation.

Animals were treated as described in Figure 4.12A. A Weight gain of pups (as percentage of starting weight)
from beginning of Gefitinib treatment. Data are shown as median and confidence interval. B Total cells in
bronchoalveolar lavage or the left lung lobe. C Numbers of airway macrophages (AMs), eosinophils, neutrophils
and dendritic cells in bronchoalveolar lavage or the left lung lobe, as measured by flow cytometry. D Numbers
of dendritic and monocytic cell populations in bronchoalveolar lavage (top) and left lung lobes (bottom) by flow
cytometry. Abbreviations: DCs, dendritic cells; cDCs, classical DCs; moDCs, monocyte-derived DCs; IM / IMMs,
interstitial macrophages/inflammatory monocytes and macrophages. (A) n = 7-9; data from one experiment.
(B-D) n = 12-16; data pooled from two independent experiments. Statistics: Mann-Whitney test between
indicated groups. *, p < 0.05; ***, p < 0.001.
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adverse effects of receptor inhibition on weight gain of the animals (Figure 4.13A). There were
also no changes in overall cell recruitment to the lungs or airways (Figure 4.13B), nor in the
numbers of airway macrophages, eosinophils or neutrophils (Figure 4.13C). EGFR inhibition
did however result in significantly decreased numbers of total DCs, as well as monocyte-
derived DCs (moDCs) and interstitial macrophages/inflammatory monocytes and
macrophages (IM/IMMs) in the airways of HDM-treated mice (Figure 4.13D). Numbers of
moDC in the lungs were also reduced by Gefitinib treatment, suggesting that EGFR may
contribute to the survival of monocyte-derived cells and/or their recruitment to the lungs and

airways.

Since moDCs contribute to the recruitment of Th2 cells during AAD?%: 25 the effects of EGFR
inhibition on adaptive immune responses were analysed by measuring several lymphocyte
populations in the lungs using flow cytometry. There were no differences in the numbers of
CD4 or CD8 T cells, ILC2s or NK cells between Gefitinib- and vehicle-treated animals
(Figure 4.14A). The ability of CD4 T cells to produce hallmark Th1, Th2 or Th17 cytokines
was also unaffected by EGFR inhibition (Figure 4.14B), as were the numbers of Tregs and
(IL-17A") yO T cells (Figure 4.14D). Finally, the phenotype of CD4 T cells was characterised
by measuring expression of activation (CD69*), effector (memory) (CD62L" CD44") and
tissue-residency (CD103*) markers and showed no effects of Gefitinib treatment
(Figure 4.14D). Overall, these results suggest that EGFR signalling does not contribute to

adaptive T cell responses during established early-life AAD.

As with the previous AAD models, airway hyperresponsiveness to MCh was measured as a
hallmark feature of disease pathology. Unlike in adult animals (ref. Figure 4.9), Gefitinib
treatment did not lead to worsened lung function in PBS-exposed animals (Figure 4.15A).
Interestingly, however, EGFR inhibition resulted in significantly exacerbated airway
hyperresponsiveness in HDM-treated animals (Figure 4.15B), as indicated by increased
resistance, elastance, tissue damping and tissue elastance after challenge with
30 mg/ml MCh. Tissue damping, a parameter reflecting energy dissipation in the alveoli, also
displayed an overall increase in area under the curve across the complete dose response,
suggesting parenchymal aspects of lung function were particularly affected by Gefitinib
treatment (Figure 4.15C). Taken together, these findings indicate that EGFR signalling may
hold a protective role in preventing exacerbated airway hyperresponsive during AAD in early

life, in contrast to its detrimental role previously described in adult models of AAD57: 166. 167,169,
223, 243
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Figure 4.14 EGFR inhibition during early-life AAD did not alter T cell responses.
Animals were treated as described in Figure 4.12A. (A) Numbers of various lymphocyte populations in lung
homogenates as measured by flow cytometry. (B) Intracellular cytokine staining of CD4 T cells after ex vivo
restimulation with PMA and ionomycin in the presence of Brefeldin A. (C) Numbers of various lymphocyte
populations and their cytokine production potential in lung homogenates as measured by flow cytometry.
(D) Expression of activation markers on lung CD4 T cells by flow cytometry. (A-D) n = 12-16; data pooled from
two independent experiments.
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Figure 4.15 EGFR inhibition during early-life AAD led to worsened airway hyperresponsiveness.
Animals were treated as described in Figure 4.12A. A Various lung function parameters in response to
increasing doses of bronchoconstrictor methacholine (MCh). Data are shown as mean +/- standard error.
B Lung function parameters at 30 mg/ml of MCh. C Area under the curve of lung function in response to
increasing doses of MCh. (A-C) n = 9-14; measurements for some animals had to be excluded for not meeting
quality control standards. Data are pooled from two independent experiments. Statistics: Mann-Whitney test
between indicated groups. *, p < 0.05; **, p < 0.01.

43.4 EGFR inhibition during early-life AAD had no effect on airway

remodelling or sensitisation

To investigate whether exacerbated airway hyperresponsiveness of Gefitinib-treated animals
coincided with structural airway changes, several parameters of airway remodelling were
measured. While HDM exposure led to the induction of several remodelling-related genes,
such as Tnc, Mucbac, Muc5b or Mmp12, in lung homogenates, there were no differences in

pulmonary gene expression between Gefitinib- and vehicle-treated mice (Figure 4.16A).
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Figure 4.16 EGFR inhibition during early-life AAD had no effect on airway remodelling.

Animals were treated as described in Figure 4.12A. A Whole lung gene expression of indicated genes by gPCR,
shown as log: fold change from PBS/Vehicle control. B Mean linear intercept (Lm) of alveoli, as measured in
lung sections. C-D Representative images (C) and quantification (D) of airway mucus using Periodic Acid-Schiff
(PAS) staining of lung sections. E-F Representative images (E) and quantification (F) of reticulin thickness
around airways in Gordon & Sweet's silver-stained lung sections. (A) n= 12-16; data pooled from two
independent experiments. (B-E) n = 7-9; data from one experiment.
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Since measurement of MRNA levels often fails to reflect structural changes within the lungs,
various histological approaches were used to study airway remodelling. Given the pronounced
effects of EGFR inhibition on tissue damping (ref. Figure 4.15), the alveolar mean linear
intercept (Lm) was determined as a measure of peripheral lung structure. While L, was slightly
elevated in HDM-exposed animals, there were no effects of Gefitinib treatment
(Figure 4.16B). Similarly, mucus production was induced to different extents in the airways
of HDM-treated mice (Figure 4.16C) but was independent of EGFR signalling (Figure 4.16D).
Deposition of type Ill collagen, also known as reticulin, around the airways was increased

upon allergen exposure regardless of EGFR inhibition (Figure 4.16E-F).

Immunofluorescent imaging was used to assess the quantity and distribution of smooth
muscle a-actin, type | collagen and piezo-1, a mechanosensitive receptor previously
implicated in the degradation of epithelial tight junctions during asthma?®?, all of which were
unaffected by EGFR inhibition (Figure 4.17A). Although the amount of collagen deposited
around the airways and vessels appeared unchanged by Gefitinib treatment, collagen
geometry may be controlled by EGFR signalling. To investigate this, two-photon microscopy-
based second-harmonics generation (SHG) imaging of collagen fibres in lung sections was
used (Figure 4.17B). This approach revealed that EGFR inhibition caused decreased
uniformity and increased randomness of collagen fibres (Figure 4.17C), structural changes
which may explain the worsened airway hyperresponsiveness observed in Gefitinib-treated
mice. However, it is worth noting that these findings were not reproduced when SHG imaging
was performed in a subset of animals from a second experimental repeat, indicating that these
results should be interpreted with caution until they can be validated or rejected in a larger

number of animals.

Finally, the in-depth characterisation of the effects of EGFR inhibition of early-life AAD was
concluded by analysing type 2 inflammation and sensitisation. Overall, pulmonary expression
levels of type 2 cytokines, alarmins, tissue repair genes and chemokines were comparable
between Gefitinib- and vehicle-treated animals (Figure 4.18A-B). Nevertheless, reduced
levels of the tissue repair-associated gene Arg1 along with strongly increased levels of the
alarmin /I33 were found in lungs of HDM-exposed mice upon EGFR inhibition, while Piezo1
was upregulated by Gefitinib treatment in PBS-treated animals (Figure 4.18C). These findings
may reflect increased epithelial damage in the absence of appropriate repair responses.
Despite strong increases in //133 gene expression, protein levels of IL-33 of HDM-exposed
Gefitinib-treated mice were comparable to vehicle controls, as were the pulmonary levels of
type 2 cytokines IL-4, IL-5 and IL-13 (Figure 4.18D). Of note, there were baseline differences
in lung IL-5 and airway IL-13 upon EGFR inhibition (Figure 4.18D-E). Serum antibody levels
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Figure 4.17 EGFR inhibition during early-life AAD did not alter matrix deposition but may change

collagen geometry.

Animals were treated as described in Figure 4.12A. A Representative images of immunofluorescence staining
for smooth muscle a-actin (yellow), type | collagen (cyan) and piezo-1 (magenta) in lung sections.
B Representative images of second-harmonic generation (SHG) imaging of collagen fibres. Collagen is shown
in magenta (left) or black (right). Tissue autofluorescence is shown in cyan. C Parameters of collagen geometry
from SHG imaging. (A-C) n = 7-9; data from one experiment. Statistics: Mann-Whitney test between indicated
groups. *, p <0.05; **, p < 0.01.
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were unaffected by Gefitinib treatment, suggesting that allergic sensitisation was independent
of EGFR signalling (Figure 4.18F).
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Figure 4.18 Type 2 responses were largely unaffected by EGFR inhibition during early-life AAD.

Animals were treated as described in Figure 4.12A. A-C Whole lung gene expression of indicated genes by
gPCR, shown as log2 fold change from PBS/Vehicle control (A-B) or as relative expression compared to
housekeeping genes (C). D-F Levels of indicated proteins in lung homogenates (D), bronchoalveolar lavage (E)
or serum (F) as measured by ELISA. (A-F) n = 12-16; data pooled from two independent experiments. Statistics:
Mann-Whitney test between indicated groups. *, p < 0.05; ***, p < 0.001.

4.3.5

Integrative data analysis of EGFR inhibition during early-life AAD

Thus far, several parameters which were altered upon EGFR inhibition were identified, namely

monocytic inflammation, airway hyperresponsiveness, pulmonary Arg? and /133 gene

expression as well as EGFR ligand levels in lungs and airways. However, it is unclear whether

these parameters are interconnected or independent of each other. In particular, it was
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interesting to investigate whether potential pathways underlying the worsened lung function
could be identified. To this end, correlation coefficients and associated p-values between all
continuous parameters measured in this model were calculated and plotted as a correlation
matrix (Figure 4.19). To focus on the effects of Gefitinib rather than allergen treatment, the
analysis was restricted to HDM-exposed animals. Correlations were strongest between
parameters generated by the same method, for example between cells measured by the same
flow cytometry panel within the same organ or between lung function measurements. By this
method, it was possible to confirm some expected correlations, such as between lung function

parameters and serum IgE levels or pulmonary /13 expression. Of note, levels of EGFR
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Figure 4.19 Correlation matrix of various parameters after EGFR inhibition during early-life AAD.
Animals were treated as described in Figure 4.12A. Only HDM-treated animals were included in this analysis.
Spearman correlations between individual parameters are shown as correlation matrix, where the size of the
circle represents the p-value and the colour depicts the strength and direction of the correlation (correlation
coefficient, Spearman’s p).
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ligands were strongly correlated, suggesting that their expression is controlled by shared
mechanisms. Unfortunately, this analysis did not provide novel insights into the pathways
underlying worsened lung function or reduced monocyte recruitment or survival upon EGFR
inhibition during early-life AAD.

The analysis approach was altered to investigate whether shared ‘master regulators’ between
parameters significantly affected by Gefitinib treatment could be identified. To this end, these
parameters were stratified into four clusters and shared correlations (p < 0.05 and |p| > 0.5)

between clusters were compared (Figure 4.20A). Interestingly, there was little overlap
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Figure 4.20 Network analysis of various parameters after EGFR inhibition during early-life AAD.
Animals were treated as described in Figure 4.12A. Only HDM-treated animals were included in this analysis.
A Parameters significantly affected by EGFR inhibition were stratified into four clusters. Significant correlations
(p < 0.05 and |p| > 0.5) shared between clusters are shown as a Venn diagram. B Network analysis showing
most significant correlations (p < 0.05 and |p| > 0.75; edges) between parameters (nodes).
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between clusters, suggesting that the changes observed upon EGFR inhibition were driven
by distinct mechanisms. To further validate this finding, the most significant correlations
(p < 0.05 and |p| > 0.75) between parameters were plotted as a network map (Figure 4.20B).
This visualisation further confirmed that the strongest associations were found within rather
than between data sets, as previously shown by the correlation matrix. Parameters
significantly affected by EGFR inhibition, such as lung function at 30 mg/ml MCh or numbers
of airway moDCs and IM/IMMs were found on opposite ends of the network map, once more
rescinding the notion that these variables may share a common ‘master regulator’.
Collectively, EGFR signalling controlled several distinct features of early-life AAD, including
airway hyperresponsiveness, cellularity and pulmonary gene expression, yet these changes

appear to be independent of each other.

4.3.6 Exogenous activation of EGFR signalling during early-life AAD

To further characterise the role of EGFR signalling during established early-life AAD,
experiments were conceived to investigate whether exogenous receptor activation would
result in opposite effects on disease pathology as receptor inhibition. To this end, recombinant
AREG was given to neonatal mice during the last three of five weeks of allergen exposure
(Figure 4.21A). This intervention did not result in any changes in overall cell recruitment to
the lungs or airways (Figure 4.21B), nor in the numbers of common myeloid cell populations
(Figure 4.21C). Unlike EGFR inhibition, which led to reductions in (mo)DCs and IM/IMMs in
the airways (ref. Figure 4.13), AREG administration did not alter the total numbers of these
cell types (Figure 4.21D). However, there was a significant increase in the frequency of BAL
IM/IMMs within immune cells upon AREG treatment of HDM-exposed mice (Figure 4.21E).
Together with previous findings from the EGFR inhibition model, this suggests that EGFR
signalling contributes to the recruitment, migration or survival of these cells during AAD. The
abundance and cytokine production potential of CD4 T cells in the lungs were unaffected by
AREG administration (Figure 4.21F), once more suggesting that EGFR signalling was

dispensable for the T helper cell response.

Another major outcome of EGFR inhibition during early-life AAD was exacerbated airway
hyperresponsiveness, particularly at 30 mg/ml of MCh. However, when lung function was
measured after AREG administration, there were no effects of exogenous receptor activation
(Figure 4.22A-B). While the findings using EGFR inhibition support a protective role of EGFR
signalling in preventing worse lung function during early-life AAD, these results illustrate that
presence of EGFR ligand alone in the airways was unable to ameliorate airway
hyperresponsiveness, suggesting that the contribution of EGFR signalling to lung function

during early-life AAD is complex.

130



A B BAL Total Cells Lung Total Cells

BALBI/c 5e+06 2.0e+07
4e+06 °
s " , 1:56%07
postnatal PBS or AREG i.n. g 3e+06 % © PBS/PBS
o
day 7 vV VvV VYSVYVYYVY v.CuII 3 = 1.0e+07 © HDM/PBS
O 2e+06 o° © PBS/ARE
| Week 1 | Week 2 | Week 3 | Week 4 | Week 5 | = = S/ ¢
1e+06 5.0e+06 © HDM/AREG
PBS or i.n. 0e+00- 0.0e+00 -
C Airway inflammation Lung inflammation
3e+06 5e+06
4e+06
g ° g
oM 2e+06 =
= £ 3e+06 ° O PBS/PBS
5 ey O HDM/PBS
[
o 2 2¢+06 © PBS/AREG
3 3 HDM / AREG
o
© o o © 1e+06
te+00 o000 020 — -e&o! oGl Oe+uo--&0!-‘- 6 o ©°3° oBe®
AMs Eosinophils Neutrophils Dendritic AMs Eosinophils Neutrophils Dendritic
Cells Cells
BAL Total DCs BAL moDCs BAL IM/ IMMs BAL IM/ IMMs
100000 80000 1.25 *
*
75000 ° ° o ° 1.00 °
° ° 60000

15000 PBS /PBS

HDM / PBS

(]

+

n

<

a

10000 ©
* 0.50 PBS / AREG
25000 20000 5000 0.25 HDM / AREG
o s i
~ . ~ - ~ - . =

50000 40000

Total cells
Total cells
Total cells
@ @ 0 O

o 0 0 0.00
Lung CD4 T cells IFNy* CD4 T cells IL-5* CD4 T cells IL-13* CD4 T cells IL-17A* CD4 T cells
80000 250000
150000
1e+06 60000 1e+05 200000
2 2 K 2 2
8 8 3 2 100000 S 150000
3 5 40000 3 s 3
© 5e+05 Il 2 5e+04 ° S 100000
20000 50000 50000
=5
o Y S - N
Oe+00l——— ol—— ge+00- o 0!

Figure 4.21 Exogenous EGFR activation during early-life AAD altered airway monocytic cells.

A Schematic depicting experimental approach. 7-day-old BALB/c mice were given inhaled HDM (10 pg in
week 1, 15 ug thereafter) three times per week for five weeks. During weeks three to five, mice were intranasally
administered recombinant AREG (0.75 pg) approx. 4-6 hours after allergen challenge and animals were
sacrificed on the day following the last dose. B Total cells in bronchoalveolar lavage or the left lung lobe.
C Numbers of airway macrophages (AMs), eosinophils, neutrophils and dendritic cells in bronchoalveolar lavage
or the left lung lobe, as measured by flow cytometry. D Numbers of dendritic and monocytic cell populations in
bronchoalveolar lavage by flow cytometry. E Frequency of IM/IMMs as percentage of all immune cells in the
airways. Abbreviations: DCs, dendritic cells; moDCs, monocyte-derived DCs; IM / IMMs, interstitial
macrophages/inflammatory monocytes and macrophages. F Numbers of lung CD4 T cells and their potential to
produce cytokines after stimulation with PMA and ionomycin in the presence of Brefeldin A as measured by flow
cytometry. (B-F) n = 4-9; data from one experiment.
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Figure 4.22 Exogenous EGFR activation during early-life AAD did not affect lung function.

Animals were treated as described in Figure 4.21A. A Various lung function parameters in response to
increasing doses of bronchoconstrictor methacholine (MCh). Data are shown as mean +/- standard error.
B Lung function parameters at 30 mg/ml of MCh. (A-B) n = 3-8; measurements for some animals had to be
excluded for not meeting quality control standards. Data are from one experiment.

4.3.7 Establishing a novel model of early-life AAD using mixed allergens

Thus far, the role of EGFR signalling was studied in the HDM model of AAD. However, allergic
asthma, especially when severe, is also commonly caused by other allergens, such as pollens,
moulds, cockroach or pet dander'® 2%3 which differ, amongst others, in their protease activity
and ability to trigger epithelial alarmin release?. In an effort to establish a more clinically
affiliated model encompassing several different seasonal and perennial allergens for the study
of AAD, neonatal BALB/c mice were repeatedly exposed to a mixture (MIX) of ALT, HDM and
TG (Figure 4.23A). Treatment with each of these allergens alone was included to aid in the
characterisation of this novel mixed allergen model. Exposure to MIX resulted in significant
cellular recruitment to the airways, including increased numbers of airway macrophages,

eosinophils, neutrophils and dendritic cells (Figure 4.23B).
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Figure 4.23 Chronic exposure to mixed allergen during early life drives myeloid inflammation in lungs
and airways.

A Schematic depicting experimental approach. 7-day-old BALB/c mice were given inhaled ALT (1 allergen
equivalent: 5 yg in week 1, 10 pg thereafter), HDM (1 allergen equivalent: 10 pg in week 1, 15 ug thereafter),
timothy grass (TG; 1 allergen equivalent: 4.5 ug in week 1, 9 ug thereafter) or a mix of all three allergens (MIX;
Y5 allergen equivalent each) three times per week for five weeks. Animals were sacrificed on the day following
the last allergen dose. B-C Total cells and numbers of airway macrophages (AMs), eosinophils, neutrophils and
dendritic cells in bronchoalveolar lavage (B) or the left lung lobe (C), as measured by flow cytometry.
(B-C) n = 4-7, data from one experiment. Statistics: Mann-Whitney test between indicated groups and PBS (*)
or MIX (#) group. */#, p < 0.05; **/##, p < 0.01.

Overall, the magnitude of airway inflammation after mixed allergen exposure was comparable
to mono-allergen challenge e.g., with ALT or HDM. However, there was a particularly high
abundance of airway dendritic cells in MIX-treated animals, suggesting that the combination
of different allergens strongly drove antigen-presenting cell responses. Of note, cell
recruitment was lowest in mice exposed to TG, indicating that this allergen may drive less
severe AAD pathology. Myeloid inflammation was also present in the lungs and followed

similar trends as in the airways (Figure 4.23C).

In addition to its capacity to drive myeloid inflammation, the ability of mixed allergen exposure
to evoke T cell responses was evaluated. All allergens elicited recruitments of T lymphocytes
to the airways, with the strongest effects observed after exposure to mixed allergen

(Figure 4.24A). Chronic inhalation of ALT or MIX further led to a significant expansion in
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Figure 4.24 Early-life mixed allergen exposure evoked extensive pulmonary T cell responses.

Animals were treated as described in Figure 4.23A. A T cell populations in bronchoalveolar lavage (BAL) and
left lung lobes upon exposure to indicated allergens by flow cytometry. Colour intensity represents increase in
total numbers from PBS controls and size of circle denotes significance level when compared to PBS control.
B Cytokine production potential and phenotype of CD4 T cells in BAL and lungs. Colour intensity represents
frequency of cytokine/marker expression of CD4 T cells and size of circle denotes significance level when
compared to PBS control. Intracellular cytokine levels were measured after ex vivo restimulation with PMA and
ionomycin in the presence of Brefeldin A. (A-B) n = 4-7; data from one experiment. Statistics: Mann-Whitney
test between indicated allergen and PBS group.

ILC2s, yO T cells and Foxp3* Tregs in the lungs, the latter of which were also increased in
HDM-treated animals. In the airways, frequencies of Th2 cells, particularly IL-57IL-13* double-
positive CD4 T cells, were increased in all allergen-treated groups (Figure 4.24B).
Additionally, increases in IL-10- and IL-17A- but not IFNy-producing helper T cells were
observed in the lungs upon allergen exposure, as well as augmented expression of activation,
tissue residency and memory-like markers on these cells. Overall, T cell responses were
strongest in MIX-treated animals, suggesting that exposure to mixed allergens was superior

to mono-allergen challenge in its ability to cause pulmonary inflammation.

In addition to inflammation, a relevant model of AAD should induce airway
hyperresponsiveness. With the exception of TG, all allergens tested here caused exacerbated
lung function (Figure 4.25A), of which the deficits elicited by mixed allergen exposure were
the most severe (Figure 4.25B). It was thus possible to confirm that the model of mixed
allergen challenge recapitulated two hallmark features of AAD, airway hyperresponsiveness

and inflammation.

134



>

Resistance (R)

Elastance (E)

Compliance (C)

400 0.04
T = 300 ~0.03
= E Q 3 E
» = T E
- Q
Q, £ 200 5 0.02
T £ =
E s £
< w o
pv 100 0.01
0 0.00
BL PBS 1 3 10 30 BL PBS 1 3 10 30 BL PBS 1 3 10 30
MCh (mg/ml) MCh (mg/ml) MCh (mg/ml)
Tissue damping (G) Tissue elastance (H)
400
= = 300 o PBS
£ 13
3 S o ALT
T 50 T 200 o HDM
E }_E-L o TG
O 25 T 100 o MIX
o
0 0
BL PBS 1 3 10 30 BL PBS 1 3 10 30
MCh (mg/ml) MCh (mg/ml)
R @ 30 mg/ml MCh E @ 30 mg/ml MCh C @ 30 mg/ml MCh G @ 30 mg/ml MCh H @ 30 mg/ml MCh
20 500 0.015 . 0! 600 .
_ Q ° 500 °
T 15 ) = 400 ® 5 B = 150 =
=~ £ = 0.010 E . E 400{
® = 300 T 3 3
. [ o £ Q - Qo —
Q 10 = 5 G ° = 100 = 300 °
I E 200 e E £
g i [9] £ 0.0057 & ca ° £ 200
E 5 w - (8] & O 5o . I
100 Lo, g @ 100 ?
ol 0 0.000 -——————— 0 0
C Elastance Compliance Tissue damping Tissue elastance
10000 0.8 3000 10000
—_— * —_— * —_— * —_— *
o o R o o
2 2 2 2
< < < e < °
o PBS o 7500 2 0.6 ° o 7500 *
2 ° 2 ® 2 2000 2
o ALT 3 3 |H 3 3 .
°
o HDM £ 50001 204 H 2 2 5000 '
o 76 3 68 o g | 2 1000 ° ! 3 (o]
e MiX 5 2500{|H So2 ‘ 5 % S 2500 ° o
© O © © Q © O
e e e 4
< < < <
0 0.0 0 0

Figure 4.25 Early-life mixed allergen exposure resulted in airway hyperresponsiveness.

Animals were treated as described in Figure 4.23A. A Various lung function parameters in response to
increasing doses of bronchoconstrictor methacholine (MCh). Data are shown as mean +/- standard error.
B Lung function parameters at 30 mg/ml of MCh. C Area under the curve of lung function in response to
increasing doses of MCh. (A-C) n = 4-5; data from one experiment.

To round off the characterisation of this novel AAD model, gene expression analysis of lung
homogenates was employed to gain insight into overall inflammation and expression of
remodelling-related genes in the lungs. In line with the flow cytometry data, there was a
significant induction of genes encoding Th2 and Th17 cytokines as well as eosinophil
chemokines in the lungs of allergen-exposed animals (Figure 4.26A). In addition, expression
of the remodelling-associated genes Col4a1, Fn1 and Mucbac was altered when mice were
challenged with allergen (Figure 4.26B), suggesting the presence of airway remodelling. In

line with this, there was evidence of mucus hyperplasia in animals from all allergen-treated
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Figure 4.26 Early-life mixed allergen exposure elicited mucus hyperplasia and sensitisation.

Animals were treated as described in Figure 4.23A. A-B Whole lung gene expression of indicated genes,
represented as relative expression compared to housekeeping genes (A) or foldchange from PBS control (B).
Black outlines signify statistically significant changes compared to PBS control (Mann-Whitney test).
C Quantification of airway mucus using Periodic Acid-Schiff (PAS) staining of lung sections. D Serum levels of
total antibodies by ELISA over time. Thick lines denote median and IQR. Thin lines show antibody levels of
individual mice. E-F Levels of EGFR ligands in bronchoalveolar lavage (E) and lung homogenates (F).
(A-F) n = 4-7, data from one experiment. Statistics: Mann-Whitney test between indicated groups and PBS (*)
or MIX (#) group. */#, p < 0.05; **/##, p <0.01.

groups (Figure 4.26C). Interestingly, serum antibody levels were highest after exposure to
ALT or MIX (Figure 4.26D), suggesting that the fungal allergen ALT is a superior driver of
allergic sensitisation. Nonetheless, modest increases in total IgE and IgG1 levels were also

observed after five weeks of HDM or TG challenge. Overall, these findings illustrate that the
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newly established model of mixed allergen exposure encompasses hallmark features of AAD,
namely inflammation, airway hyperresponsiveness, remodelling and sensitisation, to a greater
extent than models using one allergen alone. This model will be valuable in the study of

mechanisms underlying AAD pathology, such as the role of EGFR signalling.

Finally, the effects of mixed allergen exposure on EGFR ligand availability in the lungs and
airways was characterised. As previously observed for ALT and HDM, treatment with TG or
MIX resulted in significant depletion of airway ligand levels (Figure 4.26E) and these effects
were most pronounced after challenge with ALT or MIX. Interestingly, only TG exposure did
not result in significant increases in ligand levels in the lungs (Figure 4.26F). Together with
previous results, this may reflect a lesser ability of TG to induce features of AAD compared to

the other allergens tested here.

43.8 Exogenous EGFR activation in mixed allergen model of early-life AAD

Previous experiments attempted the study of the effects of exogenous EGFR activation during
early-life AAD by intranasal administration of AREG during the last three of five weeks of an
HDM exposure model. However, this intervention did not lead to appreciable changes in AAD
pathology. The experimental approach was therefore modified by including the following
alterations (Figure 4.27A): To increase the window for disease improvement, the mixed
allergen rather than the HDM model of AAD was chosen, as this caused more severe
pathology. In addition, the period of allergen exposure was restricted to three weeks to allow
administration of EGFR ligand throughout the entire challenge period, rather than just during
established disease. Finally, the high-affinity ligand HB-EGF rather than the low-affinity ligand
AREG was administered in this model with the intention of maximising EGFR signalling. While
overall cell recruitment to the lungs and airways was unaffected by HB-EGF treatment
(Figure 4.27B), there were significantly increased lung neutrophils upon ligand administration
(Figure 4.27C). In agreement with this, elevated frequencies of CD4 T cells expressing
IL-17A", but not any other effector cytokines, were present in the lungs of HB-EGF-treated
animals (Figure 4.27D-F). Given the ability of IL-17A to drive neutrophil responses, it is likely
that the observed increases in lung neutrophilia are the direct result of augmented Th17
responses. In line with this, there was an expansion of lung yd T cells (Figure 4.27G), another
cell population capable of producing IL-17A and thus driving neutrophilic responses.
Interestingly, recruitment of monocyte-derived cells such as moDCs and IM/IMMs to the
airways was unaffected by HB-EGF treatment, indicating that although EGFR signalling likely
contributes to the accumulation of these cells in the airways, exogenous EGFR activation via

inhaled HB-EGF was insufficient to further increase moDCs or IM/IMM numbers.
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Figure 4.27 Exogenous HB-EGF administration during mixed allergen challenge resulted in exacerbated
neutrophilia and Th17 responses.

A Schematic depicting experimental approach. 7-day-old BALB/c mice were given inhaled mixed allergen (ref.
Figure 4.24) three times per week for three weeks. During the entire duration, mice were intranasally
administered HB-EGF (0.5 ug in week 1, 0.75 ug thereafter) approx. 4-6 hours after allergen challenge and
animals were sacrificed on the day following the last dose. B Total cells in bronchoalveolar lavage or the left
lung lobe. C Numbers of airway macrophages (AMs), eosinophils, neutrophils and dendritic cells in
bronchoalveolar lavage or the left lung lobe, as measured by flow cytometry. D-F Cytokine production potential
of CD4 T cells in bronchoalveolar lavage (D) and lung homogenates (E-F) after stimulation with PMA and
ionomycin in the presence of Brefeldin A, as measured in left lung lobes by flow cytometry. (D-E) Colour denoted
frequency of CD4 T cells expressing indicated cytokines, whereas size of circle represents total numbers.
(G) Total numbers of y& T cells in left lung lobes by flow cytometry. (B-G) n = 3-8; data from one experiment.
Statistics: Mann-Whitney test between indicated groups. *, p < 0.05; **, p < 0.01.

Finally, induction of airway hyperresponsiveness upon mixed allergen treatment was
unaffected by the administration of HB-EGF (Figure 4.28A-B). Together with corresponding
results upon AREG treatment during the HDM model of AAD, these observations further
suggest that EGFR activation alone does not protect from exacerbated lung function during

chronic allergen challenge. Overall, these experiments using a different approach confirmed
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that the administration of EGFR ligands did not alter the gross pathology of AAD.
Nevertheless, there were increases in lung Th17 and y& T cells as well as neutrophils after
treatment with HB-EGF, but not AREG, suggesting that the former ligand may directly control

pulmonary type-17 responses.
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Figure 4.28 Exogenous HB-EGF administration during mixed allergen challenge did not affect airway
hyperresponsiveness.

Animals were treated as described in Figure 4.27A. A Various lung function parameters in response to
increasing doses of bronchoconstrictor methacholine (MCh). Data are shown as mean +/- standard error.
B Lung function parameters at 30 mg/ml of MCh. (A-B) n = 2-8, measurements for some animals had to be
excluded for not meeting quality control standards. Data are from one experiment.
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44 Discussion

This chapter employed EGFR inhibition and activation in various models of adult and neonatal
AAD to elucidate the contribution of EGFR signalling to disease pathology and identified
distinct roles for EGFR in early life. Inhibition of EGFR signalling in a neonatal model of AAD
resulted in exacerbated airway hyperresponsiveness, as well as changes in pulmonary gene
expression, the levels of EGFR ligands and recruitment of monocyte-derived cells to the
airways. In contrast, disease pathology during adult AAD was unaffected by EGFR inhibition.
Interestingly, however, treatment with the EGFR inhibitor Gefitinib led to worsened lung
function in adult mice in the absence of HDM exposure. Finally, exogenous receptor activation
using the EGFR ligands AREG or HB-EGF had little to no effect on AAD pathology, neither in

early life nor in adulthood.

Numerous studies have used EGFR inhibition to study the role of EGFR signalling in adult
mouse models of AAD 36 165-170.242 " Qyerwhelmingly, these studies have identified EGFR as a
driver of AAD pathology, particularly airway hyperresponsiveness and goblet cell hyperplasia.
The ability of EGFR activation to directly induce mucin expression in epithelial cells has been
well established?® and EGFR signalling appears to be the primary driver of mucus
hyperproduction during various diseases, including asthma/AAD 38 169,214,256 gnd COPD'87. 257
as well as in response to bacterial'® 2% or viral?3!: 233. 235, 238, 259 nfection. In contrast, the
mechanistic link between EGFR signalling and deficits in lung function is less well understood.
Nonetheless, there is some evidence to suggest that airway mucins may have direct
involvement in driving airway hyperresponsiveness in mouse models of AAD#° 261 |n line with
this, a high presence of mucus plugs was associated with decreased FEV; even after
bronchodilator treatment in a cohort of patients with asthma3. These observations suggest that
the alleviation in lung function observed upon EGFR inhibition in mouse models of AAD may
at least in part result from a reduction of airway mucus. However, EGFR signalling is likely
also involved in other mechanisms underlying worsened lung function. For example,
intratracheal instillation of HB-EGF has been shown to directly induce migration of airway
smooth muscle cells to the lungs, resulting in airway smooth muscle thickening'”', which is
often considered the primary cause of airway hyperresponsiveness. In addition, several
studies have reported reduced airway smooth muscle mass or gene expression of Acta2,
encoding smooth muscle a-actin, when EGFR signalling was interrupted during AAD in
rodents'36. 166-168,227. 243 F GFR is expressed on airway smooth muscle cells in asthma?'? and
signalling via the receptor was necessary for the proliferation of these cells in response to co-
culture with OVA-stimulated CD4 T cells'®®. EGFR signalling thus likely also contributes to
airway hyperresponsiveness via direct effects on airway smooth muscle cells. Finally, effects

of EGFR inhibition on collagen deposition, although also reported'*®, were less common. While
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the production of extracellular matrix components constitutes another potential mechanism via
which EGFR signalling may drive exacerbated lung function, further studies are needed to

characterise the relationship between these two pathways.

Surprisingly, there were no improvements in airway hyperresponsiveness, inflammation,
goblet cell hyperplasia or airway smooth muscle mass when Gefitinib was administered to
HDM-exposed adult mice, although such outcomes would have been expected based on
previous findings in the literature. A possible explanation for these findings may be that the
dosing strategy did not yield sufficient EGFR inhibition. Indeed, receptor inhibition could not
be confirmed using western blot analysis of Y1068 phosphorylation due to low signal. The
chosen dose of 1.5 mg Gefitinib, roughly equivalent to 75 mg/kg mouse weight, is slightly
below the 100 mg/kg widely used as a dose for EGFR inhibitors by previous studies'6®: 167. 169,
Nevertheless, doses as low as 12.5 mg/kg Gefitinib were shown to be efficacious in
ameliorating AAD pathology in mice'®®. Another difference between the approach described
here and previous reports lies in the frequency of inhibitor treatment. Here, Gefitinib was
administered three times per week, several hours prior to allergen exposure, in order to
minimise the risk of adverse effects of drug treatment, such as suppression of surfactant
protein A or exacerbated lung inflammation?°®. While a regimen of three doses per week has
previously been reported, both in an OVA sensitisation/challenge and an inhaled HDM
model'®® 242 the majority of studies have administered EGFR inhibitors at least six times a
week6%-167. 169 pon oral administration in mice, Gefitinib is rapidly absorbed and plasma
concentrations decline with a half-life estimated between 3.8-16.4 hours?#": 262 Although the
drug was shown to be detectable in murine lungs up to 96 hours after a single intravenous
20 mg/kg dose?#, these pharmacokinetic studies suggest that more frequent administration
of Gefitinib may be necessary to achieve optimal concentrations of the drugs within the tissue.
Therefore, the observation that less frequent EGFR inhibition was unable to ameliorate AAD
may suggest an overwhelming strength of EGFR signalling during disease. In support of this,
EGFR ligand levels were significantly increased in the lungs of HDM-challenged animals,
which, together with a decreased availability of EGFR ligands in the airways suggests a net
increase in EGFR signalling. In addition, various studies have demonstrated increased
pulmonary EGFR activation in response to HDM exposure'®®: 169223 |n contrast, three weekly
doses of Gefitinib induced airway hyperresponsiveness in PBS-exposed mice in the same
model, a context in which EGFR is less active. Interestingly, the outcome of EGFR inhibition
in naive mice was opposite to what has previously been described during AAD, suggesting
that EGFR has distinct contributions to lung function during homeostasis and disease. Finally,
the vast extent of EGFR signalling upon HDM exposure may also explain why additional

receptor activation by AREG did not affect disease pathology after one week of HDM
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exposure. In contrast, AREG administration in the IL-33-driven model of airway inflammation
resulted in slightly exacerbated airway hyperresponsiveness, potentially suggesting that
EGFR signalling was less active and could therefore be further augmented in this context.
Overall, our findings from EGFR manipulation in adult mice emphasise the great prominence
of EGFR signalling during AAD, in line with previous findings from the literature. Nevertheless,
it will be important to further confirm the role of EGFR signalling in adult AAD in future studies,
for example by administering Gefitinib daily throughout the entire period of allergen exposure
in order to achieve a higher degree of EGFR inhibition and by investigating the effects of

treatment with other EGFR ligands on disease pathology.

A major aim of the work described within this chapter was to compare the contribution of EGFR
signalling to AAD pathology between early life and adulthood. Although there is evidence of
increased EGFR activation in the lungs and airways of children with asthma?'5 219-221. 263 |itt|e
is known about the role of EGFR signalling in early-life AAD. The data from this chapter
demonstrate that unlike in adulthood, EGFR inhibition in neonatal HDM-exposed mice resulted
in exacerbated airway hyperresponsiveness, suggesting that EGFR signalling may be
protective rather than detrimental during early life. These findings illustrate that distinct
mechanisms may govern AAD pathology during different stages of life and underline the
importance of studying the pathways contributing to disease during early life. Interestingly,
exacerbated airway hyperresponsiveness in Gefitinib-treated neonatal mice was not
accompanied by increases in inflammation, goblet cell hyperplasia or augmented deposition
of extracellular matrix. Nevertheless, alterations in pulmonary gene expression and monocytic
inflammation of the airways were observed upon EGFR inhibition. Interestingly, network
analysis of these data suggests that these changes were driven by distinct mechanisms, likely
due to the EGFR inhibitor acting on different cell types, and are thus unlikely to underlie the
decline in lung function. Cell-specific manipulation of EGFR signalling, for example by
targeting monocytes, epithelial cells or fibroblasts using conditional knockout models, would
provide further insights into how EGFR inhibition of various cell types contributes to altered
AAD pathology. Nevertheless, an exploratory analysis of collagen structure by second-
harmonics generation imaging revealed potential effects of early-life EGFR inhibition on
collagen geometry. Work from our group has demonstrated that altered collagen structure as
a result of intranasal instillation with recombinant IL-33 restricts ILC2 mobility within the lungs,
thereby perpetuating inflammation?®*. Preliminary findings from this thesis provide a first
indication that EGFR inhibition during early-life AAD may alter collagen geometry, specifically
by decreasing the uniformity and increasing the randomness of collagen fibres. While these
results require validation in a larger cohort of mice, changes in collagen structure may provide

a potential explanation for exacerbated airway hyperresponsiveness in Gefitinib-treated
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animals. Collagens are the most abundant extracellular matrix components in the lungs?,
and changes to the collagen architecture have previously been described for various
respiratory diseases, including asthma?%¢-2¢°_ |t is thus conceivable that altered collagen
geometry may underlie the decline in lung function and the interplay between these two
parameters, as well as other mechanisms which may cause exacerbated airway
hyperresponsiveness, will be the subject of future studies. Additionally, it will be interesting to
explore whether the collagen geometry of adult PBS-exposed mice was disturbed by Gefitinib

treatment, as these animals also displayed worse lung function.

EGFR inhibition during neonatal AAD further resulted in altered pulmonary mRNA levels,
specifically in elevated //133 but reduced Arg1 expression. While these changes may potentially
be indicative of increased damage and inadequate repair responses, respectively, the
increases in IL-33 were not reflected at the protein level and further analyses are necessary
before any conclusion regarding the possible causes or consequences of these changes can
be drawn. Finally, early-life EGFR inhibition severely restricted the numbers of monocytic cells,
particularly moDCs and inflammatory monocytes or macrophages, present within the allergic
airways. In the previous chapter (see Chapter 3), EGFR expression was found to be strongly
upregulated on moDCs by HDM exposure. It can therefore be hypothesised that EGFR
signalling may directly control the recruitment or survival of moDCs in the airways. In support
of this, there was a trend towards increased numbers of airway moDCs and IM/IMMs after
AREG administration during neonatal AAD. In addition, EGFR expression has previously been
reported on human monocytes''®. Future in vitro studies may help elucidate how EGFR
signalling contributes to moDC differentiation, mobility, proliferation or survival. In addition, it
will be interesting to investigate whether the dependence of airway monocytic inflammation

on EGFR observed here is specific to (early-life) AAD or may also be present in other contexts.

The final aim of this chapter was to establish a novel model of AAD using exposure to a mixture
of perennial and seasonal allergens in order to reflect more severe disease where exacerbated
airway remodelling would be present and EGFR signalling may thus play a more important
role in driving pathology. Although asthma was traditionally viewed as a prototypical type 2
inflammation-driven, eosinophilic disease, it has become increasingly recognised that this
syndrome encompasses many different phenotypes, including eosinophilic, neutrophilic,
mixed or pauci-granulocytic inflammation? (cf. 1.1.2). Other branches of the adaptive immune
response, such as Th17-driven response, are not only present in asthma but often found to
correlate with disease severity?’®. Traditional mouse models of AAD, particularly the OVA
sensitisation/challenge approach, primarily favour Th2-driven eosinophilic responses,
whereas the more physiologically relevant models of chronic inhaled allergen exposure also

induce mixed Th2/Th17-driven responses depending on the dosing regimen and composition
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of the allergen used*® % 271 |nhaled exposure to a mix of different allergens, such as HDM,
ragweed and fungus Aspergillus fumigatus, has previously been used to drive mixed Th2/Th17
responses in adult animals?™. In children, severe asthma is characterised by sensitisation to
multiple aeroallergens and, importantly, exacerbated airway remodelling?’3. In addition,
neutrophilic or mixed inflammation is present in roughly 50% of children with severe asthma?’4,
and this work aimed to develop a model of early-life AAD reflecting these features. Exposure
of neonatal mice to an allergen mix containing HDM, ALT and TG drove mixed eosinophilic
and neutrophilic inflammation of the airways, in addition to pulmonary Th2 and Th17
responses. Mixed allergen challenge also induced significant airway hyperresponsiveness,
along with goblet cell hyperplasia and increases in serum IgE and IgG1, thus encompassing
hallmark features of AAD pathology. Importantly, the overall extent of inflammation, airway
hyperresponsiveness and sensitisation was greater after mixed allergen exposure compared
to challenge with each allergen individually, suggesting that this approach may represent more
severe disease. As such, this newly established model of early-life mixed allergen challenge
provides a valuable tool for the investigation of AAD pathology in early life and may provide
novel insights into the mechanisms underlying mixed granulocytic severe asthma in childhood.
It will be particularly interesting to investigate the role of EGFR signalling in this context, as
this pathway may have a greater role in driving disease pathology in a model where airway
remodelling is exacerbated. Here, the effects of HB-EGF administration on AAD pathology in
mixed allergen-exposed mice were tested based on the assumption that EGFR activation may
be protective in a model that induces heightened damage. However, disease pathology was
largely unaffected by ligand administration. The data presented within this and the previous
chapter suggest that EGFR signalling was strongly induced by allergen exposure even in the
absence of exogenous activation of the receptor, which may explain the lack of effect of
HB-EGF treatment on AAD pathology. Therefore, it will be important to inhibit EGFR signalling
in this model to investigate if and how this pathway contributes to AAD pathology in the context
of more severe disease and whether these contributions are distinct from the role of EGFR in
HDM-driven AAD.

4.5 Concluding remarks and future work

Mouse models of AAD constitute a useful tool for the study of mechanisms underlying asthma
pathology. Through manipulation of EGFR signalling in various neonatal and adult models of
AAD, we identified distinct roles for EGFR signalling in early life and adulthood. Contrary to
published data supporting a pathogenic role for EGFR in driving pathology of adult AAD, our

data suggest a protective role for EGFR in preventing worsened lung function during early life.
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Which mechanisms may underlie these changes in lung function will be the subject of future
study, which will focus on exploring the consequences of disrupting collagen assembly on lung
function in early-life AAD and employ unbiased transcriptomics or proteomics approaches to
uncover the relationship between EGFR signalling and airway hyperresponsiveness in
neonatal mice. The overwhelming activity of EGFR signalling during adult AAD was
emphasised by the inability of low-frequency EGFR inhibition or exogenous EGFR activation
to alter AAD pathology, stressing the importance of this signalling pathway in asthma. These
findings will be validated in future studies by performing more rigorous EGFR inhibition in both
neonatal and adult models of AAD, for example by increasing the dose and frequency of
Gefitinib administration.
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5 Results llI:

EGFR inhibition abrogates exacerbated
type 2 responses to allergen in
adolescent female mice
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5.1 Introduction

5.1.1 Sex differences in asthma

Various immune responses are distinct between the sexes, with many of these differences
thought to arise from either genetic or hormonal discrepancies between males and females?’®.
In addition, high-throughput phenotyping of over 500 genetic knockout mouse strains revealed
sex-dependent differences in the frequencies of several immune cell populations?’®. Sex
differences also govern both prevalence and severity of asthma, wherein adult females are
more commonly affected and more likely to exhibit severe disease compared to males?® 2" 277
278, Interestingly, this sex balance is reversed in childhood, during which asthma prevalence
is higher in males??: 21278279 These sex differences in asthma also affect health care usage,
with higher rates of hospitalisation reported for males during childhood but females in
adulthood®® 21, The reversal of this sex balance has been found to coincide with puberty?’®
282284 gand symptoms worsened during the pre- or perimenstrual phase in a subset of
women?8%-28 whereas asthma risk declines with menopause?®, suggesting the involvement
of sex hormones. Various epidemiological studies have aimed to define the role of both
endogenous and exogenous steroid sex hormones in driving increased asthma risk and
severity in females, but have been inconclusive, likely due to a large number of confounding
factors such as environmental exposures, smoking history, genetic predisposition or body

mass index2%°,

5.1.2 Use of animal models to study the role of sex hormones in AAD

Given the difficulty to draw definite conclusions on the role of sex hormones in driving
increased asthma preponderance, various studies have employed animal models to study sex
differences in AAD in vivo. In line with epidemiological findings, female mice generally
displayed heightened type 2 inflammation and disease pathology compared to their male
counterparts in the classical OVA sensitisation/challenge model?®'-?*, Interestingly, a direct
comparison between the classical OVA model and an inhaled HDM model of AAD suggests
that sex differences were less pronounced when allergic inflammation was induced by chronic
inhalation rather than systemic sensitisation?**. Nevertheless, classical sex differences, such
as increased airway eosinophilia, elevated type 2 cytokines and lymphocytes as well as higher
IgE levels in females were also reported in models where mice were exposed to allergen
exclusively via the intranasal route?*>?°’, These findings indicate that augmented pathology of

females is an intrinsic feature of common AAD models.
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The ability of mouse models to reflect sex differences in AAD pathology has been used to
study the role of both male and female sex hormones in driving these discrepancies.
Gonadectomy, or the removal of the testis in male or the ovaries in female animals,
respectively, resulting in the inability of these animals to produce steroidal sex hormones, has
been a useful tool in this effort. Ovariectomised females displayed dampened AAD pathology,
including reduced airway inflammation, eosinophilia, lung function and levels of Th2 and Th17
cytokines compared to sham-operated animals?*’-?®, suggesting that the female sex
hormones oestradiol and/or progesterone play a detrimental role in driving disease.
Conversely, castration of male mice resulted in exacerbated pathology comparable to that of
female animals?®': 2%5.2%7  both proposing a protective role for testosterone and indicating that
AAD pathology is governed by an interplay between male and female sex hormones. In
support of this, administration of the female hormones oestradiol or progesterone to males or
ovariectomised females aggravated disease?® 3% 301 whereas testosterone precursors or
metabolites ameliorated pathology in female animals?%%3°2, Further support for the role of both
male and female sex hormones stems from studies using mice deficient for their respective
receptors. Genetic deletion of Esr1, the gene encoding oestrogen receptor alpha (ERa),
reduced eosinophilia and type 2 cytokines of females3%, while male mice unable to signal via
the androgen receptor (AR) displayed exacerbated inflammation and increased numbers of
both type 2 and type 17 lymphocytes?®® 297 Together, these studies provide convincing
evidence of detrimental contributions of female and protective roles of male sex hormones,

respectively, with respect to the pathology of AAD.

While the sex differences in AAD during adulthood have been extensively studied, little is
known about the mechanisms underlying the heightened asthma prevalence and severity
observed in males during childhood and sex differences in pre-pubertal mouse models of AAD
have not been described. Nevertheless, one study found that male animals infected with RSV
in early life displayed delayed resolution of the infection as well as exacerbated pathology of
cockroach allergen-induced AAD later in life compared to females®®. Since early-life infection
with RSV is a common risk factor for asthma development and exacerbations®'!, this may
provide a potential explanation for the bias towards males in asthma prevalence and severity
during childhood. In contrast, however, a similar study exploring the consequence of early-life
infection with RV on subsequent HDM-induced AAD describes exacerbated disease
exclusively in viral-infected females but not males®®, indicating that more research is needed
to address the mechanisms underlying sex differences in early life as well as the potential role
of viral infections in this context. In addition, it will be important to investigate how the sex
balance in AAD in adolescent (peri- or post-pubertal) animals is affected when allergen

exposure is commenced pre-pubertally.
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5.1.3 Hypothesis and aims

Hypothesis

Early-life allergen exposure results in disparate AAD pathology between adolescent male and
female mice.

Aims

1. To describe the sex-specific immune responses of six-week-old mice following

allergen exposure from day seven of life.

2. To compare sex difference between pre-pubertal and post-pubertal start of allergen
exposure.

3. To characterise the consequences of EGFR inhibition on sex differences in AAD
pathology.

5.2 Methods

Data from EGFR inhibition during early-life AAD (cf. 4.3.3-4.3.5) were reanalysed by sex.
EGFR inhibition during adult AAD was repeated in male animals and results were compared
to findings from Gefitinib treatment in female mice (cf. 4.3.2). Mediastinal lymph node cells
from male adult or female neonatal mice chronically exposed to HDM were restimulation ex
vivo with HDM or PMA and ionomycin in the presence or absence of Gefitinib and (3-oestradiol

and levels of cytokines released into the supernatants were measured by ELISA.
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5.3 Results

5.3.1 Augmented type 2 responses in adolescent female animals were

dependent on EGFR signalling

As part of the integrative data analysis presented in the previous chapter (cf. 4.3.5), principal
component analysis (PCA) was performed on protein, flow cytometry, gene expression and
lung function data (Figure 5.1A). This approach revealed greater variability within the
HDM/Vehicle group than the HDM/Gefitinib group. In an effort to account for this variability,
the data were stratified by sex. This identified a clear difference between female and male
HDM-treated animals which was lost upon Gefitinib treatment, suggesting the existence of
EGFR-dependent sex differences during early-life AAD. In line with this, multiple parameters
were differentially regulated between HDM-treated males and females in the absence of
EGFR inhibition but not after Gefitinib treatment (Figure 5.1B).

The most significant differences between sexes concerned the type 2 cytokine IL-13. Females

exhibited increased levels of IL-13 in their airways and lungs compared to male animals
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Figure 5.1 EGFR inhibition abrogated sex differences in early-life AAD.

Animals were treated as described in Figure 4.12A. A Principal component analysis based on ELISA, flow
cytometry, lung function and gene expression data. Each data point represents one animal. B Volcano plot
showing sex differences in HDM/Vehicle- (left) or HDM/Gefitinib-treated animals. Labelled values exhibited an
absolute fold change > 2 and a p-value (Mann-Whitney) < 0.05 when comparing female and male animals. (A-B)
n = 4-9 per treatment/sex, data pooled from two independent experiments.
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(Figure 5.2A), coupled with elevated numbers of CD4 T cells able to produce the cytokine
upon ex vivo stimulation (Figure 5.2B). Pulmonary gene expression of //13 was likewise higher
in female compared to male mice (Figure 5.2C). Importantly, Gefitinib treatment specifically
reduced IL-13 levels in female but not male animals, thereby reducing sex differences. These
results suggest that EGFR is necessary to drive augmented IL-13 responses in young female

mice.

In line with the findings for IL-13-producing T cells, female animals exhibited higher numbers
of IL-5%" and IL-10* CD4 T cells in their airways and lungs compared to males (Figure 5.3A-B).
Importantly, EGFR inhibition diminished differences between the sexes and numbers of IFNy-
or IL-17A-producing T cells were comparable between males and females regardless of
intervention, suggesting that EGFR signalling specifically amplified Th2 responses in female
animals. In agreement with T cell numbers, the levels of the type 2 cytokines IL-4 and IL-5
were higher in female compared to male mice and those differences were reduced upon
Gefitinib treatment (Figure 5.3C). Interestingly, elevated levels of pulmonary IL-33 in female
mice were maintained even after intervention (Figure 5.3C), suggesting that EGFR inhibition
acted downstream of IL-33 signalling. Finally, whole lung gene expression analysis revealed
slightly higher transcript levels of /4 and /I5 in females (Figure 5.3D), although these data
were not statistically significant. Of note, pulmonary //33 expression was comparable between

male and female vehicle-treated animals but strongly induced by EGFR inhibition in females.
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Figure 5.2 Augmented IL-13 responses of female animals were abrogated by EGFR inhibition.

Animals were treated as described in Figure 4.12A. A Levels of IL-13 in bronchoalveolar lavage (BAL) and lung

homogenate by ELISA. B Total numbers of IL-13-producing CD4 T cells in BAL and lungs after ex vivo

stimulation with PMA and ionomycin. C Pulmonary gene expression of //13. (A-C) n = 4-9 per treatment/sex,

data pooled from two independent experiments. Statistics: Mann-Whitney test between indicated groups (*) or
in comparison to the relevant vehicle-treated group (+). */+, p < 0.05; **/++, p < 0.01; ***/+++, p < 0.001.
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Figure 5.3 Female animals displayed EGFR-dependent increases in type 2 responses.

Animals were treated as described in Figure 4.12A. A-B Total numbers of cytokine-expressing T cells in
bronchoalveolar lavage (BAL; A) and lungs (B) after ex vivo stimulation with PMA and ionomycin, as measured
by flow cytometry. C Levels of indicated cytokines in lung homogenates by ELISA. D Pulmonary expression of
indicated genes by qPCR. (A-D) n = 4-9 per treatment/sex, data pooled from two independent experiments.
Statistics: Mann-Whitney test between indicated groups (*) or in comparison to the relevant vehicle-treated
group (+). */+, p <0.05; **/++, p < 0.01; ***/+++, p < 0.001.

These findings raised the question whether female animals displayed exacerbated

inflammation in general or whether the sex differences were restricted to type 2 responses.

Overall cellularity of the airways but not the lungs was increased in female compared to male

mice (Figure 5.4A), suggesting an overall increase in inflammation in these animals. However,

only the numbers of eosinophils, not AMs, neutrophils or DCs, were significantly higher in

females (Figure 5.4B), indicating that augmented cell recruitment in these animals was

restricted to certain cell types, primarily those related to type 2 immune responses. There was

also an increased in the numbers of airway CD4 T cells in female compared to male mice

(Figure 5.4C), likely driven by enhanced Th2 cell recruitment, as described above. Although
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Figure 5.4 Heightened eosinophilia of female mice was dampened by EGFR inhibition.

Animals were treated as described in Figure 4.12A. A Total numbers of cells in bronchoalveolar lavage (BAL)
or left lung lobes. B-C Total numbers of BAL and lung eosinophils (B) or CD4 T cells (C) by flow cytometry.
D-E Total numbers of CD69- or CD103-expressing conventional CD4 or y® T cells in lungs by flow cytometry.
(A-E) n = 4-9 per treatment/sex, data pooled from two independent experiments. Statistics: Mann-Whitney test
between indicated groups (*) or in comparison to the relevant vehicle-treated group (+). */+, p < 0.05;
**[++ p < 0.01; **/+++, p < 0.001.

overall numbers of lung CD4 T cells were comparable between sexes, expression of CD69
and CD103 was more abundant on female T cells (Figure 5.4D), suggesting that female
animals had an overall increase in T cell activation and memory formation. Importantly, these
sex differences were lost or minimised by Gefitinib treatment, indicating that EGFR signalling
played a central role in driving augmented responses in females. Nevertheless, Gefitinib also

affected certain responses in male mice, such as expanding the population of
CD103" yd T cells in the lungs (Figure 5.4E).

Type 2 inflammation is one of the hallmark features of AAD. To ascertain whether other
aspects of AAD pathology would display similar sex differences, lung function data were
analysed by sex. Interestingly, female animals displayed worse lung function at baseline and
in response to low doses of methacholine, but differences between sexes were gradually
reduced or lost with increasing extent of bronchoconstriction (Figure 5.5). As described in the

previous chapter, EGFR inhibition resulted in exacerbated airway hyperresponsiveness during
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early-life AAD, particularly at a dose of 30 mg/ml MCh (cf. Figure 4.15). Conversely, the sex-
specific analysis revealed that Gefitinib treatment significantly improved baseline lung function
of female HDM-treated mice (Figure 5.5B), thereby minimising any sex differences.
Importantly, EGFR inhibition still resulted in exacerbated airway hyperresponsiveness to high
doses of methacholine in both female and male animals, illustrating that EGFR signalling may

have dual, opposing roles in regulating lung function during early-life AAD.
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Figure 5.5 EGFR inhibition rescued worsened baseline lung function of female animals.

Animals were treated as described in Figure 4.12A. A Various lung function measurements in response to
challenge with increasing doses of methacholine (MCh), plotted as fold-change from male HDM/Vehicle-treated
animals. B Lung function measurements in the absence of methacholine challenge. C Lung function
measurements in response to 30 mg/ml MCh. (A-C) n = 4-7 per treatment/sex, data pooled from two
independent experiments. Statistics: Mann-Whitney test between indicated groups (*) or in comparison to the
relevant vehicle-treated group (+). */+, p < 0.05; **/++, p < 0.01.
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The attempts to identify a conclusive link between exacerbated airway hyperresponsiveness
and changes in remodelling described in the previous chapter were unsuccessful.
Nevertheless, this chapter investigated whether sex differences in baseline lung function may
be accompanied by distinct remodelling-associated gene expression. Indeed, young mice
displayed sex-dependent pulmonary expression levels of genes involved in collagen
deposition (Figure 5.6A) and matrix remodelling (Figure 5.6B). Intriguingly, Gefitinib
treatment altered collagen gene expression primarily in male mice, whereas expression of

Mmp2 and Mmp13 was more strongly affected by EGFR inhibition in female animals. These
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Figure 5.6 Expression of remodelling-associated genes and allergic sensitisation during early-life AAD
were sex-dependent.
Animals were treated as described in Figure 4.12A. A-C Whole lung gene expression of indicated genes by
gPCR. D Total antibody levels in serum by ELISA. (A-D) n = 4-9 per treatment/sex, data pooled from two
independent experiments. Statistics: Mann-Whitney test between indicated groups (*) or in comparison to the
relevant vehicle-treated group (+). */+, p < 0.05; **/++, p < 0.01; ***/+++, p < 0.001.
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findings suggest that, while EGFR signalling is likely to be involved in driving remodelling-
related changes in gene expression, its contribution appears complex and highly sex-

dependent.

A previous study found that macrophages from female mice respond to stimulation with IL-4
with a stronger induction of the repair-associated genes Arg?1 and Chil3 compared to cells
from male animals3®. In line with this, female animals exhibited higher expression of Arg7 and
Chil3 in their lungs compared to their male counterparts in our model (Figure 5.6C). Gefitinib
reduced the expression of these genes specifically in female animals, albeit only significantly
for Arg1, similarly as previously observed for other aspects of the type 2 response such as
eosinophilia, Th2 cell recruitment or levels of type 2 cytokines, suggesting that these may all
be controlled by the same mechanism. Another feature commonly associated with IL-4 and
AAD pathology is allergic sensitisation. Analysis of total serum immunoglobulins revealed
higher levels of IgE, but not IgG1 or IgG2a, in the circulation of female animals, both at
baseline and after HDM treatment (Figure 5.6D). IgE induction in HDM-exposed females was
limited by EGFR inhibition, thus constituting another sex-specific type 2-related parameter

reliant on EGFR signalling.

Given the ability of EGFR signalling to drive augmented type 2 responses in female but not
male mice, we asked whether females would exhibit an overall increase in EGFR activation.
Reanalysis of Y1068 phosphorylation (cf. Figure 4.12) did not suggest stronger EGFR
signalling in female animals compared to males (Figure 5.7A). Interestingly, the lungs of
female mice displayed more pronounced downregulation than male mice of the genes
encoding Egfr and three of its ligands, Btc, Egf and Tgfa, upon HDM exposure (Figure 5.7B).
Females also exhibited stronger responses to HDM challenge at the protein level, where they
showed higher levels of EREG in their lungs but lower levels of EREG and HB-EGF in the
airways compared to males (Figure 5.7C). Similar to previous observations for various
parameters of type 2 immunity, Gefitinib treatment evened the levels of EGFR and ligands
between the sexes. These results suggest that sex differences in EGFR signalling exist during
early-life AAD, however, it is unclear whether these are the cause or consequence of or

unrelated to augmented type 2 responses in female animals.
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Figure 5.7 Lung and airway levels of EGFR ligands displayed sex-dependent differences.

Animals were treated as described in Figure 4.12A. A Western blot of lung homogenates using indicated
antibodies. Sex of animals is stated above bands. B Whole lung gene expression of indicated genes by qPCR.
C Levels of EGFR ligands in lung homogenates or bronchoalveolar lavage (BAL) by ELISA. (A) n = 1-3 per
treatment/sex, data from one experiment. (B-C) n = 4-9 per treatment/sex, data pooled from two independent
experiments. Statistics: Mann-Whitney test between indicated groups (*) or in comparison to the relevant
vehicle-treated group (+). */+, p < 0.05; **/++, p < 0.01.

5.3.2 Comparable responses between sexes in adult AAD

The previous chapter (see Chapter 4) revealed distinct roles for EGFR signalling during early
life and adulthood. This chapter found that EGFR signalling supported augmented type 2
responses of young females. This posed the question whether sex differences were also
present if animals were exposed to HDM during adulthood and whether EGFR inhibition would
affect type 2 responses in either sex. To address this, male adult mice were administered
Gefitinib during the last three of five weeks of HDM exposure and the responses of these
animals were compared to the experiments previously conducted in female adults
(Figure 5.8A). Overall inflammation of the airways and lungs was comparable between sexes
(Figure 5.8B). Of note, the numbers of eosinophils and Th2 cells, two cell types expanded in

young female mice, were similar between adult males and females (Figure 5.8C-D).
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Figure 5.8 Type 2 immune responses of adult animals were comparable between sexes.

A Schematic depicting experimental approach. Adult male BALB/c mice were given inhaled HDM (25 pg) three
times per week for five weeks. During weeks three to five, mice were orally administered Gefitinib (1.5 mg)
approx. 4-6 hours prior to allergen challenge and animals were sacrificed on the day following the last dose.
Responses of male animals were compared to experiments conducted in females (cf. 4.3.2). B Total cells in
bronchoalveolar lavage (BAL) or the left lung lobe. C Numbers of eosinophils in BAL or the left lung lobe, as
measured by flow cytometry. D Cytokine-producing potential of CD4 T cells in BAL or lungs after ex vivo
stimulation with PMA and ionomycin. (B-D) female animals: n = 8-12, pooled from two independent experiments;
male animals: n = 4-6, data from one experiment. Statistics: Mann-Whitney test between indicated groups.

*, p <0.05).
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While a direct comparison between sexes within the same experiment would provide more
conclusive evidence, these data suggest that the sex differences observed during early-life
AAD may be absent during adulthood. In addition, Gefitinib treatment had no effects on
eosinophilia or the production of type 2 cytokines in either sex, suggesting that the ability of

EGFR to support augmented type 2 responses is specific to young female animals.

During early-life AAD, females also displayed worsened lung function at baseline and in
response to low doses of methacholine, which was ameliorated upon EGFR inhibition. To test
whether similar mechanisms exist during adulthood, baseline lung function and airway
hyperresponsiveness were compared between adult animals of both sexes. Overall, the
amplitude of airway hyperresponsiveness induced by HDM was comparable between male
and female mice (Figure 5.9A). Interestingly, in the absence of methacholine (at ‘baseline’),
HDM exposure seemed to result in increased lung function only in female but not male animals
(Figure 5.9B), potentially suggesting that increased susceptibility of female mice to HDM-
induced lung function, as previously observed during early life, was also a feature of adult
AAD. Nevertheless, Gefitinib treatment did not ameliorate baseline lung function of adult
females, indicating that the contribution of EGFR signalling to lung function changes is distinct
between early life and adulthood. Of note, EGFR inhibition did not exacerbate airway
hyperresponsiveness of PBS-treated male mice, as previously observed in female animals
(cf. Figure 4.9). This suggests that, while distinct from early life, the contribution of EGFR

signalling to lung function was still sex-dependent in adult animals.
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Figure 5.9 HDM exposure induced comparable airway hyperresponsiveness in adult males and females.
Animals were treated as described in Figure 5.8A. A Various lung function measurements in response to
increasing doses of methacholine. B Lung function parameters in the absence of methacholine challenge. (A-B)
female animals: n = 8-12, pooled from two independent experiments; male animals: n = 4-6, data from one
experiment.
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5.3.3 EGFR inhibition abrogated HDM-induced type 2 cytokine production

ex vivo

Both male and female sex hormones have been implicated in protecting from or driving
pathology during AAD, respectively®?’. In addition, it has been suggested that the female sex
hormone oestradiol can induce EGFR activation by signalling via the G protein-coupled
oestrogen receptor GPR303%%. T lymphocytes have previously been shown to express
GPR30%°, as well as the intracellular oestrogen receptors ERa and ERB3'°. Therefore, the
increase in oestrogen levels present in young female mice®'! may drive augmented type 2
responses by acting via EGFR. To test this, lymph node cells from adult HDM-exposed male
mice were restimulated with HDM in the presence or absence of B-oestradiol and Gefitinib and
cytokine production by these cultures was measured (Figure 5.10A). B-Oestradiol did not
affect the levels of IL-4, IL-5 or IL-13 produced upon HDM stimulation (Figure 5.10B), implying
that this hormone does not act directly on lymphocytes to boost type 2 responses.
Interestingly, however, cytokine production was ablated by Gefitinib, suggesting that EGFR
signalling was necessary for the induction of type 2 cytokines in response to antigen-specific
stimulation. Similar results were achieved when ex vivo re-stimulation was repeated using
lymph node cells from neonatal female animals (Figure 5.10C-D), indicating that the ability of
EGFR inhibition to restrict type 2 cytokine production was independent of the age or sex of
the mice. Of note, IFNy and IL-17A were undetectable after HDM stimulation of either male
adult or female neonatal lymph node cultures, illustrating that our model of chronic HDM
exposure primarily induced Th2 responses. Finally, TCR-independent stimulation with PMA
and ionomycin was used to test whether the dependence of cytokine production on EGFR
signalling was antigen-specific. EGFR inhibition limited the amounts of IFNy and IL-17A as
well as the type 2 cytokines IL-4, IL-5 and IL-13 produced in response to stimulation
(Figure 5.10E). These results suggest that EGFR signalling was required for cytokine
production of helper T cells regardless of subtype and provide a potential mechanism by which
EGFR inhibition may restrict augmented type 2 responses of female mice during early-life
AAD.
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Figure 5.10 EGFR inhibition abrogated cytokine production in lymph node cultures from HDM-exposed

animals.

A Male animals were treated as described in Figure 5.8A. Mediastinal lymph node cells from HDM-challenged
mice were stimulated with 10 yg HDM in the presence of 10 uM Gefitinib and/or 10 nM oestradiol (E2) and
supernatants were collected after 4 days. B Cytokines in cell supernatants from (A) by ELISA, plotted as
absolute numbers (left) or change from HDM only condition (right). C 7-day-old female mice were exposed to
HDM for three weeks and LN cells were treated as described in (A). D Cytokines in cell supernatants from (C)
by ELISA, plotted as absolute numbers (left) or change from HDM only condition (right). E Lymph node cells
from (C) were stimulated with PMA and ionomycin in the presence or absence of Gefitinib and/or E2. Cytokine
levels in supernatants are shown as change from PMA/ionomycin only condition. (B) n= 6 per group and
treatment. (D-E) n = 3-4 per group and treatment. Data from one experiment.
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5.4 Discussion

Sex differences in the prevalence and severity of asthma are age-specific, whereby males are
more commonly affected during childhood and females in adulthood®®’. The work described
in this chapter found that female animals displayed augmented type 2 responses and AAD
pathology even when allergen exposure was commenced pre-pubertally at one week of life.
Importantly, it identified a novel role for EGFR signalling in supporting exacerbated type 2
immunity specifically in young female mice. Finally, a potential mechanism of action whereby
EGFR may directly restrict cytokine production of lymphocytes was identified using EGFR

inhibition during antigen-specific re-stimulation of lymph node cultures.

Various studies define a pathogenic contribution of female sex hormones to AAD pathology in
adult animals?%8-30". 303 |nterestingly, data from the classical OVA model showed that
ovariectomy of female mice was only protective when performed before sensitisation rather
than between sensitisation and allergen challenge?®. This suggests that the presence of
female sex hormones during the first antigen encounter plays an important role in deciding the
magnitude of AAD pathology. However, exposure to common aeroallergens such as HDM can
occur from as early as the first breath. Since reports of sex differences in early-life mouse
models of AAD are rare, this chapter aimed to investigate how pre-pubertal allergen exposure
would affect the sex balance of AAD pathology in adolescent mice. In mice, serum levels of
progesterone are lowest at around seven days of age, and oestradiol and testosterone do not
increase in concentration until after three weeks of life3!'" (Figure 5.11). Therefore, the
response to the first antigen encounter(s) should be unaffected by the protective or detrimental
effects of male or female sex hormones, respectively. Nevertheless, we observed a significant
sex bias in AAD pathology in adolescent animals, whereby females displayed exacerbated
airway inflammation, eosinophilia, Th2 recruitment and type 2 cytokine production. This
suggests that the disease-altering ability of sex hormones acquired during puberty may
outweigh any predispositions underlying higher asthma preponderance in males during early
life, such as dysanapsis, or the mismatch between the size of the airway tree and the lungs,
which is exacerbated in young males and thought to contribute to asthma development3'2,
Further studies are warranted to investigate whether mouse models can reflect an increased
disease severity of pre-pubertal AAD in males and if so, which exact mechanisms may

underlie these sex differences.

An unsuspected but significant finding from this work was that augmented type 2 responses
of female animals, and thereby sex differences during early-life AAD, could be ameliorated by
the administration of Gefitinib. This suggests that EGFR signalling is necessary to support

exacerbated type 2 inflammation of young female mice. Importantly, type 2 responses were
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Adapted from Bell 2018 (ref. 3'1). Approximate developmental stages are shown above. Neon = neonatal. Timing
of HDM exposure and Gefitinib administration are indicated by blue background and shading, respectively.

unaffected by EGFR inhibition in adult animals of either sex, indicating that the reliance on
EGFR signalling to boost type 2 responses is likely specific to the peri-pubertal phase in
females. A potential explanation for the discrepant effects of EGFR inhibition between juvenile
and adult females may be that EGFR signalling during the first encounter with elevated levels
of sex hormones may ‘license’ exacerbated type 2 responses in the future. In mice,
progesterone production commences from approximately day 10 of life, whereas levels of
oestradiol do not increase until three to four weeks of life3!". Gefitinib treatment in the early-
life AAD model was initiated at three weeks of life and continued throughout the remainder of
the experiment, thus coinciding with the rise in oestradiol levels (Figure 5.11). It is thus
conceivable that Gefitinib exerted its effect by intercepting the consequences of the first
exposure to oestrogen. Previous findings, particularly within the breast cancer field, suggest
a reciprocal relationship between oestrogen and EGFR signalling. In vitro studies using cancer
cell lines have found that both AREG and EGF were able to induce activation of ERa in a
ligand-independent manner®'®3'5, Conversely, oestrogen signalling induced expression of
AREG or TGFa and resulted in EGFR signalling in various breast cancer cell lines3'%3",
Further studies propose that oestrogen induces MAPK signalling in breast cancer cells not via
ERa or ER, but via binding to the G protein-coupled receptor GPR30, which results in the
downstream activation of Erk-1 and Erk-2 in a mechanism dependent on HB-EGF and EGFR
activation°®. Based on these findings, oestrogen may exert its effects on AAD pathology via
the activation of EGFR signalling, or else EGFR activation may act to amplify oestrogen

signalling.
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Despite overwhelming evidence affirming the ability of oestrogen to exacerbate AAD, less is
known about the cellular targets and signalling pathways involved in this process. Some
studies suggest that oestrogen may act directly on T helper cells to augment their production
of type 2 cytokines®'® 31, Nevertheless, oestrogen has also been found to affect the phenotype
of various antigen-presenting cells as well as their ability to induce T cell responses3%®: 319320,
Thus, it is conceivable that oestrogen exerts its effects by acting on diverse cell types involved
in mounting immune responses during AAD. We have previously established that EGFR is
expressed on several key cell populations in the allergic lung, including dendritic cells and
CD4 T cells (cf. 3.3.3). Therefore, activation of EGFR signalling on these cells may contribute
to exacerbated type 2 responses, either in direct crosstalk with or downstream of oestrogen
signalling. Further studies are warranted to identify the target cells of oestrogen signalling
during AAD and define potential interactions with EGFR signalling either on these cells or
within the downstream signalling. However, such investigations are beyond the scope of this

thesis.

Nevertheless, first insights into the contributions of oestrogen and EGFR signalling were
gained in the context of cytokine production during re-stimulation of lymph node cells. In
contrast to previously published reports®'®, there were no effects of oestradiol on the ability of
lymphocytes to produce type 2 cytokines during ex vivo re-stimulation with allergen.
Unfortunately, both experiments only included mice of a single sex and it was thus not possible
to assess intrinsic differences in cytokine-producing potential between the sexes. Future
approaches should include lymphocytes from both male and female mice to assess whether
previous exposure to sex hormones such as oestrogen predisposes or ‘licenses’ female cells
to augmented production of type 2 cytokines. Of note, our experiments were limited to male
adult or three-week-old female mice, neither of which would have been exposed to high levels
of oestrogen in vivo, whereas adult females were used by the study that reported enhanced
production of IL-4 in response to oestradiol®'. It is thus possible that previous exposure to
oestrogen in vivo is required to render T cells responsive to further oestradiol stimulation ex
vivo, a hypothesis that should also be tested in future experiments using lymph node cells

from mice of both sexes and ages.

A striking finding from the re-stimulation experiments of lymph node cultures was the
comprehensive ability of Gefitinib to suppress cytokine production. The effects of EGFR
inhibition were comparable between HDM and PMA/ionomycin stimulation, suggesting that
the role of EGFR in this context was neither allergen-specific nor dependent on antigen
presentation. In addition, the inhibitory effects of Gefitinib were not restricted to type 2
cytokines, but also affected the production of IFNy and IL-17A. In line with the observation that
EGFR was expressed by Th1, Th2 and Th17 cells upon HDM exposure (cf. 3.3.3), this
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suggests that Gefitinib may have acted directly on these cells to suppress cytokine production.
However, it will be important to confirm in future experiments that the overall viability of the
cells was not compromised by EGFR inhibition. A study available as a pre-print on bioRxiv
has suggested that CD4 T cells require autocrine HB-EGF-EGFR signalling to sustain their
expression of IL-2, an important T cell survival factor®?!. Therefore, inhibition of EGFR by
Gefitinib may diminish T cell-derived IL-2 production and thus result in T cell death. Future
experiments will explore this hypothesis by measuring the effects of Gefitinib on T cell viability
in lymph node cultures and including recombinant IL-2 in the culture media to exclude IL-2

starvation as a mechanism by which Gefitinib may suppress type 2 cytokine production.

While the ex vivo cultures provide a potential mechanism by which Gefitinib treatment may
reduce cytokine production in vivo, an explanation for why the effects of EGFR inhibition were
specific to Th2 response in young female animals and did not affect Th1 or Th17 response or
animals of other ages or male sex is still lacking. It is possible that EGFR inhibition may have
altered T cell responses in the lung-draining lymph nodes of male and female animals of all
ages, and these tissues should be collected for flow cytometry analysis of T lymphocytes and
their potential to produce cytokines in future experiments. However, it is more likely that other
mechanisms which contribute to augmented type 2 responses specifically in young female
mice were affected by Gefitinib treatment. A recent study has found that oestrogen signalling
through ERa amplified epithelial IL-33 release in response to allergen exposure, thus resulting
in exacerbated type 2 responses in female animals3. In line with this, the work in this thesis
demonstrated increased levels of IL-33 protein in the lungs of female compared to male mice
both in the presence and absence of EGFR inhibition. This suggests that the sex differences
observed during early-life AAD may have been driven by heightened IL-33 production in
female mice due to the presence of oestrogen and that EGFR inhibition likely acted
downstream of alarmin release to minimise type 2 responses in young females. As
demonstrated both within this thesis and within the wider literature, IL-33 can induce many
classical features of AAD in both young and adult animals, such as eosinophilia, expansion of
ILC2s and Th2 cells, production of type 2 cytokines and airway hyperresponsiveness (cf. 4.3.1,
ref. °6). Thus, the augmented type 2 responses of female mice within our model may be the
direct consequence of heightened availability of IL-33 within the lungs of these animals. The
existence of an oestrogen-IL-33 axis in early-life AAD and its role in driving augmented type 2
responses of female animals will be explored in future experiments by evaluating the effects
of oestrogen supplementation or blocking on pulmonary IL-33 levels as well as the ability of
IL-33 administration to boost type 2 responses of young male mice exposed to HDM.
Interestingly, Minutti et al. 2017 (ref. '27) found that in the context of gastrointestinal helminth

infections, EGFR signalling of Th2 cells was required to license IL-13 production in response
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to antigen-independent stimulation with IL-33. Specifically, TCR signalling in Th2 cells induced
the expression of EGFR, which could be maintained by exposure to the alarmin TSLP. EGFR
activation was induced in an autocrine manner via AREG produced by Th2 cells and activated
EGFR*Th2 cells expressing the IL-33 receptor ST2 were able to respond to IL-33 stimulation
with the production of IL-13. This signalling process was crucial to the anti-helminth response,
as illustrated by increased worm burden and reduced IL-13 levels in mice deficient for EGFR
expression on CD4* cells. In addition, an IL-33-AREG-EGFR-axis has also been shown to
contribute to other T helper cell responses, such as differentiation and IL-9 production of anti-
tumour Th9 cells®2. While T cell-derived AREG acted in an autocrine manner on EGFR-
expressing Th2 or Th9 cells in the previous two contexts, a mechanisms whereby IL-33-driven
AREG production by memory Th2 cells contributes to allergic airway disease by acting on
EGFR-expressing eosinophils has also been described ™. It will be interesting to investigate
whether IL-33 signalling also drives Th2 cytokine production in an EGFR-dependent manner
in the context of early-life AAD, as this constitutes a potential mechanism by which EGFR
inhibition may specifically restrict type 2 responses in animals with heightened levels of IL-33,
such as the female animals within our model. Future experiments should aim to investigate
this mechanism in more detail, for example by examining whether oestrogen can boost
epithelial IL-33 release in response to HDM, and whether IL-33 stimulation of Th2 cells from
allergen-exposed animals is sufficient to trigger the release of IL-13 or other type 2 cytokines,
and if so, whether this effect is dependent on EGFR signalling. A summary of the potential
mechanisms contributing to augmented type 2 responses of young females in shown in
Figure 5.12.

Finally, the findings from this chapter may have therapeutic implications in the prevention of
exacerbated asthma severity in females entering adulthood. The inability of Gefitinib treatment
to affect type 2 responses of adult females suggests that adolescence may provide a unique
window opportunity for EGFR inhibition. It will be interesting to investigate whether Gefitinib
treatment during adolescence is sufficient to protect female animals from augmented type 2
responses even after Gefitinib treatment is ceased. If so, the benefits of EGFR inhibition in
adolescence for reducing the severity of asthma in females should be further explored.
However, it is worth recalling that in addition to dampening type 2 responses of female mice,
EGFR inhibition also resulted in exacerbated airway hyperresponsiveness in animals of both
sexes. In addition, EGFR TKils such as Gefitinib can cause various adverse effects, including
interstitial lung disease, and their use is therefore largely restricted to the treatment of
chemotherapy-resistant cancers?*®. Other EGFR inhibitors, such as the inhaled antagonist
BIBW 2948 BS, have previously been trialled for the treatment of COPD but were poorly

tolerated'®. In contrast, Itepekimab, a monoclonal antibody targeting IL-33, was well tolerated
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Figure 5.12 EGFR inhibition abrogates augmented type 2 responses in young females: potential
mechanism.

A In response to allergen exposure during early life and adolescence, IL-33 is released from the airway
epithelium. The alarmin then likely acts directly or indirectly on Th2 cells to drive their production of IL-4, IL-5
and IL-13. This type 2 immune response results in the generation of IgE antibodies and the recruitment of
eosinophils and may also underlie worsened baseline lung function. Young female animals display worsened
alarmin release and type 2 immunity compared to male mice. These augmented responses are dampened by
EGFR inhibition, which acts downstream of IL-33 to minimise sex differences. B Increased IL-33 production in
female animals may be caused by rising oestradiol levels signalling via ERa to boost 1133 expression (as
described similarly by Cephus et al. 2021 (ref. 393), C HDM exposure results in the upregulation of EGFR on
Th2 cells and may also induce ligand expression in these cells. EGFR signalling may ‘licence’ Th2 cells to
produce type 2 cytokines independently of allergen stimulation in response to IL-33/ST2 signalling. A similar
mechanism was delineated by Minutti et al. 2017 (ref. 127).

in phase | and phase |l trials and showed some efficacy in reducing the incidence of loss of
asthma control and improving lung function in patients with moderate-to-severe asthma™ ",

Although no longer pursued in the treatment of asthma’?, Itepekimab is currently undergoing
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a phase lll trial to assess its efficacy, safety and tolerability in patients with moderate-to-severe
COPD?*?, Within these trials, it would be interesting to determine whether anti-IL-33 treatment
may be more efficacious in young women. If so, targeting IL-33 during puberty may present a

safer strategy to minimise asthma severity in adolescent females than EGFR inhibition.

5.5 Concluding remarks and future work

Prevalence and severity of asthma are governed by sex differences, with a higher
preponderance in females emerging throughout puberty. This work showed that adolescent
female animals exhibited significantly exacerbated type 2 responses even when allergen
exposure was commenced pre-pubertally, along with elevated levels of pulmonary IL-33. Peri-
pubertal inhibition of EGFR signalling specifically ameliorated type 2 responses but not IL-33
levels in adolescent females, while adolescent males or adults of either sex were unaffected.
These findings prompted the formation of a novel hypothesis, whereby rising oestrogen levels
in young female mice may drive increased epithelial production of IL-33 in the context of
allergen exposure and EGFR signalling in activated Th2 cells may be required to license the
antigen-independent production of type 2 cytokines from these cells in response to this
alarmin. Future experiments will aim to delineate this mechanism by establishing the ability of
oestrogen to boost IL-33 production both in vitro and in vivo, defining the role of IL-33 in
augmenting type 2 immunity in early-life AAD by IL-33 blockade in female or supplementation
in male mice, respectively, and assessing the ability of IL-33 to directly drive type 2 cytokine
secretion in lymph node cultures from HDM-exposed animals in an EGFR-dependent manner.
An in-depth understanding of the processes driving the emergence of sex differences in AAD
may have important therapeutic implications for the prevention of more severe asthma

pathology in young women.
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6.1 Introduction

6.1.1 SARS-CoV-2 and COVID-19 in children and adults

Coronavirus disease 19 (COVID-19) is a global pandemic that emerged in the province of
Wuhan, China at the end of 2019. The World Health Organisation (WHO) estimates that over
6.5 million people have died from COVID-19 to date (October 2022), with over 625 million
cases reported globally. Great efforts have been made to investigate the pathophysiology of
COVID-19 since it was first described in February 2020324326 Among the initial findings was
the observation that children typically experienced less severe disease compared to adults.
Whereas approximately 20% of adults developed severe or critical disease during the first
wave of COVID-19%%" 328  fatality was rare in children, the majority of which remained
asymptomatic or experienced only mild to moderate symptoms®2°23!, |In addition, studies on
the household transmission of COVID-19 suggested that children may exhibit reduced

susceptibility to infection compared to adults332-334,

COVID-19 is caused by infection with severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), a positive-sense single-stranded RNA (+ssRNA) virus of the coronaviridae
family324-32%6. SARS-CoV-2 binds to the host receptor angiotensin converting enzyme 2 (ACE2)
in susceptible cells via its spike protein and gains entry in a process depending on the host
protease transmembrane serine protease 2 (TMPRSS2)3%. Other host proteases, such as
cathepsin L, furin and neuropilins, were found to contribute to the pre-activation and entry of
SARS-CoV-2%36-340_ Although co-expression of ACE2 and TMPRSS2 has been reported in
various organs, including the conjunctiva, gall bladder and several parts of the gastrointestinal
tract®*!, the airway epithelium is the primary portal of entry for SARS-CoV-2%2, Severe or
critical disease occurs when the epithelium of the large conducting airways is unable to contain

the infection and the virus progresses to the alveoli.

6.1.2 The role of the airway epithelium and interferons in the defence
against SARS-CoV-2

The airway epithelium plays a central role in the defence against numerous respiratory
viruses®®3. In addition to creating a physical barrier between the external and internal milieu
which is further reinforced by a protective layer of mucus to trap pathogens and movement of
the cilia which contribute to clearance, airway epithelial cells constitute an early source of
antiviral and pro-inflammatory mediators. Upon viral recognition via one or several pattern
recognition receptors (PRRs), type | and type Il interferons (IFNs) are released from epithelial

cells and act in an auto- and paracrine manner to trigger the expression of hundreds of
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interferon-stimulated genes (ISGs). The antiviral mediators induced in this way can act both
through direct interference with viral replication and spread, for example by suppressing the
transcriptional machinery, or via the recruitment and activation of specialised immune cells.
The importance especially of type | IFNs in the successful defence against respiratory viruses
such as influenza A and SARS-CoV-2 is illustrated by the increased incidence of severe or
life-threatening disease in individuals with mutations in or auto-antibodies against molecules
in the type | IFN signalling pathway3#4-3*7_ In addition, the benefits of type | or lll IFNs in aiding
the clearance of SARS-CoV-2 have been demonstrated during in vitro infection of primary

airway epithelial cells348-351,

6.1.3 Towards understanding differences in COVID-19 severity between

children and adults

As part of the overwhelming wealth of research into the pathophysiology underlying
COVID-19, various efforts have been made to explain why severe disease is less common in
children. Some studies have described a lower expression of ACE2 and TMPRSS2 in the
airway epithelia of children compared to adults, which may result in greater resistance to
infection3%2 353, However, numerous other reports found no differences in the levels of entry
receptors between children and adults®*3%, suggesting that this conclusion should be
interpreted with caution. Another proposed explanation for the discrepancies in disease
severity is that children may be more poised to detect and react to infection with SARS-CoV-2.
A comparison of the upper airway transcriptome of children and adults using RNA-sequencing
of nasal swabs revealed higher expression of /IFIH1 and DDX58, which encode the PRRs
melanoma differentiation-associated protein 5 (MDA5) and retinoic acid-inducible gene |
(RIG-I), respectively, in paediatric compared to adult epithelial cells®*®. MDA5 plays an
essential role in the recognition of SARS-CoV-2 and subsequent interferon induction348: 3%,
Therefore, it is conceivable that heightened expression of this receptor in the airway epithelium
of children may result in more rapid detection and clearance of SARS-CoV-2 and thus less
severe disease. In support of this, another study comparing transcriptional responses in
nasopharyngeal swabs of children and adults admitted to the hospital with COVID-19 found
interferon signatures and inflammatory genes to be enriched in the paediatric samples®’.
Importantly, heightened immune responses were associated with better clinical outcomes in
this cohort, providing additional support to the idea that children may experience less severe
disease because they are better armed to mount effective antiviral responses. These findings
were further affirmed by a more recent single-cell transcriptomic analysis of airway and blood
samples from a distinct cohort of children and adults with or without COVID-19. This study

reported an enhanced interferon-activated state in the airways of children even in the absence
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of infection, which was further increased particularly in airway immune cells by SARS-CoV-2
infection®%°. Nevertheless, other factors are likely to contribute to better outcomes of COVID-19
in children. For example, SARS-CoV-2-cross-reactive antibodies likely induced in response to
seasonally circulating coronaviruses were more commonly found in the sera of children and
adolescents compared to adults and may feasibly contribute to better protection against
COVID-19 in these age groups®®. Taken together, the analysis of clinical samples has
provided valuable insights into the potential causes for reduced disease severity of COVID-19
in children, but more mechanistic studies are lacking. For instance, it is unclear whether the
heightened PRR expression and interferon signatures found in the airways are an intrinsic
feature of paediatric epithelia or the consequence of a combination of environmental
exposures, such as previous infections with respiratory viruses. In an effort to address this,
infection of ALI cultures with SARS-CoV-2 was used to perform a detailed comparison of viral
tropism as well as the cellular immune responses between paediatric and adult airway

epithelial cells.

6.1.4 Hypothesis and aims

Hypothesis

Differences in the responses of paediatric and adult bronchial epithelial cells to infection with
SARS-CoV-2 underlie the disparate prevalence and severity of COVID-19 between children

and adults

Aims

1. To establish a model of SARS-CoV-2 infection in primary airway epithelial cells
cultured at ALI.

2. To compare the epithelial responses to SARS-CoV-2 infection between paediatric and
adult epithelial cells.

3. To examine similarities and differences in the epithelial immune response elicited by
infection with SARS-CoV-2 and the 2009 pandemic strain of Influenza A H1N1.
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6.2 Methods

6.2.1 Collection and culture of primary airway epithelial cells from healthy

paediatric and adult donors

Nasal and bronchial epithelial cells were collected from healthy children aged 2-5 without
history of wheezing or other respiratory pathology (n = 6) using nasal or non-bronchoscopic
lower airway bronchial brushing, respectively. Children who were having an elective surgical
procedure that required intubation were recruited and a non-bronchoscopic brushing was
taken after intubation and prior to the surgical procedure as previously described3®'. Healthy
adult volunteers (n = 4) were recruited for bronchoscopies, during which bronchial epithelial
cells were collected via bronchial brushings. Donor demographics are listed in Table 6.1.
Airway epithelial cells were expanded and cultured at ALI until cilia movement and mucus

production were observed, indicative of a well-differentiated epithelial layer.

Table 6.1 Donor demographics.

Paediatric (n = 6) Adult (n = 4)
Median age in years (range) 4.6 (2.5-5.6) 52.5 (47-63)
Female sex (%) 3 (50%) 2 (50%)
Ethnicity (%)
Asian 1(17%) 2 (50%)
White Caucasian 4 (67%) 2 (50%)
Mixed Black / White Caucasian 1 (17%) -
Atopy status (%)
Atopic 3 (50%) -
Non-Atopic 3 (50%) -
Unknown - 4 (100%)
Smoking status (%)
Current smoker n/a 0(-)
Ex-smoker 2 (50%)
Never smoker 2 (50%)

6.2.2 Infection of airway epithelial cultures with SARS-CoV-2 and H1N1

Fully differentiated epithelial cell cultures were infected apically with either SARS-CoV-2
(strain  SARS-CoV-2/England/IC19/2020; MOI 0.01) or Influenza H1N1 (strain
A/England/195/2009; MOI 0.001) for 1 hour. Apical washes, basal media, cell lysates and fixed

cell layers were collected on alternate days from day one post-infection (dpi) until 9 dpi.
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6.2.3 Analysis of the epithelial response to infection

The release of infectious viral particles from cells was monitored using plaque assays of apical
washes. Gene expression changes in response to infection were assessed in cell lysates by
gPCR. The secretion of proteins into the basal medium was measured using conventional
ELISAs and a membrane-based proteome profiler assay. Fixed epithelial layers were
agarose-embedded and sectioned. Traditional H&E staining and immunofluorescence
staining of sections were used to visualise changes in overall epithelial morphology and to

investigate the localisation of SARS-CoV-2 infection.
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6.3 Results

6.3.1 Establishing SARS-CoV-2 infection in nasal and bronchial epithelial

cell ALI cultures

Both nasal and bronchial airway epithelial cells are thought to constitute a first point of entry
for SARS-CoV-2%*. To confirm whether bronchial epithelial cells could be used as a model to
study SARS-CoV-2 of airway epithelia, the morphology, entry factor expression and immune
response to infection was compared between matched bronchial and nasal epithelial cells
from healthy paediatric donors after differentiation at ALI culture (Figure 6.1A). Cells from
both anatomical locations displayed comparable morphology (Figure 6.1B) as well as

expression of the SARS-CoV-2 entry factor ACE2, which was detected across the entire

epithelial layer (Figure 6.1C).
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Figure 6.1 Fully differentiated nasal and bronchial epithelial cells displayed comparable morphology
and SARS-CoV-2 entry factor expression.

A Nasal and bronchial epithelial cells were collected from healthy children and seeded onto inserts. Upon
confluency, apical media was removed and cells were cultured until they displayed beating cilia and mucus
production. B H&E staining of sections from fully differentiated matched nasal and bronchial epithelial cells from
two paediatric donors. C Representative immunofluorescence staining of sections using antibodies for the
SARS-CoV-2 entry receptor ACE2 (magenta) and the basal cell marker KRT5 (cyan). Size of scale bar: 50 um.
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Next, bronchial or nasal cultures were infected with an early clinical isolate of SARS-CoV-2
(SARS-CoV-2/England/IC19/2020) to compare viral replication and epithelial immune
responses (Figure 6.2A). SARS-CoV-2 infected and replicated in airway epithelial cells from
both locations and there were no differences in the release of infectious viral particles between
nasal and bronchial epithelial cells (Figure 6.2B). In line with this, the levels of type | IFNs,
type lll IFNs and ISGs induced by SARS-CoV-2 infection in nasal and bronchial cells displayed
comparable magnitude (Figure 6.2C). These results suggest that bronchial epithelial cells can

be used as a model to study SARS-CoV-2 infection of airway epithelia.
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Figure 6.2 Replication of and interferon responses elicited by SARS-CoV-2 were similar between nasal
and bronchial epithelial cells.

A Fully differentiated paediatric nasal (NEC) and bronchial (BEC) epithelial cells (ref. Figure 6.1A) were infected
with SARS-CoV-2 MOI 0.01 or treated with media. B Plaque forming units of SARS-CoV-2 in the apical wash
of infected epithelial cells at different timepoints post infection. C Expression levels of indicated genes in the cell
lysates of infected paediatric BECs or NECs at different timepoints post infection. Matched donors are indicated
using the same symbol shape.
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6.3.2 Comparing responses to SARS-CoV-2 infection between bronchial

epithelial cells from healthy children and adults

The primary aim of this chapter was to compare paediatric and adult airway epithelial cells
regarding their susceptibility to infection with SARS-CoV-2, viral tropism and immune
response elicited by the infection. To start off, the morphology and SARS-CoV-2 entry receptor
expression were compared between uninfected bronchial epithelial cells from six paediatric
and four adult donors (Figure 6.3A). Overall, paediatric and adult epithelial layers displayed
comparable morphology and composition (Figure 6.3B), which was further confirmed by
measuring the expression of FOXJ1 (ciliated cells), KRT5 (basal cells), MUC5AC and MUC5B
(goblet cells) as well as TJP1 (tight junctions) (Figure 6.3C). Epithelial height, while variable,
was not significantly different between age groups (Figure 6.3D). As a measure of potential
susceptibility to infection with SARS-CoV-2, sections were stained for the entry receptor
ACE2, which was expressed across the entire epithelial layer in both paediatric and adult cells
(Figure 6.3E). There were also no differences in the mRNA levels of other SARS-CoV-2 entry-
related genes between age groups (Figure 6.3F). Finally, the expression of DDX58 and IFIH1,
encoding RIG-I and MDADS, respectively, was measured, as these were previously found to be
upregulated in the nasal epithelia of children3%®. However, there were no differences in the
levels of these two PRRs between paediatric and adult bronchial epithelial cells (Figure 6.3G).
Overall, these findings suggest that bronchial epithelial cells from children and adults are
comparable in their composition and likely also in their susceptibility to SARS-CoV-2 infection

based on their expression of entry-related genes.

To directly compare viral entry, replication and epithelial immune responses between
paediatric and adult epithelial cells, differentiated cultures were infected with SARS-CoV-2 or
left uninfected (Figure 6.4A). Infection with influenza H1N1 was included to aid the
characterisation of epithelial SARS-CoV-2 infection in comparison to another pandemic
respiratory RNA virus. To assess which cells were being infected with SARS-CoV-2, epithelial
layers were stained for nucleocapsid protein (NP) (Figure 6.4B-C). NP signal was restricted
to the apical side and did not co-localise with goblet cell (MUCS5AC) or basal cell (KRT5)
markers in either paediatric or bronchial epithelial cells, suggesting that ciliated cells were the
primary target of SARS-CoV-2 infection in both groups. Interestingly, the number of cells
containing SARS NP visible increased between 3 and 5 dpi, indicative of active viral

replication.

For a more detailed characterisation of viral replication, the release of infectious particles into
the apical wash of epithelial cultures was measured using plaque assays. The number of

infectious SARS-CoV-2 particles in the apical wash increased dramatically between 1 and
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Figure 6.3 Fully differentiated paediatric and adult bronchial epithelial cells displayed comparable
morphology and SARS-CoV-2 entry factor expression.

A Bronchial epithelial cells (BECs) from healthy children (n = 6) and adults (n = 4) were differentiated at air-
liquid interface. B Representative images of H&E and immunofluorescence staining using indicated markers of
sections from fully differentiated paediatric and adult BECs. C Gene expression of epithelial subset-associated
genes in cell lysates by gPCR. D Epithelial height as measured in H&E-stained cross-sections.
E Representative images of immunofluorescence staining for ACE2 (magenta), goblet cells (MUCS5AC; yellow)
and basal cells (KRT5; cyan). F-G Gene expression of SARS-CoV-2 entry-related genes (F) or pattern
recognition receptors (G) in cell lysates using qPCR. Size of scalebars: 50 um.

3 dpi and peaked between 3-5 dpi (Figure 6.5A). Release of infectious virus was still
detectable at the latest timepoint (9 dpi) and there were no differences between age groups
(Figure 6.5B), indicating that SARS-CoV-2 was able to successfully establish and maintain
productive infection in both paediatric and adult bronchial epithelial cells. Of note, the numbers
of infectious particles released from H1N1-infected cells were significantly higher than those

detected in apical washes from SARS-CoV-2-infected cells, particularly at the earliest time
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Figure 6.4 SARS-CoV-2 primarily infected ciliated cells in paediatric and adult bronchial epithelial cell
cultures.

A Fully differentiated bronchial epithelial cells (BECs) from paediatric and adult donors (ref. Figure 6.3A) were
infected with SARS-CoV-2 (MOI 0.01), Influenza A H1N1 (MOI 0.001) or treated with medium (uninfected) and
samples were collected every other day untii 9 days post-infection (dpi). B-C Representative
immunofluorescence images of sections of paediatric and adult epithelial cell layers infected with SARS-CoV-2
at 3 dpi (B) or 5 dpi (C). Sections were stained for SARS nucleocapsid protein (NP; magenta), goblet cells
(MUCBHAC,; yellow) and basal cell (KRT5; cyan). Size of scalebars: 50 ym.
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Figure 6.5 Epithelial responses to infection differed between viruses but not between ages.

Cells were infected as shown in Figure 6.4A. A-B Plaque forming units of SARS-CoV-2 and H1N1 in the apical
wash of infected epithelial cells at different timepoints post infection. Data in (A) are shown as median +
confidence interval. C Principal components analysis (PCA) of 121 variables measured in SARS-CoV-2 infected
cells across five timepoints. Data include viral titres, expression of 28 genes and concentration of two proteins
in the basal media. The first two principal components (PC) are plotted. Each data point represents one donor
D PCA of 98 variables measured in epithelial cells infected with SARS-CoV-2, H1N1 or left untreated. Data
include expression of 28 genes and concentration of two proteins in the basal media at up to five timepoints.
Each data point represents one treatment of one donor.

point, despite a lower starting MOI of the former, suggesting that H1N1 infected and replicated

more readily in bronchial epithelial cells.

PCA was used to perform a holistic comparison of viral replication and epithelial immune
responses at gene and protein level between SARS-CoV-2-infected paediatric and adult
bronchial epithelial cells (Figure 6.5C). Surprisingly, this analysis revealed a complete overlap
between age groups, indicating that age was not a primary driver of heterogeneity within this
data set and suggesting that SARS-CoV-2 infection was comparable between cells from
children and adults. In contrast, a similar analysis comparing the effects of the different viral
infections on gene expression and protein release revealed a clear separation between H1N1-
infected cells and SARS-CoV-2-infected cells, the latter of which clustered close to uninfected
cells (Figure 6.5D). These findings suggest an increased ability of H1N1 to affect epithelial
cell responses compared to SARS-CoV-2, in line with heightened infectivity and viral

replication.
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6.3.3 Comparing epithelial cell responses to infection with SARS-CoV-2
and H1N1

Given the striking differences between SARS-CoV-2 and H1N1 infection revealed by our PCA,
the consequences of infection with either of these viruses were characterised in more detail.
H&E analysis revealed gross changes to the morphology of H1N1-infected epithelial layers,
indicative of damage and loss of cell differentiation, whereas SARS-CoV-2-infected layers
were indistinguishable from uninfected controls (Figure 6.6A). In line with this, there was a
significant loss of expression of ciliated, basal and goblet cell-associated genes after infection
with H1N1 which was largely absent in SARS-CoV-2-infected cells (Figure 6.6B). In contrast,
SARS-CoV-2 infection resulted in the upregulation of the tight junction protein TJP1,
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Figure 6.6 Infection with H1N1 but not SARS-CoV-2 resulted in altered epithelial morphology.

Cells were infected as shown in Figure 6.4A. A Representative H&E images of infected paediatric or adult
epithelial cells. B Gene expression of indicated genes in cell lysates from cells infected with SARS-COV-2 or
H1N1 at 3 or 5 dpi. Statistics: Mann-Whitney test between indicated age groups (black) or compared to relevant
uninfected control (coloured). *, p < 0.05; **, p < 0.01.
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potentially indicative of an increase in epithelial integrity. Except for slightly increased
expression of FOXJ1 in adult SARS-CoV-2-infected cells, there were no differences between
age groups. Together, these data provide further indication that paediatric and adult epithelial
cells were indistinguishable in their response to SARS-CoV-2 infection, which elicited minimal

damage of epithelial layers in contrast to H1N1.

Numerous studies have found that influenza infection can result in EGFR activation?33 234. 237
and EGFR signalling has been proposed to contribute to pulmonary fibrosis induced by
infection with severe acute respiratory syndrome coronavirus (SARS-CoV)'82 %2 To evaluate
whether EGFR signalling was also affected by SARS-CoV-2 infection, gene expression levels
of EGFR and its ligands were measured. Receptor expression was significantly reduced upon
H1N1 infection but unaffected by SARS-CoV-2 (Figure 6.7A). Nevertheless, SARS-CoV-2
infection induced the expression of BTC, EREG and HBEGF, albeit to a much lower extent
than H1N1 infection, while H1N1 also led to increased levels of AREG, EGF and
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Figure 6.7 Both SARS-CoV-2 and H1N1 induced EGFR ligand expression in infected cells.

Cells were infected as shown in Figure 6.4A. A-B Expression of EGFR (A) or its ligands (B) in infected paediatric
or bronchial epithelial cells at 3 or 5 dpi, as measured by gPCR. Statistics: Mann-Whitney test compared to relevant
uninfected control. *, p < 0.05; **, p < 0.01.
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TGFA (Figure 6.7B). These results indicate that SARS-CoV-2 was able to affect the
availability of EGFR signalling molecules and analysis of Y1068 phosphorylation in future
experiments may provide some insight into whether these changes result in increased

signalling through EGFR.

Interferons play a central role in the epithelial defence against respiratory viruses and early

studies using ALI cultures of bronchial epithelial cells to study SARS-CoV-2 infection have
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Figure 6.8 SARS-CoV-2 and H1N1 induced robust transcriptional interferon responses relative to viral
replication.

Cells were infected as shown in Figure 6.4A. A-B Gene expression of interferons (A) or ISGs (B) in infected
paediatric and adult epithelial cells as measured by gPCR at several time points post infection. Data are shown
as median + confidence interval. C Spearman’s rank correlations between gene expression of interferons or
ISGs and number of infectious particles measured in apical washes. Symbol shapes indicate time point of
measurements. Where significant, p values and correlation coefficients are shown for SARS-CoV-2 (magenta)
or H1N1 (teal) infection.
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suggested an inability of these cells to mount appropriate interferon responses®?® 363 In
contrast, a robust induction of type | and type Ill IFNs as well as ISGs was observed after
infection with either SARS-CoV-2 or H1N1 in this model (Figure 6.8A-B) and gene expression
levels correlated strongly with viral titres (Figure 6.8C). These results indicate that both
viruses were able to elicit transcriptional interferon responses that were proportionate to the
levels of infectious virus present in the apical wash, rescinding the notion that epithelial cells
from healthy donors are unable to mount interferon signalling in response to SARS-CoV-2

infection.

Initial reports characterising SARS-CoV-2 infection in epithelial cells also described an overt
induction of pro-inflammatory cytokines such as CXCL8 (encoding IL-8) and /L6%2 which may
contribute to the aggressive systemic inflammation termed “cytokine storm” frequently
observed in severe cases of COVID-19%% 365 \Within this experimental setup, however,
SARS-CoV-2 infection elicited only a mild induction of CXCL8 and IL6 (Figure 6.9A) which
was weaker than after infection with H1N1, both in absolute magnitude and proportional to
viral titres (Figure 6.9B). Overall, both viruses induced antiviral and pro-inflammatory gene
expression in bronchial epithelial cells independent of donor age and responses elicited by
SARS-CoV-2 were much weaker compared to H1N1, likely caused by less successful

replication of this virus within the epithelial cell cultures.
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Figure 6.9 SARS-CoV-2 elicited only mild induction of pro-inflammatory genes.
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Cells were infected as shown in Figure 6.4A. A Gene expression of indicated pro-inflammatory genes in infected
paediatric and adult epithelial cells as measured by qPCR at several time points post infection. Data are shown
as median + confidence interval. B Spearman’s rank correlations between gene expression of CXCL8 or IL6
and number of infectious particles measured in apical washes. Symbol shapes indicate time point of
measurements. Where significant, p values and correlation coefficients are shown for SARS-CoV-2 (magenta)

or H1N1 (teal) infection.
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To confirm the findings regarding the induction of interferon and pro-inflammatory responses
at the protein level, the concentrations of interferons and pro-inflammatory cytokines released
into the basal media were measured. Surprisingly, despite a robust induction of /IFNB1 and
IFNL1 transcript, only low levels of IFN-A 1/3 and no IFN- were detected in the basal media
of SARS-CoV-2-infected cells (Figure 6.10A-B). In contrast, H1N1 infection triggered the
release of high levels of both interferons into the basal media. Similarly, basal media from
H1N1-infected cells contained considerable amounts of IL-6 and IL-8, the latter of which was

also present in uninfected cells, whereas SARS-CoV-2 infection caused only modest release
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Figure 6.10 SARS-CoV-2 infection caused minimal protein release in contrast to H1N1.

Cells were infected as shown in Figure 6.4A. A-D Concentrations of IFN-3 (A), IFN-A (B), IL-8 (C) or IL-6 (D) in
the basal media of infected paediatric or adult bronchial epithelial cells as measured by ELISA. Where condition
is not shown, concentrations were below the detection limit of the assay. E Spearman’s rank correlations
between concentration of indicated proteins in the basal media and number of infectious particles measured in
apical washes. Symbol shapes indicate time point of measurements. Where significant, p values and correlation
coefficients are shown for SARS-CoV-2 (magenta) or H1IN1 (teal) infection. Statistics: Mann-Whitney test
compared to relevant uninfected control. *, p < 0.05; **, p < 0.01. Dotted line denotes lower limit of detection.
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of IL-8 and no release of IL-6 (Figure 6.10C-D). In line with this, basal concentrations of all

proteins correlated strongly with viral titres in HIN1- but not SARS-CoV-2-infected cells

(Figure 6.10E). These findings indicate that the protein response to infection was dampened

in SARS-CoV-2-infected cells relative to the transcriptional response and provide further

evidence that immune responses elicited by SARS-CoV-2 are stunted compared to HIN1. As

previously observed for gene expression, there were no differences between paediatric and

adult cells regarding their protein secretion.
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Figure 6.11 Infection with H1N1 but not SARS-CoV-2 caused release of a range of proteins into the basal

media.

Cells were infected as shown in Figure 6.4A. A Membranes from proteome profiler assay of basal media from
infected or uninfected paediatric or adult bronchial epithelial cells at two different time points. Media were pooled
from four donors per age group, treatment and time point. B Quantification of A. Relative abundance of 105
proteins is depicted by size of the circles, with missing circles where mediators were undetectable. Colour
indicates the fold change from the relevant uninfected control (logz). If mediator was not detected in uninfected
controls, circle colour was set to magenta.
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To analyse whether the lack of protein release elicited by SARS-CoV-2 was specific to the
interferon and cytokine response, the concentrations of 105 different proteins in pooled basal
media were measured using a membrane-based sandwich immunoassay (Figure 6.11A).
Whereas this approach was able to identify some proteins induced by SARS-CoV-2 infection,
such as the ISG IP-10 (encoded by CXCL10) or the lymphocyte chemokine MIP-3a, H1N1
infection triggered the release of a much larger host of cytokines and chemokines
(Figure 6.11B). Overall, this assay confirmed that immune responses in SARS-CoV-2-

infected bronchial epithelial cells were subdued when compared to H1N1.

6.3.4 Effects of viral infection on SARS-CoV-2 entry gene expression

The final question was whether the expression of SARS-CoV-2 entry-related genes and thus
the potential susceptibility to infection of SARS-CoV-2 would be altered upon viral infection.
SARS-CoV-2 infection had little effect on entry gene expression (Figure 6.12A). In contrast,
H1N1 significantly induced the expression of ACE2, FURIN, NRP1 and NRP2 while
simultaneously reducing the levels of CTSL at several time points. While ACE2, CTSL and
NRP?2 displayed kinetics similar to the induction of interferon and pro-inflammatory genes,
suggesting they may be regulated by shared processes, FURIN and NRP1 expression
displayed distinct timings and did not correlate with viral titres (Figure 6.12B). Importantly,
FURIN was consistently upregulated from 3 dpi, and NRP1 showed a steady increase in
mRNA levels from 5 dpi onwards, suggesting that H1N1 infection caused the sustained
upregulation of these entry factors. If maintained, such a change in entry factor expression
could feasibly result in increased susceptibility to infection with SARS-CoV-2 following H1N1

infection.
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Figure 6.12 H1N1 infection altered expression of SARS-CoV-2 entry-related genes.

Cells were infected as shown in Figure 6.4A. A Gene expression of SARS-CoV-2 entry-related genes in infected
epithelial cells as measured by gPCR at several time points post infection. Data are pooled from all donors and
shown as median + confidence interval. Coloured asterisks denote significant change from uninfected controls
after SARS-CoV-2 (magenta) or H1N1 (teal) infection. Mann-Whitney test: *, p <0.05; **, p < 0.01; ***, p < 0.001;
**** p < 0.0001. B Spearman’s rank correlations between expression of indicated SARS-CoV-2 entry-related
genes and number of infectious particles measured in apical washes. Symbol shapes indicate time point of
measurements. Where significant, p values and correlation coefficients are shown for SARS-CoV-2 (magenta)
or H1N1 (teal) infection.
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6.4 Discussion

Within this chapter, an in-depth characterisation of SARS-CoV-2 infection in ALI cultures of
primary epithelial cells was conducted and viral replication and immune responses were
compared between paediatric and adult epithelia. Within this experimental setup, there were
no differences in the viral tropism or induction of interferon and pro-inflammatory signalling
between bronchial epithelial cells from children and adults, rescinding the hypothesis that
intrinsic differences between paediatric and adult epithelia are at the root of reduced severity
of COVID-19 in children. Overall, SARS-CoV-2 replicated less readily in epithelial cell cultures
than H1N1, caused no gross damage to the epithelial layer and induced subdued immune
responses, particularly at the protein level. Nevertheless, both viruses altered the expression
levels of EGFR ligands, suggesting that EGFR signalling may be activated upon viral infection.
Finally, HIN1 infection resulted in prolonged upregulation of the SARS-CoV-2 entry factors
FURIN and NRP1, which may render the airway epithelium more susceptible to subsequent

infection with SARS-CoV-2. These findings are summarised in Figure 6.13.

At the time these analyses were conducted, no other descriptions of SARS-CoV-2 infection in
paediatric and adult airway epithelial cell cultures existed in the peer-reviewed literature.
However, in parallel with the findings from this thesis'%?, a similar experimental approach to
compare paediatric and adult bronchial epithelial cells regarding their immune responses and
susceptibility to infection with SARS-CoV-2 was published®". In their study, Beucher et al.
collected bronchial epithelial cells from twelve adults with an average age of 58.67 years

(range: 29-74 years of age) and seven children aged 4-12 years (average 9.02 years). All
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paediatric and adult SARS-CoV-2-infected ~z-. Transcriptional .. Protein Interferon pathway

e

bronchial epithelial cells were indistinguishable = response o release Pro-inflammatory signalling

Figure 6.13 SARS-CoV-2 infection is comparable between paediatric and adult bronchial epithelial cells
but distinct from infection with HIN1.

A There were no differences between paediatric or adult bronchial epithelial cells in their susceptibility or
response to infection with SARS-CoV-2. B H1N1 infection caused epithelial damage, significant interferon and
pro-inflammatory responses at protein level and prolonged upregulation of SARS-CoV-2 entry factors FURIN
and NRP1. These effects were largely absent after infection with SARS-CoV-2, which nevertheless resulted in
robust induction of IFN and ISG gene expression.
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donors exhibited normal BMIs and lung function. The cells were expanded and differentiated
at ALI using a similar approach as described in this thesis and then infected with an early
clinical isolate of SARS-CoV-2 (BetaCoV/France/IDF0372/2020) at a dose of 1,200 PFU,
which equates to roughly half of the viral dose used within the experiments described herein.
Using immunofluorescence staining of inserts at 1 dpi, Beucher and colleagues (ref. *°') found
that ciliated cells, not goblet cells or basal cells, were the primary target of infection with
SARS-CoV-2, which is in line with the observations from this work as well as previously
published findings34%: 366. 367 |nterestingly, this study also postulated a new mode of
transmission of SARS-CoV-2, by which virus-containing syncytia formed of ciliated and basal
cells were released apically and thus contributed significantly to the spread of the virus within
the cultures. Whereas there were no differences in the permissiveness of paediatric and adult
bronchial epithelial cells to infection with SARS-CoV-2 within the slightly smaller cohort of
donors described here, Beucher et al. identified a subset of epithelial cell cultures which were
intrinsically more resistant to infection and this phenotype was more frequently found in
children compared to adults. The authors linked this inherent resistance to SARS-CoV-2
infection to an accelerated induction of IFN-A but attempted no further exploration into the
factors underlying the differences in the induction of the antiviral response between donors.
For example, it would have been interesting to investigate whether epithelia from non-
permissive donors exhibited a heightened PRR expression or activated interferon signature
even before infection, as previously reported in clinical samples3%: 3%°, Moreover, since this
study included cells which were isolated either from bronchial brushings or surgical resections,
the latter of which were only used for adult donors, and stem from donors of a wide range of
ages both within the paediatric and adult group, it would be informative to analyse whether
resistance to infection was associated with either age or source of cells. Despite using a similar
approach, there was little variability in the kinetics of either viral replication or interferon
induction between any of the donors used in this thesis, suggesting that donors with distinct
permissiveness to SARS-CoV-2 infection where not included in the modest sample size of
n =10 analysed here. Nevertheless, it is also possible that small differences, such as the
clinical isolate of the virus and the methodology used to detect viral replication, may have
affected the results. In addition, it is conceivable that certain features reported for paediatric
epithelia, such as heightened PRR expression or IFN signatures, are not intrinsic but rather
the result of environmental exposures such as preceding viral infections, which are more
common in children®®. Consequences of such environmental exposures are likely to be lost
upon expansion of basal cells from nasal or bronchial brushing and re-differentiation in vitro.
In line with this, there were no differences in the expression of IFIH1 and DDX58 nor in the
IFN signature either at baseline or after SARS-CoV-2 infection between the epithelial cell

cultures derived from paediatric or adult donors used here.
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Nevertheless, these findings provide interesting insights into the pathophysiology of
SARS-CoV-2 infection in ALI cultures of primary bronchial epithelial cells. Despite reports of
loss of ciliation and destruction of epithelial integrity upon SARS-CoV-2 infection of
differentiated airway epithelia®*" **°, no changes to the gross morphology or composition of
SARS-CoV-2-infected epithelial layers were observed here. Together with the robust
transcriptional induction of IFNs and ISGs yet an overall subdued pro-inflammatory response,
this suggests that this model may reflect a mild course of SARS-CoV-2 infection. In contrast,
an overt induction of pro-inflammatory cytokines in the absence of adequate interferon
signalling as reported by other studies34® 363 is associated with severe COVID-19344-346, 364,365
Initially, it was thought that an inability to mount interferon responses was an intrinsic feature
of SARS-CoV-2 infection, however, an increasing number of studies have since demonstrated
induction of interferon signalling in primary airway epithelial cells infected with the virus34& 3.
351, 358, 370372 Qverall, this suggests that ALl cultures of airway epithelial cells can reflect
different aspects of SARS-CoV-2 infection and are thus a useful tool for the study of COVID-19

pathophysiology in the large airways.

Although interferon signalling was observed in SARS-CoV-2-infected epithelial cells, their
induction of interferons was delayed and of lower magnitude compared to the response elicited
by H1N1 infection. Previous reports of similar results obtained when comparing SARS-CoV-2
to influenza A H1N1 or H3N2 postulated that the delayed IFN response may be the result of
subversion of the early IFN induction by SARS-CoV-23%370 Here, gene expression levels of
type | and type lll IFNs induced by infection with either SARS-CoV-2 or H1N1 were strongly
correlated with the number of infectious particles released into the apical wash, indicating that
the delay in the IFN response is more likely to be caused by a lesser ability of SARS-CoV-2
to infect and replicate in primary airway epithelial cells. Anecdotally, these differences in the
ease with which the two viruses establish infection in airway epithelia may explain why the
incubation period of SARS-CoV-2 of roughly six days®” is longer than the one to four days
observed for H1N1%4. Nevertheless, there appeared to be a disconnect between mRNA
induction and protein release elicited by SARS-CoV-2 in our model, whereby only low levels
of IFN-A and no IFN- was detected in the basal media of SARS-CoV-2-infected cells. While
it is possible that the detection methods used in this thesis were not sufficiently sensitive to
detect low concentrations of IFNs produced upon SARS-CoV-2 infection, the protein levels of
IFN-A, IL-6 and IL-8 only weakly correlated with viral titres, both in comparison with their gene
expression levels and the amount of protein induced by H1N1 infection. This may indicate an
interference of SARS-CoV-2 with protein translation, as previously reported®’5-3"8, Qverall, this
resulted in a subdued immune response in the absence of any overt damage to the epithelial
layer elicited by SARS-CoV-2, in stark contrast to H1N1 infection. Given that both pandemic
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viruses have similar spectra of disease severity, with slightly higher mortality observed for
COVID-19%7°, it is likely that the epithelial immune response to SARS-CoV-2, including the
production of IFNs and pro-inflammatory cytokines, may be less important in deciding disease
severity. In line with this, many other cells such as plasmacytoid DCs significantly contribute
to IFN production during SARS-CoV-2 infection®? and mounting evidence suggests that the
appropriate induction of both T and B cell responses plays a central role in protecting from
severe disease®®'. While ALI cultures are a valuable tool for the dissection of airway epithelial
cell responses, they are unable to reflect the intricate interactions between various cell types
in tissues and more complex culture systems and in vivo approaches will be necessary to

define the determinants of disease severity of COVID-19.

Interestingly, H1N1 infection resulted in the prolonged upregulation of FURIN and NRP1, both
of which can potentiate SARS-CoV-2 infectivity33®: 33 33% This raises the question of whether
a recent infection with HIN1 would render the airway epithelium more susceptible to infection
with SARS-CoV-2. Future work should aim to investigate whether these increases in entry
factor gene expression are maintained even after HIN1 is cleared from the epithelial cells,
and experiments employing sequential infection with H1N1 followed by SARS-CoV-2 will
provide insights into the potential consequences of prior HIN1 infection to the susceptibility to
SARS-CoV-2. The ability of prior infection with influenza A virus to increase the infectivity of
SARS-CoV-2 in cell lines®*? has already been demonstrated and further inferences can be
drawn from in vivo and clinical studies. For example, mice infected with influenza A prior to
infection with SARS-CoV-2 exhibited exacerbated susceptibility and pathology compared to
those infected with SARS-CoV-2 alone?®? 383, |n addition, mortality was higher in individuals
infected with both SARS-CoV-2 and influenza compared to those who only tested positive for
one of these viruses®®*. With the decline in hygiene measures implemented to contain the
spread of COVID-19, epidemiological data may emerge to either confirm or deny that recent
infection with influenza may pre-dispose to COVID-19. Importantly, simultaneous
administration of influenza vaccination and COVID-19 mRNA boosters was found to be safe3%°

and will be offered to vulnerable individuals this season.

Finally, SARS-CoV-2 induced the expression of various EGFR ligands, particularly BTC and
EREG. While further experiments, such as the analysis of EGFR phosphorylation, are needed
for confirmation, this suggests that EGFR signalling may be increased during infection with
SARS-CoV-2. Interestingly, EGFR has been implicated in driving pulmonary fibrosis in
individuals infected with SARS-CoV'8% 362 g virus closely related to SARS-CoV-2 and
responsible for the 2002-2004 outbreak of severe acute respiratory syndrome (SARS). Based
on the observation that overactive EGFR signalling resulted in exacerbated fibrosis and higher

mortality in a mouse model of SARS-CoV'#, a clinical trial was conducted in Cuba to test the
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safety and potential benefits of anti-EGFR therapy with the monoclonal antibody nimotuzumab
in 41 patients with COVID-19%9¢. This study found that the treatment induced minimal adverse
effects and further reported that none of the subjects displayed signs of fibrosis at a follow-up
visit. While these findings suggest that blocking of EGFR may have some merit in preventing
fibrosis in COVID-19, the results should be interpreted with caution as this trial lacked
untreated controls. Nevertheless, a recent study evaluating the degree of EGFR expression
in 50 patients who died from COVID-19 found a positive correlation between the level of EGFR
positivity in post-mortem lung sections and clinical parameters such as radiological
involvement and levels of C-reactive protein and D-dimer®®’. In addition, data from our group
showed that the BAL collected from post-COVID-19 patients with persistent respiratory
abnormalities 3-6 months after discharge from the hospital contained significantly higher
amounts of AREG than that of healthy controls®. Together these results suggest an active
involvement of EGFR in the pathophysiology of COVID-19. While an AREG-EGFR signalling
axis is considered to be protective in the context of influenza infection 30 132, 163.164 ‘the same
pathway was found to contribute to pulmonary fibrosis induced by TGF-B, bleomycin or
allergen exposure'3® 173174 Therefore, future studies are needed to elucidate whether EGFR
signalling is protective, detrimental or negligible in the context of COVID-19. This question
could be addressed for example by employing EGFR inhibition either in in vitro airway
epithelial cell culture or in vivo mouse models of SARS-CoV-2 infection and findings from such
experiments may provide further insight into the potential merits of blocking EGFR signalling
clinically in patients with COVID-19.

6.5 Concluding remarks and future work

This chapter set out to identify differences in the immune response of paediatric and adult
airway epithelial cells to SARS-CoV-2 that may explain the reduced severity of COVID-19 in
children. However, the data revealed that bronchial epithelial cells from children and adults
were indistinguishable in their susceptibility to infection with, and immune response to
SARS-CoV-2 and demonstrated that the interferon and pro-inflammatory responses elicited
by SARS-CoV-2 were diminished compared to H1N1, likely due to a reduced ability to infect
and replicate in airway epithelia. These results suggest that airway epithelial responses to
SARS-CoV-2, despite being the subject of numerous research efforts, may be inconsequential
in deciding the severity of COVID-19. This study provides some evidence that SARS-CoV-2
infection may result in the activation of EGFR signalling, and since this pathway is proposed
to contribute to pulmonary fibrosis during COVID-19, it will be imperative to study the

contribution of EGFR signalling, whether it be protective or detrimental, to the pathophysiology
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of COVID-19. To this end, future work will characterise the effects of SARS-CoV-2 infection
on EGFR ligand production, release and downstream signalling as well as employ EGFR
inhibition in in vitro ALI culture and in vivo mouse models of SARS-CoV-2 infection to define

the contribution of EGFR signalling to inflammation, repair and remodelling.
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71 Aim and major findings of this thesis

Asthma is primarily a disease of childhood-onset and results in deficits in lung function which
persist into adulthood (cf. 1.1). EGFR is a ubiquitously expressed growth factor receptor which
was shown to be upregulated in patients with asthma and significantly contributes to disease
pathology in adult in vivo models of AAD (cf. 3.1.3, 4.1.1). This thesis aimed to describe the
expression patterns of EGFR and its ligands in the developing lung, characterise how EGFR
signalling is affected by allergen exposure and, importantly, define its contribution to disease
pathology in a neonatal model of AAD that can appropriately reflect disease onset in early life.
The results from this work suggest that EGFR signalling is strongly induced by allergen
exposure and that the signalling pathway fulfils distinct roles in early life and adulthood.
Whereas low-frequency EGFR inhibition i.e., three doses of Gefitinib per week during the last
three weeks of allergen exposure, had no effect on disease pathology in adult animals, it
resulted in worsened airway hyperresponsiveness in the neonatal model, suggesting EGFR
signalling may be protective during early life. However, an in-depth analysis of the data from
neonatal EGFR inhibition revealed a second role for EGFR signalling in young female mice,
where it contributed to augmented type 2 immune responses following allergen exposure.
Overall, these findings suggest that EGFR signalling contributes to both protective and

pathogenic roles during early-life AAD and that these are not seen in adult-onset disease.

711 EGFR signalling is induced by allergen exposure

Various findings from this thesis point towards highly active EGFR signalling during AAD. In
vitro, HDM treatment resulted in EGFR activation of well-differentiated bronchial epithelial
cells. In vivo, chronic HDM exposure induced the expression of EGFR on a host of different
structural and immune cells, including epithelial cells, dendritic cells, eosinophils and Th2 cells.
Moreover, allergen-challenged animals displayed increased levels of EGFR ligands within
their lungs. In contrast, the amounts of free ligands available within the airways were reduced
after allergen exposure, likely due to increasing ligand binding and uptake by recruited EGFR-
expressing cells. In addition, a decrease in the epithelial barrier integrity may also allow EGFR
ligands to be bound by epithelial cells, which express EGFR on their basolateral surface, or
by fibroblasts and other stromal cells in the underlying tissue. Overall, these results indicate
increased EGFR signalling activity during AAD (Figure 7.1). Further, albeit circumstantial,
evidence for the extent of EGFR signalling upon chronic allergen exposure stems from the
observations that neither exogenous ligand administration in neonates or adults nor low-
frequency EGFR inhibition in the adult AAD model resulted in altered disease pathology. Both
these findings could suggest that EGFR signalling is insignificant, especially in the context of

adult AAD. However, considering the literature, a more likely interpretation of these data would
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Figure 7.1 Model of EGFR signalling in the allergen-exposed lung.

Left In the naive lung, EGFR ligands are made and released into the airways but are physically separated from
the EGFR molecules expressed on the basolateral side of the epithelium. Right Expression of EGFR and its
ligands is increased upon allergen exposure. Decreases in the barrier integrity allow EGFR ligands to pass the
epithelium. EGFR signalling to fibroblasts may contribute to their proliferation and thus drive remodelling. At the
same time, EGFR-expressing inflammatory cells such as (monocyte-derived) dendritic cells, eosinophils and
Th2 cells are recruited to the airways. Ligand-receptor binding on these cells may explain the reduced EGFR
ligand levels within the airways.

Allergens  Epithelial cells Fibroblasts Dendritic cell  Eosinophil Th2cell EGFR

be that the strength of EGFR signalling during AAD is such that it cannot be further augmented
by exogenous ligand administration, nor suppressed by three weekly doses of EGFR inhibitor.
In support of this hypothesis, numerous studies have reported EGFR activation in both OVA-
and aeroallergen-driven models of AAD, and using pharmacological or genetic approaches to

suppress EGFR signalling, found this pathway to contribute to inflammation, airway
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hyperresponsiveness and remodelling'3# 136, 157, 165-171, 222, 223, 226, 227, 242-244 ' |mportantly, the
activation of EGFR signalling during AAD does not appear to be restricted to the mouse model.
The analysis of the transcriptome of paediatric bronchial epithelial cells described within this
thesis revealed increased expression levels of AREG or HB-EGF in children with PSW or
school-aged severe asthma, respectively when compared to non-asthmatic controls,
suggesting that enhanced EGFR signalling was also present in patients with asthma. Indeed,
various groups found increased EGFR and ligand expression in the bronchial epithelium of
children and adults with asthma compared to controls?'2-216.218.263 |n gddition, increased levels
of AREG or EGF were reported in the sputum and nasal wash of children with wheeze or
asthma?'22'_ Of note, epithelial cells from patients with asthma also displayed increased
EGFR activation and produced higher levels of TGFa in response to HDM than those from
healthy controls??®225_Collectively, the results from this thesis indicate a high degree of EGFR

signalling during AAD and asthma, a finding that is supported by the literature.

71.2 Distinct roles for EGFR signalling in early life and adulthood

The experiments using EGFR inhibitor administration during chronic allergen exposure of
adult mice described herein did not provide any insights into the role of EGFR signalling during
adult AAD, likely due to suboptimal inhibition achieved by the low-frequency dosing regimen.
Nevertheless, there is ample evidence from similar experimental approaches in the literature
showing improved pathology using more frequent administration (i.e., six to seven doses per
week) or higher doses of EGFR inhibitors, suggesting that EGFR signalling drives airway
remodelling, hyperresponsiveness and inflammation in adult OVA- or HDM-exposed
animals36: 165-170.242 "|n contrast, EGFR inhibition in an early-life model of AAD, as described
within this thesis, resulted in worsened airway hyperresponsiveness. This finding suggests
that, unlike in adult animals, where its contribution is detrimental, EGFR signalling fulfils a
protective role during early-life allergen exposure, at least with respect to airway
hyperresponsiveness. Whether these discrepancies may result from varying amounts of
EGFR signalling induced in neonatal or adult mice, different levels of inhibition achieved by
the Gefitinib dosing regimen or distinct mechanisms underlying airway hyperresponsiveness
in early life and adulthood is unclear. Further complexity is added by the observation that in
young female mice, EGFR inhibition ameliorated various features of type 2 inflammation, such
as Th2 cytokine production, eosinophilia, allergic sensitisation and baseline lung function.
Type 2 immunity was unaffected by EGFR inhibition in female adult mice or male mice of any
age, suggesting that the contribution of EGFR to AAD pathology is both age- and sex-

dependent.
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7.2 Overarching themes, limitations and future directions

7.21 A complex pathway requiring complex tools

Within this thesis, various strategies were used to manipulate EGFR signalling. In particular,
the use of Gefitinib, a small molecule EGFR TKI, constituted a valuable tool in defining the
role of EGFR signalling during AAD. However, there were several shortcomings associated
with the approach employed in this work. To minimise the risk of adverse effects, Gefitinib was
administered three times per week and thus less frequently than described in other studies,
where EGFR inhibitors were given at least six times per week 36 165-167. 169,170 Therefore, it is
possible that the low-frequency approach yielded sub-optimal suppression of EGFR
activation. Western blot analysis of Y1068 phosphorylation of EGFR in lung homogenates was
used to determine the extent of EGFR inhibition achieved by Gefitinib administration. While
this method detected EGFR activation and inhibition in cultures of murine fibroblasts treated
with AREG and Gefitinib, respectively, its use in lung homogenates produced variable and
inconsistent results. Therefore, a reliable measure of the efficacy of Gefitinib dosing is lacking
within these experiments. Similar difficulties were encountered in the attempt to measure the
effects of allergen exposure or ligand administration on EGFR activation in vivo and inferences
regarding the level of EGFR signalling had to be drawn from in vitro results, changes in EGFR
expression and ligand levels within the lungs and airways. Since lung homogenates contain a
mix of various cells present within the lungs and require extensive processing prior to analysis
by western blotting, it is possible that EGFR activation signals were either diluted or lost. In
the future, better results may be achieved by measuring EGFR phosphorylation in histological
lung sections instead, as these maintain tissue organisation and thus allow the cell-specific
analysis of EGFR activation signals. Various studies have used this method to show EGFR
activation in response to allergen exposure, as well as suppression of signalling by

pharmacological inhibitors or genetic manipulation34 165 166, 169,223

In the absence of reliable means to determine the extent of EGFR inhibition achieved by
Gefitinib administration, caution should be exercised when interpreting the results of these in
vivo experiments. While a lack of effect in the adult AAD model may suggest that the
contribution of EGFR signalling to pathology is negligible, it may just as likely be symptomatic
of insufficient receptor inhibition achieved by less frequent Gefitinib administration. In line with
this, Acciani et al. 2016 (ref. '*") employed a similar experimental approach as the one
described herein whereby animals were exposed to inhaled HDM three times per week for six
weeks and the EGFR inhibitor Erlotinib was administered six times per week during the last
three weeks of allergen exposure (therapeutical approach). This dosing regimen resulted in

ameliorated lung function, inflammation and airway remodelling. Conversely, Yuan et al. 2020
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(ref. 242) report similar improvements in AAD pathology in a model where ITGB4” mice were
intermittently exposed to inhaled HDM over the course of three weeks and administered the
EGFR inhibitor AG1478 three times per week during the entire duration of allergen exposure
(prophylactic approach). Although it is possible that the discrepancies between the findings in
this thesis and those described in the literature are caused by differences in mouse strains,
allergen batches or doses or the type of EGFR inhibitor used, it is conceivable that EGFR
inhibition has to be administered either throughout the entire period of allergen exposure or, if
given therapeutically, at a frequency of at least six doses per week. Future experiments using
prophylactic EGFR inhibition as well as more frequent administration of Gefitinib or other
EGFR inhibitors such as Erlotinib or AG1478 will be crucial to define the contribution of EGFR
to pathology in the adult AAD model. In contrast to the adult model, Gefitinib administration
during early-life AAD altered airway hyperresponsiveness of mice of both sexes as well as
type 2 responses of female animals, suggesting that at least some EGFR inhibition was
achieved and potentially indicating that EGFR signalling is less active in this context. In line
with the limitations described above, it will be important to confirm these findings in early-life

AAD using improved strategies to inhibit EGFR signalling.

Another pitfall of using pharmacological EGFR inhibition is its inability to target signalling by
specific EGFR ligands or cell types. While the blockade of individual ligands can be achieved
using monoclonal antibodies, the need to validate the efficacy of inhibition remains with their
use. However, both these shortcomings can be overcome by the application of genetic tools.
Although global deletion of Egfris not viable''¢" mice carrying ‘floxed’ alleles of the receptor
(Egfrf"™ have been generated to allow the deletion of Egfr under the control of cell type- or
tissue-specific promotors®® 3%, Similar constructs exist for example for the conditional
deletion of Areg®' or Hbegf®? and constitute effective tools to study the role of EGFR
signalling in different contexts in a highly specific manner. For example, deletion of Hbegf in
CD4-expressing cells resulted in ameliorated type 2 inflammation and airway
hyperresponsiveness in an OVA model of AAD'” whereas lysozyme M-driven deletion of Areg
was used to define a role for macrophage-derived AREG in orchestrating tissue repair
following helminth infection®. Moreover, mice carrying a global deletion of any EGFR ligand
are viable, as are those simultaneously deficient for AREG, EGF and TGFa or EGF, EREG
and TGFq'77-180. 207, 208 - gy ch genetically modified animals provide the ability to study the
contribution of each ligand to the effects of EGFR signalling in different diseases and have
been fundamental for example in defining a protective role for AREG during repair responses
following injury'3! 135 150 |nterestingly, global deletion of AREG had no effect on airway
inflammation in an OVA model of AAD?*¢ but was found to ameliorate airway remodelling of

mice exposed to inhaled HDM'"¢, suggesting that the individual role of EGFR ligands in driving
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AAD pathology is allergen- and model-dependent. Given the divergent capacity of EGFR
signalling to either protect from or drive airway hyperresponsiveness in early life and
adulthood, it is likely that the function of different EGFR ligands in AAD also differs depending
on age. This thesis sought to characterise the pulmonary expression patterns of the various
EGFR ligands during postnatal development and in response to allergen exposure. HB-EGF
was particularly highly expressed in both structural and immune cells and was present in large
amounts in the lungs and airways. For this reason, it would be interesting to use Hbegf deletion
to investigate whether this ligand contributes to the beneficial effects of EGFR signalling on
airway hyperresponsiveness, controls moDC recruitment or drives augmented type 2
responses of female animals in the context of early-life AAD. Similarly, targeted deletion of
Egfr may provide insights into which cells receive EGFR signals during AAD and define their

contribution to pathology.

Genetic manipulation constitutes a powerful tool to investigate the exact biological
mechanisms underlying various conditions. However, it is less insightful when evaluating the
potential benefits of EGFR-targeted therapeutic approaches and, unless inducible constructs
are used, is unable to model temporary interference with EGFR signalling. Therefore, the data
using EGFR inhibition in adult AAD presented in this thesis may provide important lessons
about the feasibility of using EGFR inhibitors to modify disease pathology in patients with
asthma. In the treatment of cancer, Gefitinib is administered daily at high doses and causes
various adverse effects, ranging from mild symptoms such as rash, diarrhoea or vomiting to
severe implications such as interstitial lung disease, hepatotoxicity and increased risk of
infection?4®: 393 3% Gjven that less frequent administration of Gefitinib failed to ameliorate
disease in adult animals, it is unlikely that EGFR-targeted therapies would show efficacy in
the absence of adverse effects in patients with asthma. In line with this, a clinical trial testing
an inhaled EGFR inhibitor for the treatment of another chronic lung disease, COPD, suggested
that this therapy might achieve disease modification at higher doses but this would be
accompanied by unacceptable adverse events'®’. Although better results may be achieved in
the context of asthma, for example by targeting adolescent females, the adverse effects would
likely still outweigh the benefits. The lack of success of EGFR-targeted therapies for the
treatment of conditions outside of cancer may be explained by the ubiquitous expression of
EGFR and its ability to confer protection as well as contribute to pathology in various scenarios
(cf. 1.2.4). In addition, various observations have shown that both deletion and overexpression
of HB-EGF resulted in exacerbated liver fibrosis'’? 184, suggesting that the exact level of EGFR
signalling, rather than its presence or absence, may be decisive for disease outcome. Both
the characterisation of such a fine balance and its therapeutic modification are conceivably

challenging. Nevertheless, the in-depth study of EGFR signalling in the context of AAD will no
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doubt provide further insights into the cells and pathways involved in driving disease

pathology, some of which may constitute more attractive therapeutic targets.

7.2.2 The advantage of appropriate models

An overarching theme of this thesis was the importance of using appropriate models to study
biological mechanisms. For example, our work identified significant differences in the type 2
response of young female and male animals, akin to similar findings published in adult models
of AAD (cf. 5.1.2). These models reflect the higher prevalence and severity of asthma
observed in female adults compared to males (cf. 5.1.1). Nevertheless, the majority of in vivo
studies of AAD are exclusively conducted in female animals. Importantly, the work described
herein revealed that EGFR inhibition only affected type 2 responses in female but not male
mice, indicating that responses to treatment differ between the sexes. Therefore, it is essential

to consider both sexes when studying mechanisms of AAD in vivo.

Similar principles apply to the age of animals used in AAD models. Based on the recognition
that early life constitutes a critical period for the development and education of the immune
system®®®, an increasing number of studies are utilising neonatal or young mice to study
immune responses in this early-life period. Results from such studies highlight the differences
between the neonatal and adult immune systems and emphasise the importance of using
appropriate models in the study of different diseases. For example, infection with RSV, a virus
which is responsible for significant morbidity and mortality in young children but generally
causes mild to moderate symptoms in adults®%, resulted in exacerbated airway inflammation
and remodelling in 3-week-old compared to adult mice®¥. Similarly, RSV-infected neonatal
mice displayed impaired antibody responses and exacerbated pathology compared to adults
due to a restriction of T follicular helper cell responses by heightened levels of IL-23%,
Importantly, distinct immune responses between early life and adulthood are also apparent in
the context of AAD. Whereas IL-13-producing CD4 T cells were necessary for the induction of
airway hyperresponsiveness and inflammation in neonatal mice, the absence of these cells
had no effects on the inception of airway hyperresponsiveness in adult animals®®. Since early
life constitutes a major risk window for the development of asthma, the use of appropriate
neonatal models is critical in the study of the mechanisms underlying disease pathology.
Within this thesis, a neonatal model of chronic exposure to HDM was used to study the role of
EGFR signalling in early-life AAD and compare it to its function in adult models of AAD, as
described herein and within the literature. Importantly, these experiments uncovered a distinct
function for EGFR signalling in early life in protecting from exacerbated airway
hyperresponsiveness. In contrast, EGFR activation was previously shown to contribute to

airway hyperresponsiveness in adult models of AAD induced by chronic HDM exposure'66 169
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242 The discrepancies between the functions of EGFR signalling in early life and adulthood
underscore the importance of using appropriate models for the study of the pathophysiologic
mechanisms underlying AAD, especially considering that allergen exposure and asthma onset
most commonly take place during childhood. In particular, caution should be exercised when
extrapolating findings from adult models to the development of therapeutic strategies for
childhood (-onset) asthma, as the mechanisms underlying disease pathology are likely distinct
between early life and adulthood. The same principle applies when interpreting data from
studies using only one sex, as results from both this thesis and the literature illustrate that

males and females differ in their response to allergens.

Differences between the immune responses of children and adults are not restricted to
asthma. For example, children generally exhibit lower prevalence and severity of COVID-19
compared to adults (cf. 6.1.1). Several studies have identified distinct transcriptional
signatures between paediatric and adult airway epithelia, indicating increased interferon
signalling in children3%: 3% 3% To investigate whether increased interferon signalling is an
intrinsic feature of paediatric airway epithelial cells rather than the result of distinct
environmental exposures and infection histories in children compared to adults, bronchial
basal cells from paediatric and adult donors were grown into fully differentiated epithelial layers
in ALI cultures. Of note, paediatric and adult epithelial cells exhibited comparable expression
levels of interferons and ISGs both at baseline and after infection with SARS-CoV-2,
suggesting that the enhanced interferon signatures in airway epithelia of children measured
ex vivo are more likely to result from environmental exposures or tissue interactions than to
be intrinsic to the epithelial cells from those donors. For example, infections with respiratory
viruses are more common in children than in adults®*® and can induce interferon signalling.
Nevertheless, a recent study comparing SARS-CoV-2 infection between paediatric and adult
epithelial cells identified a subset of cultures, primarily from paediatric donors, which were less
permissive to infection with SARS-CoV-2%', suggesting that disease susceptibility and
severity likely depends on an intimate interplay between environmental exposures and
intrinsic features of the cells involved in the antiviral response, such as airway epithelial cells.
The consideration of environmental exposures and their effects on disease pathology adds
another layer of complexity to the design of in vitro and in vivo models. Several external
factors, such as respiratory viral infections, microbial encounters, pollutants, allergens and
nutrition affect the risk of developing asthma'. Various attempts have been made to model
these features in allergen-driven in vivo models of AAD. For example, maternal treatment with
the bacterial-derived agent OM-85 or early-life exposure to the farmyard microbe

Acinetobacter Iwoffii were shown to protect from pathology in neonatal models of OVA or
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aeroallergen-driven AAD, respectively®® 4%°. In contrast, early-life infection with RSV

exacerbated OVA-driven disease in adult animals*°".

Ideally, in vivo models of AAD should take different factors into consideration which may affect
the biological mechanisms underlying disease susceptibility and severity, such as age, sex,
genetic disposition and environmental exposures. Nevertheless, no approach will be able to
perfectly model the complex interplay of risk factors thought to underlie the development of
asthma, especially since these will differ from patient to patient, and it is therefore important
to acknowledge that mechanisms of disease pathology identified by in vivo models form only
part of the puzzle of asthma pathophysiology and likely only apply to a subset of patients with
the disease. Nevertheless, by using a range of different models reflecting different ages, sexes
and allergen exposures, the work in this thesis has identified a role for EGFR signalling in
protecting from exacerbated airway hyperresponsiveness in early life and conversely
uncovered a mechanism by which EGFR signalling may augment allergen-driven type 2

immune response in young female animals.

7.2.3 Translation and future directions

As alluded to above (cf. 7.2.1), more refined approaches are needed to study the role of EGFR
signalling in early-life AAD in greater detail, particularly with respect to the cells and ligands
involved in the signalling and the mechanisms induced downstream of receptor activation.
Whereas many of the functions of EGFR signalling in various disease contexts, for example
in the repair response following infection or during fibrosis, can be attributed to the ability of
EGFR activation to drive proliferation or differentiation of mesenchymal cells, emerging
evidence suggests that EGFR signalling fulfils unique roles in immune cells'?": 128, Efforts
should therefore be made to distinguish the importance of EGFR signalling in epithelial,
fibroblast or smooth muscle cell function during early-life AAD from its contribution to immune
responses to allergen. A better understanding for example of the pathways underlying
exacerbated airway hyperresponsiveness after EGFR inhibition is needed to allow the
exploitation of the protective function of EGFR signalling in this context without risking
exacerbated disease pathology in female animals. Conversely, detailed analysis of the
mechanisms by which EGFR signalling drives augmented type 2 responses in young female
mice may reveal novel therapeutic targets to prevent worsened asthma severity in females
entering adulthood. The investigation of these pathways will be prioritised in future studies.
Based on previously published studies, it is possible that female allergen-exposed mice exhibit
higher levels of IL-33 due to the ability of oestradiol to boost //33 expression of epithelial cells®%
and that EGFR signalling is necessary to allow Th2 cells to respond to heightened IL-33 levels

by augmented production of type 2 cytokines'?” (cf. 5.4, Figure 5.12). Various in vivo and in
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vitro experiments could be designed to test this hypothesis. For example, administration of
either oestradiol or IL-33 to young male mice could be used to investigate whether this
intervention is sufficient to augment type 2 responses, or, conversely, whether inhibition of IL-
33 in females minimises sex differences and mitigates disease severity. Ex vivo stimulation of
T lymphocytes from HDM-challenged animals with IL-33 in the presence or absence of EGFR
inhibition could provide insight into whether EGFR signalling can support antigen-independent
production of type 2 cytokines by Th2 cells in response to IL-33. Additional understanding may
be gained from the use of genetic tools, such as CD4-specifc deletion of Egfr, to test the

importance of EGFR signalling to Th2 cells in driving augmented disease pathology.

The exploration of how EGFR signalling may protect from exacerbated airway
hyperresponsiveness in early life may prove more challenging. Analysis of the collagen
geometry of allergen-exposed neonatal mice suggests that EGFR signalling may have a role
in controlling the appropriate assembly of collagen fibres, although these findings require
validation in a larger cohort of mice and will be prioritised in future work. Disrupted collagen
organisation may contribute to exacerbated airway hyperresponsiveness. Although this
relationship has thus far not been explored in in vivo models, a study assessing airway
collagen geometry has identified defective organisation of collagen fibres in patients with
asthma compared to healthy controls and linked these to disrupted collagen packaging by
asthmatic fibroblasts?®. Protocols exist to induce the secretion and organisation of three-
dimensional extracellular matrices from primary fibroblasts*’2. The use of EGFR inhibition
during this process would provide insights into whether EGFR signalling contributes to the
proper packaging and organisation of collagen fibres by fibroblasts. In addition, collagen
geometry in the lungs should be disrupted in neonatal and adult models of AAD, for example
by targeting Decorin, which is required for the organisation of collagen fibrils*®3, to investigate

whether this intervention would result in exacerbated lung function.

The work within this thesis has also demonstrated that EGFR signalling contributes to the
proliferation of fibroblasts in response to epithelial cell-conditioned media. These experiments
provide a useful basis for the design of more complex in vitro models, either by generating
epithelial cell-conditioned media to use on fibroblasts or by directly culturing primary epithelial
cells and fibroblasts together. Such systems will be used to address how allergen exposure
or viral infection of epithelial cells affect the proliferation and matrix generation of fibroblasts
and whether epithelial cells from patients with asthma differ from healthy controls in their ability
to induce remodelling-associated fibroblast phenotypes. In the first instance, treatment of
primary fibroblasts with basal media from epithelial cells exposed to HDM or infected with RSV
as described in Chapter 3 (cf. 3.3.6) and evaluation of fibroblast proliferation and secretion of

extracellular matrix components will be used to provide first insights while more complex co-
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culture models are being development. Within these experiments, it will also be important to
define the role of EGFR signalling both at the level of epithelial cells and fibroblasts, for
example by using Gefitinib to inhibit or recombinant ligands to activate EGFR signalling. As
such, in vitro models of allergen exposure and remodelling constitute a valuable tool to
complement in vivo studies by providing a platform to validate leads and investigate

mechanisms of remodelling in more detail and thus should be a primary focus of future work.
7.3 Concluding remarks

By using a combination of different models of AAD and strategies to intervene with EGFR
signalling, the work described in this thesis has revealed a dual role for EGFR in early-life
AAD. Whereas signalling via the receptor protected from exacerbated airway
hyperresponsiveness in animals of both sexes, it simultaneously contributed to augmented
type 2 responses in female mice. The findings described provide a basis for more mechanistic
studies investigating how EGFR fulfils its dual functions during early-life AAD and may
ultimately aid in the development of therapies to preserve lung function in early life and prevent

exacerbated asthma severity in young females entering adulthood.
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Appendix I: Publications arising from this thesis

1. Stolting H, Baillon L, Frise R, Bonner K, Hewitt RJ, Molyneaux PL et al. Distinct airway
epithelial immune responses after infection with SARS-CoV-2 compared to H1N1.
Mucosal Immunology 2022. https://doi.org/10.1038/s41385-022-00545-4

Abstract

Children are less likely than adults to suffer severe symptoms when infected with severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), while influenza A H1N1 severity is
comparable across ages except for the very young or elderly. Airway epithelial cells play a
vital role in the early defence against viruses via their barrier and immune functions. We
investigated viral replication and immune responses in SARS-CoV-2-infected bronchial
epithelial cells from healthy paediatric (n =6; 2.5-5.6 years old) and adult (n = 4; 47-63 years
old) subjects and compared cellular responses following infection with SARS-CoV-2 or
Influenza A H1N1. While infection with either virus triggered robust transcriptional interferon
responses, including induction of type | (IFNB1) and type lll (IFNL1) interferons, markedly
lower levels of interferons and inflammatory proteins (IL-6, IL-8) were released following
SARS-CoV-2 compared to H1N1 infection. Only H1N1 infection caused disruption of the
epithelial layer. Interestingly, H1N1 infection resulted in sustained upregulation of SARS-CoV-
2 entry factors FURIN and NRP1. We did not find any differences in the epithelial response to
SARS-CoV-2 infection between paediatric and adult cells. Overall, SARS-CoV-2 had
diminished potential to replicate, affect morphology and evoke immune responses in bronchial

epithelial cells compared to H1N1.

2.  Stolting H and Lloyd CM. Pseudomonas aeruginosa: a pathogen making itself at home.
Trends in Immunology 2022. https://doi.org/10.1016/].it.2022.05.002

Abstract

Upon bacterial infection, mounting the appropriate immune response is paramount to effective
pathogen clearance. In a recent study, Agaronyan et al. show how Pseudomonas aeruginosa
can divert host immunity to boost type 2 responses and drive mucus production, which can
then act as a nutrient source for bacteria.
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Appendix Il: Conference presentations arising from this thesis

1.  Poster presentation at British Society for Inmunology Congress, December 2019,

Liverpool, UK

Characterisation of epidermal growth factor receptor and ligand expression in the
context of early life allergic airway disease and viral infection

Helen Stolting', Franz Puttur?!, Lewis Entwistle!, Richard Hewitt!, Kunyuan Tian', Sejal Saglani, Clare Lloyd'

'National Heart and Lung Institute, Imperial College London

Background: Airway remodelling is a key pathological feature of paediatric and adult asthma
and also observed in preschool wheeze. The mechanisms of remodelling remain elusive but
constitute an important focus of investigation, as lung function deficits established in early life
can persist into adulthood. Signalling via the epidermal growth factor receptor (EGFR) has
been implicated in driving structural changes in asthma, and shown to be overexpressed in
paediatric and adult asthmatics, although the individual contributions of each of the seven
ligands of EGFR remain unclear. We aimed to characterise the expression of EGFR and its
ligands in early life models of allergen challenge or viral infection.

Methods: Gene expression of EGFR and its ligands was assessed by gPCR in FACS-sorted
lung cell populations of naive mice at different postnatal time points and in whole lungs of
neonatal mice following repeated intranasal challenge with house dust mite, Alternaria
alternata or recombinant interleukin-33, or after a single dose of respiratory syncytial virus
(RSV) A2. Transcript levels were also measured in human bronchial epithelial cells (HBECs)
cultured at air-liquid interface and infected with influenza pH1N1.

Results: EGFR and its ligands were primarily expressed in pulmonary epithelial and other
CD45 cells during murine postnatal lung development and expression levels were largely
stable. In neonatal mice, pulmonary EGFR expression was unaffected by allergen or viral
challenge. While ligands were either unchanged or downregulated with allergen treatment,
infection with virus significantly induced betacellulin (BTC) and heparin-binding EGF (HBEGF)
expression. BTC and HBEGF were also 1.5- and 10-fold upregulated in pH1N1-infected
HBECs, respectively.

Conclusion: While the individual roles of the EGFR ligands after allergen challenge remain
unclear, viral infection induced expression of BTC and HBEGF in mice and humans,
suggesting that these ligands could be important for airway remodelling occurring during viral-
induced wheeze or asthma.
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2. Poster presentation at European Academy of Allergy and Clinical Immunology
18th Immunology Winter School on Basic Immunology Research in Allergy and

Clinical Immunology, January 2020, Chamonix, France

Investigating the role of epidermal growth factor receptor (EGFR) in airway
remodelling during early life allergic airway disease

Helen Stolting, Franz Puttur, Sejal Saglani, Clare Lloyd

National Heart and Lung Institute, Imperial College London, UK

Background: Airway remodelling is a key pathological feature of paediatric and adult asthma
and is also observed in preschool wheeze. The mechanisms of remodelling remain elusive
but constitute an important focus of investigation, as lung function deficits established in early
life can persist into adulthood. Signalling via the epidermal growth factor receptor (EGFR) has
been implicated in driving structural changes in asthma and was shown to be overexpressed
in paediatric and adult asthmatics, although the individual contributions of the seven EGFR
ligands remain unclear. We aimed to characterise EGFR and ligand expression as well as
EGFR activation in a model of early life allergic airway disease (AAD).

Methods: EpCAM™ epithelial cells, EpCAM-CD45" stromal cells, airway macrophages (AMs)
and other CD45* leukocytes were flow sorted from lungs of naive mice at various postnatal
time points and gene expression of EGFR and its ligands was assessed by qPCR. To induce
AAD, neonatal mice were repeatedly challenged with intranasal house dust mite (HDM) three
times a week for two weeks from day 3 of life. Transcript levels of EGFR and ligands were
measured in whole lungs and EGFR activation was assessed by immunofluorescence staining
for Y1068 phosphorylation in lung sections.

Results: EGFR mRNA levels were on average 80-fold higher in epithelial and other CD45"
cells than in leukocytes and could only be detected in AMs between day 7 and day 28 of life.
Ligand expression was also highest in structural cells, apart from EGF, epigen and epiregulin,
which could not reliably be detected in any population. After HDM treatment, pulmonary levels
of EGFR, EGF and epiregulin were stable, while the other five ligands were downregulated.
EGFR phosphorylation was detected both in control and HDM-treated animals with a trend
towards more activation after HDM. The signal was strongest in the airway epithelium, but was
also detected in alveolar epithelium, endothelium and on cells morphologically resembling
AMs.

Conclusion: The contribution of the individual EGFR ligands to allergic inflammation in early
life remain unclear. However, the widespread expression and activation of EGFR by a range
of stromal cells and leukocytes even in the absence of HDM challenge highlight the importance
of EGFR signalling in the neonatal lung. We are currently measuring EGFR activation in other
models of AAD and will use an EGFR inhibitor to investigate the importance of EGFR
signalling in driving airway remodelling during early life AAD.
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3. SciTalk and poster presentation at Keystone eSymposium Asthma: New

Discoveries and Therapies in the Age of COVID, December 2020, virtual

Epidermal growth factor receptor in airway remodelling during allergic airway disease
— divergent roles during early life and adulthood?

Helen Stolting, Simone A. Walker, Maria C. Zarcone, Franz Puttur, Sejal Saglani, Clare M. Lloyd

National Heart and Lung Institute, Imperial College London, UK

Airway remodelling is a key pathological feature of paediatric and adult asthma, but the
underlying mechanisms remain poorly understood. However, their elucidation is crucial, since
lung function deficits established in children with asthma persist into adulthood. Epidermal
growth factor receptor (EGFR) was shown to be overexpressed in paediatric and adult
asthmatics. In addition, several in vivo studies using rodent models of allergic airway disease
(AAD) have described a role for EGFR signalling in driving impaired lung function and airway
remodelling in adult animals. Here, we aimed to study the role of EGFR in early life AAD.

Bronchial epithelial cells from non-asthmatic children cultured at air-liquid interface were
shown to exhibit high mRNA levels for EGFR and its ligands. Exposure of these cells to the
allergen house dust mite induced EGFR activation dose-dependently, as measured by Y1068
phosphorylation. gPCR analysis of flow-sorted murine lung cell populations during postnatal
development similarly showed high EGFR expression in murine lung epithelial cells from
neonatal and adult mice, and lung epithelial EGFR expression was confirmed by flow
cytometry. Finally, a pharmacological inhibitor was used to block EGFR signalling in a
neonatal model of AAD. Preliminary findings indicate that EGFR inhibition in neonatal mice
resulted in worsened lung function, as measured by a 2-fold increase in airway resistance
(AUC), without affecting overall inflammation, a finding we did not observe in a corresponding
adult AAD model.

These results indicate that EGFR is present in lungs at all stages of life and that, in contrast
to its widely described pathogenic contribution to airway remodelling of adult animals,
signalling through EGFR may play a protective role during early life AAD.
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4. E-poster and 3 min live presentation at European Respiratory Society Lung
Science Conference, March 2021, virtual and E-poster at European Respiratory

Society International Congress, September 2021, virtual

Epidermal growth factor receptor in airway remodelling during allergic airway disease
— divergent roles during early life and adulthood?

Helen Stolting, Simone A. Walker, Franz Puttur, Sejal Saglani, Clare M. Lloyd

National Heart and Lung Institute, Imperial College London, UK

Lung function deficits established in asthmatic children persist into adulthood, but the
mechanisms are not well understood. Airway remodelling is a key pathological feature of
paediatric and adult asthma and may contribute to loss of lung function. Epidermal growth
factor receptor (EGFR) was shown to be overexpressed in paediatric and adult asthmatics. In
addition, several in vivo studies using rodent models of allergic airway disease (AAD) have
described a role for EGFR signalling in driving impaired lung function and airway remodelling
in adult animals. Here, we aimed to study the role of EGFR in early life AAD.

We used flow-sorted murine lung cell populations to investigate EGFR expression at different
stages of postnatal development. gPCR analysis revealed high expression of EGFR and
ligands primarily in epithelial and structural cells in both neonatal and adult mice and high
expression of EGFR on epithelial cells was confirmed by flow cytometry. To assess the role
of EGFR during neonatal AAD, an EGFR inhibitor was administered during the last three of
five weeks of inhaled allergen exposure. Our findings indicate that EGFR inhibition in neonatal
mice resulted in worsened lung function, as measured by a 2-fold increase in airway resistance
(area under the curve), whereas lung function in adult mice was unaffected by EGFR inhibition.
Interestingly, we did not observe any changes in pulmonary inflammation, allergic
sensitisation, mucus production or remodelling-associated gene expression upon EGFR
inhibition in either model.

These results indicate that EGFR is present in lungs at all stages of life and that, in contrast
to its widely described pathogenic contribution to airway remodelling of adult animals,
signalling through EGFR may play a protective role during early life AAD.
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5.  Poster presentation at British Society for Inmunology Congress, December 2021,
Edinburgh, UK

Bronchial epithelial cells from healthy children and adults are equally permissive to
infection with SARS-CoV-2, which elicits only a mild inflammatory response

Helen Stdlting’, Laury Baillon2, Rebecca Frise2, Mindy L Gore', Wendy S Barclay?, Sejal Saglani', Clare M Lloyd"

"National Heart and Lung Institute, Imperial College London, London, UK
2Department of Infectious Disease, Imperial College London, London, UK

Background: Children are less likely than adults to develop severe disease following infection
with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Airway epithelial cells
constitute the primary portal of entry for SARS-CoV-2 and play a vital role in early immune
defence. We hypothesised that differences in the epithelial immune response to SARS-CoV-2
between children and adults may help explain the disparities in coronavirus disease 19
(COVID-19) severity.

Methods: Bronchial epithelial cells from healthy children (median age 4.6 years) and adults
(median age 52.5 years) were cultured at air liquid-interface. Cells were infected with
SARS-CoV-2/England/IC19/2020 (MOI 0.01) or Influenza A/England/195/2009 (H1N1; MOI
0.001) and productive infection was monitored using plaque assays and immunofluorescence
up to 9 days post-infection. Cellular immune responses were measured by gqPCR and ELISA
at five timepoints.

Results: Fully differentiated bronchial epithelial cells from children and adults had comparable
expression of SARS-CoV-2 entry factors ACE2, TMPRSS2, CTSL, FURIN, NRP1 and NRP2
with similar viral replication and cellular tropism between age groups. Infection with both
viruses resulted in a robust transcriptional interferon response, including up to 10,000-fold
upregulation of IFNB1, IFNL1 and CXCL10, in both children and adults. However, de-
differentiation of the epithelium and a strong pro-inflammatory response at protein level (e.g.,
IL-8, IL-6), as observed after HIN1 infection, were largely absent in SARS-CoV-2-infected
cells. Interestingly, H1N1 infection resulted in sustained induction of SARS-CoV-2 entry
factors FURIN and NRP1.

Conclusion: Bronchial epithelial cells from children were as permissive to infection with SARS-
CoV-2 as adult cells with comparable cellular immune responses to the virus. Overall, SARS-
CoV-2 only caused a mild response compared to H1N1, which may reflect asymptomatic
infection with SARS-CoV-2 in the majority of healthy subjects. Based on the changes in entry
factor gene expression, individuals recovering from Influenza infection may be more
susceptible to infection with SARS-CoV-2.
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6. Oral presentation at European Academy of Allergy and Clinical Immunology 20th
Immunology Winter School on Basic Inmunology Research in Allergy and Clinical

Immunology, January 2022, virtual

SARS-CoV-2 infection of bronchial epithelial cells from healthy
paediatric or adult donors models mild disease

Helen Stélting’, Laury Baillon2, Rebecca Frise2, Mindy L Gore', Richard J Hewitt'3, Philip L Molyneaux'3,
Breathing Together Consortium4, Wendy S Barclay?, Sejal Saglani', Clare M Lloyd'

'National Heart and Lung Institute, Imperial College London, London, UK

2Department of Infectious Disease, Imperial College London, London, UK

3Royal Brompton and Harefield Hospitals, Guy’s and St Thomas’ NHS Foundation Trust, London, UK

4Breathing Together Study; Aberdeen, UK; London, UK; Edinburgh, UK; Bristol, UK; Melbourne, Australia; Belfast,
UK; Southampton, UK; Isle of Wight, UK

Background: Airway epithelial cells play an important role during infection with respiratory
viruses, both as primary point of viral entry as well as first line of defence. Type | and type |l
interferons, such as produced by infected epithelial cells, are central to the successful control
of respiratory viruses including Influenza virus and severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). We aimed to characterise the immune response of healthy
airway epithelium to SARS-CoV-2 infection, compare it to infection with Influenza AH1N1 and
investigate differences between paediatric and adult epithelial cells.

Methods: Bronchial epithelial cells from six healthy children (median age 4.6 years) and four
healthy adults (median age 52.5 years) were cultured at air liquid-interface. Fully differentiated
cells were infected with SARS-CoV-2/England/IC19/2020 MOI0.01) or Influenza
A/England/195/2009 (H1N1; MOI 0.001) and productive infection was monitored using plaque
assays and immunofluorescence up to 9 days post-infection (dpi). Cellular immune responses
were measured by gPCR and ELISA between 1-9 dpi.

Results: Exposure of bronchial epithelial cells to SARS-CoV-2 or H1N1 resulted in productive
viral replication, which peaked at 3-5 dpi. Infection with either virus triggered robust
transcriptional interferon responses, including induction of type | (IFNB1) and type Il (IFNLT)
interferons and interferon-stimulated genes (ISGs). H1N1-infected cells also upregulated pro-
inflammatory genes such as IL6, IL8 and TNF and released IFN-B, IFN-A 1/3, IL-6 and IL-8
into the basal media. In contrast, SARS-CoV-2 only induced a mild pro-inflammatory response
and levels of IFN-A and IL-8 released from SARS-CoV-2-infected cells were 6-40-fold lower
than after HIN1. Secretion of IFN-$ or IL-6 was not detected. While H1N1 infection resulted
in severe disruption of the epithelial layer, accompanied by reduced expression of epithelial
marker genes FOXJ1, KRT5 and MUC5B, this was absent after SARS-CoV-2 infection. Both
viral and epithelial immune responses were similar following infection of paediatric and adult
cells.

Conclusion: While infection of healthy bronchial epithelial cells with SARS-CoV-2 or H1N1
resulted in strong upregulation of interferons and 1SGs, only H1N1 infection caused
considerable pro-inflammatory gene expression, protein release and damage. The relative
absence of pro-inflammatory immune response after SARS-CoV-2 infection suggests a
healthy epithelium is able to contain viral growth in the absence of aberrant inflammation or
damage and may reflect sub-clinical infection seen in the majority of healthy individuals.
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7. Oral presentation at CIPP XXI: 21t International Congress on Pediatric

Pulmonology, July 2022, virtual

Airway epithelium: standing up against respiratory viruses in young & old

Invited speaker (no abstract submitted)
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8.  Poster presentation at British Society for Inmunology Congress, December 2022,

Liverpool, UK

Exacerbated Allergen-Driven Type 2 Immunity of Juvenile Female Mice is Abrogated

by Suppressing Epidermal Growth Factor Receptor (EGFR) Signalling

H. Stélting’, F. Puttur', S. Saglani' and C. M. Lloyd’

"National Heart and Lung Institute, Imperial College London, London, United Kingdom

Introduction: Many immune responses are governed by sex differences resulting from both
genetic and hormonal disparities. Disease prevalence and severity of asthma, an airway
disease frequently caused by inappropriate immunity to inhaled allergens, display age-
dependent sex differences, wherein males have a higher prevalence during childhood and
females during adulthood. The female sex hormone oestradiol can augment allergen-triggered
type 2 (T2) immunity, as well as induce signalling via epidermal growth factor receptor (EGFR),
which was implicated in driving asthma pathology. We hypothesised that disrupting EGFR
signalling during juvenile allergic airway disease could prevent exacerbated T2 immunity in
adolescent female animals.

Methods: Allergic airway disease was induced in seven-day-old mice by repeated inhaled
exposure to house dust mite (HDM) over five weeks. To target adolescence, EGFR inhibitor
Gefitinib was administered from weaning (3-week-old) throughout week three to five of
allergen exposure. Inflammation in lungs and airways was assessed by flow cytometry and
ELISA. Lymph node (LN) cells from HDM-allergic mice were restimulated with HDM ex vivo to
measure cytokine production.

Results: HDM exposure resulted in augmented T2 immunity in juvenile females, which
displayed 4-fold increased airway IL-13, along with elevated levels of IL-4, IL-5, IL-10,
eosinophils and serum IgE, compared to males. EGFR inhibition exclusively reduced T2
immunity in juvenile females, thereby ameliorating any sex differences, whereas T2 responses
of juvenile males or adult females were unaffected. EGFR was expressed on T2 cells and
upregulated upon HDM exposure. During ex vivo HDM restimulation of LN cultures, Gefitinib
diminished T2 cytokine production.

Conclusion: EGFR inhibition abrogated the augmented allergen-triggered T2 immunity
observed in juvenile female mice, likely by acting directly on Tn2 lymphocytes. Since sex
differences in asthma reverse during adolescence, EGFR inhibition presents an attractive
therapeutic strategy, and adolescence a window of opportunity, to prevent worsened asthma
pathology in females entering adulthood.
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