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Abstract
ORMDL3 was first identified as an asthma susceptibility gene by multiple GWA studies.
Subsequent in vitro and in vivo analyses identified the protein as a negative regulator of de novo
sphingolipid synthesis and inducer of ER-stress, while ORMDL3 overexpression in mice
elevated IgE, eosinophilia and IL-4 induction in response to OVA application. The aim of this
thesis was to decipher functions of ORMDL3 in regulating HDM and Alternaria induced allergic
airways disease, utilising Ormdl3 deficient mice.
Initial HDM administration regimens applied to adult and neonatal WT and Ormdl3 deficient
mice, revealed that HDM induced airway pathophysiology was largely unaffected by Ormdl3
deficiency. Nonetheless, airway lumen IL-4 secretion in response to HDM was tempered in
adult mice upon Ormdl3 deletion, while neonatal Ormdl3 KO mice exhibited enhanced
pulmonary eosinophilia.
Since adult Ormdl3 KO mice were protected from fungal allergen induced AHR, epithelial DAMP
release and ER-stress induction, the ability of ORMDL3 to regulate asthma disease onset might
depend on the capacity of particular allergens to directly induce Ormdl3 expression.
Furthermore, protective asset of Ormdl3 deficiency was attributable to the proteins function in
airway epithelial cells. Mechanistically, ORMDL3 promoted the induction of the ATF6
dependent UPR pathway, while no differences were detected in disease relevant sphingolipid
metabolites. In agreement with in vitro reports, ORMDL3 was however found to negatively
regulated de novo sphingolipid synthesis in vivo.
Interestingly, in an acute model of Alternaria administration, Ormdl3 deficiency enhanced
disease pathology, signified by the detection of elevated pulmonary type-2 cytokines levels.
In summary, ORMDL3, the most significant risk factor for asthma identified by GWA studies,
modulated acute allergen dependent innate immune responses, leading to elevated type-2
immunity in Ormdl3 KO mice before adaptive immune responses were established. Conversely,
during long term fungal allergen exposure, gene deficiency led to protection from enhanced
airway resistance and cellular damage, highlighting mechanisms whereby ORMDL3, identified
by GWA studies regulates allergic immune responses.
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1.1 Asthma
Asthma is a chronic inflammatory disease of the respiratory tract (Barnes, 2008), affecting the
lives of around 5.4 million patients nationwide1, with 1 in 11 children and 1 in 12 adults
currently receiving treatment1. Thus, it is recognised as the most prevalent chronic disease in
children (Asher and Pearce, 2014), although there has been a recently noticed decline in the
numbers of young patients, newly diagnosed with the disease (Simpson and Sheikh, 2010).
Asthma is commonly categorised as atopic or non-atopic (Humbert et al., 1999; Pekkanen et al.,
2012). Classically defined, non-atopic asthma refers to chronic inflammation and obstruction of
the conducting airways caused by intrinsic factors, while atopic asthma describes a disease
phenotype induced by type-1 hypersensitivity reactions to antigens of common environmental
factors (allergens) (Humbert et al., 1999). Type-1 hypersensitivity defines an allergic reaction,
initiated when allergen specific IgE antibody coated mast cells and basophils re-encounter an
antigen that the individual has previously been sensitised to (Larché et al., 2006). Thus, atopic
patients are allergen skin-prick test positive or present with enhanced serum levels of allergen
specific IgE (Pekkanen et al., 2012). Upon antigen binding, activated mast cells and basophils
release pro-inflammatory mediators and neurotransmitters, ultimately leading to symptoms,
characteristic for atopic asthma patients (Erjefält, 2014; Larché et al., 2006), but also observed
in non-atopic individuals (Humbert et al., 1999). Symptoms comprise feelings of chest tightness
and shortness of breath in conjunction with increased coughing and wheezing (Fanta, 2009)
and are a consequence of the pathophysiological hallmarks of asthma including airwayhyperresponsiveness (AHR), chronic eosinophilic and type-2 inflammation and tissue
remodeling, characterised by smooth muscle proliferation, fibrosis, angiogenesis and goblet
cell hyperplasia, resulting in enhanced epithelial mucous secretion and airway obstruction
(Holgate, 2012).
Atopy accounts for 27-63% of childhood and 22-55% of adult asthma diagnoses, underlining
the importance of allergen sensitisation in asthma onset (Pearce et al., 1999). Another clinical
study comprising subjects with self-reported asthma identified elevated total IgE levels
independent of the patients atopic status, questioning the concept of non-atopic asthma
development and suggesting that asthma symptoms are always partly accounted for by type-1
hypersensitivity reactions (Burrows et al., 1989). Although still commonly used in clinical
studies (de Barros Bezerra et al., 2016; Zhang et al., 2016), the classical categorisation of
patients based on their atopic status is increasingly controversial (Pekkanen et al., 2012), as
asthma is nowadays recognised as a heterogeneous disease comprising a variety of different
Asthma UK (accessed May 19th 2016) Asthma facts and statistics,
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inflammatory and physiological phenotypes and thus, a more defined disease characterisation
is necessary (Lötvall et al., 2011). In this respect, asthma is often described based on the status
and severity of pulmonary leukocyte infiltration as eosinophilic, mixed granulocytic, noneosinophilic (neutrophilic), where increased neutrophil counts correlate with a limited
response to steroid treatment (Pavord et al., 1999; Wenzel et al., 1997) and paucigranulocytic
asthma, defined by ordinary eosinophil and neutrophil levels (Simpson et al., 2006). In
addition, more defined endotypes were described, such as hypereosinophilic asthma, in
patients with severely increased, often persistent, eosinophilic inflammation (Alagha et al.,
2015) and aspirin-sensitive asthma, a mostly eosinophilic subtype, associated with increased
urinary leukotriene levels and AHR in response to aspirin challenge (Cowburn et al., 1998;
Lötvall et al., 2011).
While exact causes of asthma development and in this respect, the importance of atopy, are still
debated, a rapid increase in the prevalence of allergic asthma in children was evident until the
turn of the millennium in proportion with enhanced industrialisation, urbanisation and
changes in diet and lifestyle in the Western world (Alfvén et al., 2006; Holgate, 2012). This
highlighted an association between a rural family life and a dampened incidence of atopic
asthma onset in children and led to the concept of the “hygiene hypothesis”, stating that rising
patient numbers, diagnosed with allergic diseases, are linked with reduced exposure to
pathogens following urbanisation (Okada et al., 2010; Strachan, 1989), provoking a shift in the
Th1/Th2 immune-axis towards Th2. Novel techniques, such as “polymerase chain reaction single-strand conformation polymorphism” (PCR-SSCP), which allows the differentiation of
microbial species and strains based on genetic polymorphisms (Korthals et al., 2008; Schwieger
and

Tebbe,

1998),

enabled

clustering

of

children

according

to

their

microbial

microenvironment. This permitted an update to the “hygiene hypothesis” since also the lack of
exposure to a large variety of microorganisms in urban areas might promote atopy and asthma
onset (Ege et al., 2011). Indeed, a murine model of ovalbumin (OVA) induced allergic airways
disease suggested that removal of the pulmonary microbiome in neonatal mice increases
measured levels of eosinophils, IgE and type-2 cytokines (Herbst et al., 2011).
Numerous other environmental factors have been found to be associated with asthma onset in
children, including maternal pre- and postnatal smoking (Burke et al., 2012), as well as air
pollution (Gehring et al., 2015), leaving an interesting and challenging area potentially
contributing to disease inception understudied – the patient’s own genome. An initial genomewide association (GWA) study, reported in 2007 (Moffatt et al., 2007), compared singlenucleotide polymorphisms (SNPs) between 994 asthmatic children and 1234 healthy control
subjects and underlined a strong association between SNPs in close proximity to the genetic
18

locus 17q21 and asthma onset in children. The respective locus contains multiple genes, but the
highest level of association to childhood asthma was attributed to SNP induced, increased
ORMDL3 expression in Epstein-Barr virus (EBV) transformed lymphoblastoid cell lines (Moffatt
et al., 2007). The strong link between ORMDL3, encoding a negative regulator of sphingolipid
biosynthesis (Breslow et al., 2010) and asthma development identified a need for detailed in
vivo analyses to investigate the mechanisms by which ORMDL3 might influence asthma specific
immunopathology. These studies are presented in this thesis.

1.2 Allergen sensitisation
As highlighted above, atopy accounts for 27-63% childhood asthma cases and therefore,
allergen sensitisation is considered an integral part of asthma development (Pearce et al.,
1999). The sensitisation potential of allergens varies and is dependent on co-factors facilitating
the reaction (Galli et al., 2008). Endogenous proteolytic activity, enables the allergen to enter
sub-mucosal tissues by cleaving epithelial tight junctions (Gregory and Lloyd, 2011; Wan et al.,
1999) and endotoxins, that are potent ligands for Toll-like receptors (TLRs), enhance the Th2biased adaptive immune response (Galli et al., 2008; Herrick and Bottomly, 2003). Additionally,
chitin, a component of the cell wall of fungi and the exoskeleton of house dust mites, has been
reported to cause infiltration of IL-4 positive eosinophils and basophils (Gregory and Lloyd,
2011; Reese et al., 2007). Furthermore, the ability to induce the release of epithelial mediators
such as IL-33 and IL-25, which serve as inducers of type-2 immune responses, further enhances
allergenicity (Galli et al., 2008; Gregory and Lloyd, 2011; Neill et al., 2010; Saenz et al., 2010).
Upon allergen inhalation, protease activity-mediated allergen penetration of the submucosa
enables localised antigen-presenting cells (APCs), including dendritic cells (DCs), macrophages
and basophils to internalize the substances, followed by antigen processing and presentation to
CD4+ T cells via Major Histocompatibility Complex II (MHCII) in tissue draining lymph nodes
(Galli et al., 2008). In contrast to DCs, alveolar macrophages and basophils have only limited
ability to present allergen derived antigen (Gant et al., 1992; Hammad et al., 2010), allowing the
conclusion that DCs are the main contributor towards CD4+ T-cell priming in asthma.
DCs

are

capable

of

internalising

allergens

via

three

independent

mechanisms:

macropinocytosis, phagocytosis and receptor mediated endocytosis (Roche and Furuta, 2015).
Whereas macropinocytosis describes a non-specific mechanism of soluble antigen uptake,
contributing to the cell types high efficiency in antigen presentation and representing the major
mechanism of antigen intake by DCs (Sallusto et al., 1995), phagocytosis and receptor mediated
endocytosis are responsible for the internalisation of larger molecules or even intact
microorganisms (Roche and Furuta, 2015). While pre-mature DCs were shown to internalise
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birch and grass pollen allergens Bet v 1 and Phl p 1 by macropinocytosis exclusively (Noirey et
al., 2000),

other studies highlighted a superior role of receptor-mediated endocytosis in

allergen uptake by DCs. For glycoallergens derived from house dust mite (HDM), dog saliva or
peanut extract, DC internalisation via interaction with DC-SIGN and mannose receptor was
proven (Ashjaei et al., 2015; Emara et al., 2012; Hsu et al., 2010; Royer et al., 2010; Salazar and
Ghaemmaghami, 2013). Interestingly, it was observed that gene silencing of DC-SIGN resulted
in enhanced induction of Th2 cell differentiation in DC - naïve T-cell co-cultures initiated by the
HDM allergen Der p 1 (Emara et al., 2012), whereas gene knock-down of the mannose receptor
facilitated Th1 cell polarisation in response to Der p 1 and lipopolysaccharide (LPS) application
(Royer et al., 2010). Additionally, it was found that Der p 1 is capable of DC-SIGN, but not
mannose receptor, cleavage and downregulation (Furmonaviciene et al., 2007; Huang et al.,
2011; Salazar and Ghaemmaghami, 2013). Concomitant with these in vitro reports, low DCSIGN and elevated mannose receptor expression was detected in allergic patients (Deslée et al.,
2002; Huang et al., 2011; Kayserova et al., 2012; Salazar and Ghaemmaghami, 2013),
strengthening the suspicion that allergen interaction and uptake via the mannose receptor
partly contributes to the Th2-skewed immune response.
Additional mechanisms, adding to the general concept of a type-2 axis polarisation, are still
under investigation and are mostly not well defined, but in addition to a probable involvement
of innate epithelial responses, discussed in Section 1.3.1, it is known that antigen presentation
by mature APCs, via MHCII, to lymph node located naïve T-cells, in the presence of IL-4, induces
Th2 cell differentiation (Galli and Tsai, 2012). Multiple cell populations were identified as a
probable source of IL-4 during the initial sensitisation step, with allergen-activated basophils
and eosinophils representing likely sources of early IL-4 signals (Galli et al., 2008; Gregory and
Lloyd, 2011; Reese et al., 2007; Sokol et al., 2008). Intriguingly, it was recently shown in vivo
that innate lymphoid cells (ILCs) type-2, a newly emerging tissue resident innate cell type,
comprising similar features to Th2 cells, apart from antigen specificity, account for
sensitisation to intranasal (i.n.) administered HDM via type-2 cytokine secretion (Gold et al.,
2014).
Differentiated Th2 cells engage B-cells, lymphocytes with antigen-presentation capacity
(Ashwell et al., 1984; Glimcher et al., 1982). Upon B-cell receptor mediated endocytosis of the
allergen and intracellular antigen processing, an interaction between the antigen specific T-cell
receptor and antigen harbouring MHCII molecules on the B-cell surface, in combination with
co-stimulatory molecule interplay, in the presence of IL-4, IL-13 and/or IL-21, induces B-cell
proliferation and differentiation into antibody producing plasma cells (Avery et al., 2010; Cocks
et al., 1993; Ettinger et al., 2005; Ford et al., 1999; Lebman and Coffman, 1988; Rodríguez20

Pinto, 2005; Urban et al., 1991). During this process, activated B-cells undergo clonal expansion
and release IgM, antibodies with low antigen specificity, to provide an initial humoral tool for
antigen recognition and removal (MacLennan et al., 2003). B cell differentiation is
characterised by somatic hypermutation, affinity maturation, clonal selection and antibody
class switching and occurs in germinal centres inside lymph nodes or mucosa-associated
lymphoid follicles. This complex process results in the generation of specialised plasma cells
capable of producing antigen-specific antibodies of the classes IgG, IgE or IgA, respectively
(Georgiou et al., 2014; Goodnow et al., 1989; Jacob et al., 1991, 1992; Kappler et al., 1987;
Kisielow et al., 1988; MacDonald et al., 1988; Mora and von Andrian, 2008; Pieper et al., 2013;
Pullen et al., 1988; Shikina et al., 2004). Enhanced IgE class switching is induced by IL-4, and
also IL-13 mediated activation of signal transducer and activator of transcription 6 (STAT6)
(Kabesch et al., 2006; Kashiwada et al., 2010).
Allergen specific IgE, released by plasma cells is subsequently bound by cells expressing the
high-affinity receptor for IgE, Fcε receptor I (FcεRI) or low-affinity receptor, FcεRII (CD23),
completing the mechanism of allergen sensitisation (Basu et al., 1993; Galli and Tsai, 2012;
Kikutani et al., 1986). Cell surface-bound IgE potentiates future allergic response upon allergen
re-encounter, by CD23 and IgE mediated allergen transcytosis across the epithelial barrier,
elevated antigen processing by DCs internalising allergen via FcεRI-IgE mediated endocytosis,
as well as degranulation of IgE coated mast cells, releasing pro-inflammatory mediators and
neurotransmitters into the tissue, in turn inducing AHR and type-2 inflammation (Galli and
Tsai, 2012).

1.3 Allergic inflammation
1.3.1 Airway epithelial cells in allergic inflammation
CD23-mediated transcytosis of IgE-bound antigen across polarised respiratory epithelial cells
(Palaniyandi et al., 2011) represents an intriguing observation, as this mechanism, which is
“feeding” sub-epithelial localised immune cells with airway lumen antigen, is partly dependent
on adaptive immune responses. It therefore represents a link between innate immune
mechanisms and acquired immunity.
The pulmonary epithelium acts as a barrier, protecting the lungs from harmful substances
present in the inhaled environment. This includes the physical removal of particles, which
reach the lung through the breathing process, by cilia movement and the induction of more
complex immune mechanisms aimed at eliminating bacterial or viral particles (Whitsett and
Alenghat, 2015). Furthermore, epithelial cells also function as a barricade for commensal
bacterial strains, serving as an “offshore” defence system against pathogenic microorganisms
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(Whitsett and Alenghat, 2015) and fulfil an important role in the maintenance of the
microbiome, by the provision of nutrients (Hooper et al., 1999). Asthma specific pulmonary
epithelial cell functions are multi-layered and comprise mechanisms facilitating allergen
sensitisation, induction of lumen and tissue inflammation and exacerbation of established
asthma specific pathophysiology (Lambrecht and Hammad, 2012).
The immune response to allergens is amplified by airway epithelial cells through the
expression of pattern recognition receptors (PRRs), including TLRs, NOD-like receptors (NLRs),
C-type lectins and protease activated receptors (PARs) (Lambrecht and Hammad, 2012). For
instance, TLR4 was shown to be of importance in the induction of HDM-induced allergic
airways disease in mice, as Tlr4 knock-out (KO) mice exhibited significantly reduced HDMinduced airway inflammation and AHR (Hammad et al., 2009; Phipps et al., 2009). During
immune homeostasis, TLR4 is expressed by cells of the myeloid lineage (Hornung et al., 2002;
Muzio et al., 2000) in addition to epithelial cells (Guillott et al., 2004) and recognises pathogen
associated molecular patterns (PAMPs), including LPS (Poltorak et al., 1998; Qureshi et al.,
1999), bacterial mannuronic and teichuronic acids (Flo et al., 2002; Yang et al., 2001) and viral
components (Kurt-Jones et al., 2000; Vaure and Liu, 2014). Even though expressed on DCs,
TLR4-mediated allergen sensitization was attributed to its expression by structural cells. Mice
deficient in hematopoietic cells were capable of mounting a type-2 immune response to HDM,
following Tlr4 deficient bone marrow cell injection prior to HDM challenge (Hammad et al.,
2009). Similarly, wild type (WT) bone marrow cell transfer to irradiated Tlr4 KO mice resulted
in ablation of type-2 immunity induced by inhaled HDM (Hammad et al., 2009).
TLR4 ignal transduction is complex and requires interaction with lymphocyte antigen 96 (MD2) (Re and Strominger, 2002), a protein showing comparatively low expression on epithelial
cells (Jia et al., 2004), thereby limiting the initial responsiveness to allergen-derived
endotoxins. Interestingly, strong evidence suggests that atopy to HDM still effectively occurs
due to circumvention of MD-2’s regulatory function by molecular mimicry, a process
characterized by cross-activation of TLR4 by Der p 2, a HDM derived protease with strong
structural similarity to MD-2 (Keber et al., 2005; Trompette et al., 2009). A superior role of MD2 function in TLR4 signalling in allergen sensing is supported by genetic studies analysing
peripheral blood mononuclear cells isolated from asthma patients carrying SNPs in the
promoter region of MD-2. These SNPs were associated with enhanced MD-2 gene expression in
combination with elevated IL-1β and IL-8 expression following LPS challenge (Liao et al.,
2015).
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The detailed description of the TLR4 signalling induction by LPS serves as an example for the
importance of PAMP detection by epithelial PRRs in asthma. Various other allergen
constituents have been identified to activate different PRRs. These include the stimulatory
function of peptidoglycan components on NOD-like receptors (NLRs) (Chamaillard et al., 2003;
Girardin et al., 2003a, 2003b; Inohara et al., 2003), dectin-1 activation by β-glucans (Nathan et
al., 2009) and protease activated receptor (PAR) activation by proteases with allergenic
potential (Davidson et al., 2013). Even though allergen-induced galvanisation of different
receptors contributes to the induction of multiple immunological signalling cascades, collective
PRR stimulation leads to NFκB induced cytokine production and consequently to pulmonary
inflammation (Gringhuis et al., 2009; Hasegawa et al., 2008; Park et al., 2007; Whitsett and
Alenghat, 2015).

1.3.2 Epithelial cytokines in asthma immunopathology
Major cytokines produced by pulmonary epithelial cells upon allergen stimulation comprise
members of the IL-1 family, including IL-1α, IL-1β and IL-33, as well as IL-25, a member of the
IL-17 family, thymic stromal lymphopoietin (TSLP) and granulocyte-macrophage colonystimulating factor (GM-CSF) (Lambrecht and Hammad, 2012) (Figure 1.1).
In vivo experiments addressing the function of IL-1α during HDM-induced allergic airways
disease revealed the crucial importance of IL-1α for allergen sensitisation. Antibody-mediated
neutralisation of IL-1α signalling resulted in abrogation of HDM-induced type-2 and
eosinophilic inflammation, as well as HDM-specific Ig production (Willart et al., 2012).
Additionally, IL-1α secretion was dependent on TLR4 induction and released IL-1α acted in an
autocrine manner, inducing GM-CSF and IL-33 which consequently instructed type-2 immunity
(Willart et al., 2012). Nonetheless, increased cytokine levels of IL-1α in the bronchoalveolar
lavage fluid (BALF) of symptomatic asthma patients were not detected (Broide et al., 1992).
IL-1β expression analysed by immunohistochemistry revealed epithelial localisation in asthma
patients (Sousa et al., 1996), although murine pulmonary levels following HDM application
were lower than measured IL1-α concentrations and IL-1β neutralisation did not affect HDMinduced immune responses (Willart et al., 2012). However, in an in vivo model of Alternaria
alternata-induced inflammation, serine protease mediated activation of PAR-2 was reported
(Boitano et al., 2011). Sensitisation to various species of the fungal genus Alternaria has been
linked to asthma development (Burrows et al., 1989; Halonen et al., 1997). Alternaria derived
serine protease incepted PAR-2 signalling resulted in an immediate adenosine tri-phosphate
(ATP) dependent release of IL-1β into the airway lumen, together with, but not dependent on,
IL-33 (Snelgrove et al., 2014). In this respect, mice deficient for the IL-33 receptor (ST2)
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showed reduced total, eosinophilic and neutrophilic inflammation, but were still able to mount
robust levels of secreted IL-5 and IL-13 (Snelgrove et al., 2014), allowing the suggestion that
sole IL-1β signalling might be sufficient to instruct an innate cell type to secrete type-2
cytokines. Just recently it was revealed that IL-1β, in the presence of IL-2, is capable of
activating human ILC2s independent of IL-33 (Bal et al., 2016). Additionally, it has been shown
that released proteins, which signal through the IL-1 receptor, were capable of enhancing IL-5
induced contraction of airway smooth muscle (ASM) in an experimental organ bath setup
analysing isolated tracheal rings (Whelan et al., 2004).
Both, IL-33 and IL-25 (Figure 1.1) signify two of the most studied pro-inflammatory cytokines
over the past years and remain of interest, due to their ability to activate and expand ILC2 cell
populations, in addition to their postulated roles in airway remodeling (Fallon et al., 2006;
Gregory et al., 2013a; Neill et al., 2010; Price et al., 2010). Both cytokines are primarily
regarded as epithelial mediators, as patients with severe asthma exhibit increased airway
epithelial IL-33 (Préfontaine et al., 2010), whereas epithelial IL-25 expression was initially
verified in human epithelial cell lines (Angkasekwinai et al., 2007) and in murine bronchial
epithelial cells (Gregory et al., 2013a). Other publications limit pulmonary IL-33 expression to
sub-epithelial and endothelial cells (Baekkevold et al., 2003; Saglani et al., 2013), concomitant
with in vivo results, where expression was primarily identified in non-bronchial EpCam+ CD45stromal cells and macrophages (Hardman et al., 2013). In contrast to IL-33, IL-25 was found
widely produced by multiple immune cell effector populations, including polarised Th2 cells
(Fort et al., 2001) and mast cells (Ikeda et al., 2003), even though it was revealed in vivo that
structural cell derived IL-25 accounts for OVA-induced type-2 and eosinophilic inflammation
(Suzukawa et al., 2012).
It has been reported in mice that IL-33 is more potent than IL-25 in ILC2 induction (Barlow et
al., 2013), however, it is evident that both cytokines share a repertoire of mechanisms in
allergic disease regulation. Concomitant with their ability to instruct ILCs to secrete IL-13
(Mjösberg et al., 2011), both mediators have been identified as potent inducers of AHR,
pulmonary eosinophilia and IgE class switching in murine models of allergic airways disease
(Barlow et al., 2012, 2013; Canbaz et al., 2015; Gregory et al., 2013a; Saglani et al., 2013;
Sharkhuu et al., 2006; Suzukawa et al., 2012; Tamachi et al., 2006). IL-25 and IL-33 also
promote remodeling, in terms of collagen deposition, in murine models of HDM-induced
allergic airways disease (Gregory et al., 2013a; Saglani et al., 2013), with IL-25 additionally
promoting airway smooth muscle proliferation (Gregory et al., 2013a). Furthermore, these
innate mediators also induce IL-4 and IL-13 production by basophils, revealed in cell culture
experiments utilizing cells isolated from PBMCs of mild asthmatics (Salter et al., 2016), and
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thus they might initiate the “early” signal needed for DC-mediated Th2 polarisation during
allergen sensitisation. The exact mechanisms governing the release of IL-33 still need to be
untangled, as it is not entirely clear if the protein is actively secreted or passively released as an
“alarmin” following cell damage or stress (Cayrol and Girard, 2014). Under immune
homeostatic conditions, however, it is known that IL-33 is localised in the nucleus (Carriere et
al., 2007). Following airway challenge with Alternaria allergen extracts, IL-33 is immediately
released (within an hour) into the airway lumen, within an hour (Snelgrove et al., 2014), but
the duration of its extracellular functionality is limited due to rapid oxidisation of the protein
(Cohen et al., 2015) and the scavenging function of soluble ST2. Soluble ST2 is a secreted ST2
splicing variant, able to bind and block IL-33 action (Hayakawa et al., 2007), thereby limiting
the intensity of the resulting innate immune response. Isoforms of IL-33, capable of eliciting
innate defence mechanisms via ST2, comprise the full length form of the released protein and
forms with increased activity under inflammatory conditions, modified by neutrophil derived
proteases cathepsin G and elastase (Lefrançais et al., 2012). IL-33 release during maintenance
mechanisms of the epithelial barrier, in respect to programmed cell death, does not induce
immunity, due to apoptotic caspase-1 proteolysis of the protein, resulting in inactive forms
(Cayrol and Girard, 2009; Lüthi et al., 2009).
Besides IL-1β, IL-33 and IL-25, TSLP was proposed as a fourth epithelial-derived mediator
inducing ILC2 responses independently of IL-33, in a study investigating skin inflammation
(Kim et al., 2013a). The contrary was reported in cell culture experiments utilising human ILC2
cells, isolated from PBMCs of healthy subjects, where TSLP did not induce IL-5 production (Bal
et al., 2016). In combination with IL-33 stimulation, however, TSLP triggered an increase in the
number of IL-5+ ILC2s and IL-5 release, as well as IL-13 production by ILC2s to an extent
similar to IL-1β (Bal et al., 2016). TSLP was shown to be expressed by human bronchial
epithelial cells (Soumelis et al., 2002; Ying et al., 2005) and its expression level is further
increased in asthmatics (Ying et al., 2005). The main contribution of TSLP to mechanisms of
allergic asthma was attributed to DC stimulation and associated allergen sensitisation. TSLP
was shown to induce OX40 ligand (OX40L) expression by immature DCs (Ito et al., 2005). Thus,
communication between OX40L+ DCs and naïve OX40+ CD4+ T cells resulted in enhanced Th2
priming, characterised by the development of T cells producing IL-4, IL-5 and IL-13 (Ito et al.,
2005). Furthermore, robust eosinophilia, mucus production, AHR and Th2 cytokine release into
the BALF fluid was found to be due to OX40 expression, in a murine model of OVA induced
pulmonary inflammation (Jember et al., 2001). TSLP-triggered potentiation of DC-mediated Tcell stimulation is further enhanced by TSLP-induced DC expression of the Th2-attracting
chemokines thymus and activation-regulated chemokine (TARC) and macrophage-derived
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chemokine (MDC; CCL-22) (Soumelis et al., 2002). Additionally, TSLP is a stronger inducer of
Th2 cytokine secretion by mast cells when applied in combination with tumour necrosis factor
alpha (TNFα) and IL-1β (Allakhverdi et al., 2007). Thus, in the lung TSLP may act as an
adjuvant/enhancer of inflammation.
GM-CSF has also been shown to up-regulate OX40L expression on the surface of DCs in a
murine model of HDM-induced allergic airways disease, in combination with GM-CSFdependent enhancement of key allergic airways disease features, including eosinophilia, Th2
inflammation and IgE levels (Llop-Guevara et al., 2014). The observed effects however were IL33 dependent and it was concluded that GM-CSF is a potent driver of IL-33 expression (LlopGuevara et al., 2014). In the past, GM-CSF has been identified as a main regulator of
eosinophilic inflammation in allergic airways disease specific immune-pathology (Su et al.,
2008) and therefore represents a promising drug target for future asthma therapy. Key to this
strategy is the finding that receptors of the eosinophilia regulators GM-CSF and IL-5, as well as
IL-3, share the common subunit βc (Ramshaw et al., 2001). The respective optimised antibody
CSL311 designed to block receptor function, limited the survival rate of inflammatory myeloid
cells isolated from induced sputum of patients undergoing allergen challenge (Panousis et al.,
2016), but more detailed analyses are necessary to prove the potency of the drug to reduce
eosinophilic inflammation.
Taken together, allergen-encounter by bronchial epithelial cells results in the activation of
various immune mechanisms, illustrated in Figure 1.1. These functions comprise aspects of the
innate immune response, including the recruitment of myeloid cells, including DCs and
eosinophils, but also potentiate the onset of adaptive immunity through stimulation of various
cellular populations to release type-2 cytokines, or by provision a type-2 immune environment
promoting Th2 polarisation.
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Figure 1.1 Functional roles of the airway epithelium in allergic asthma. Allergen
recognition or damage to the epithelial barrier is followed by the secretion of a variety of
different epithelial mediators. IL-1α (not shown) primarily potentiates the release of IL-1β and
IL-33, while IL-1β, IL-25 and IL-33 activate ILC2 effector cell expansion. TSLP was shown to
support IL-33 mediated ILC2 stimulation. ILC2 cells secrete different type-2 cytokines
accounting for immune-pathological characteristics of asthma, including AHR, remodeling and
initiation of Th2 and eosinophilic inflammation. Recruitment of eosinophils is supported by
GM-CSF secreted by bronchial epithelial cells.
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1.3.3 Pro- and anti-inflammatory macrophage functions in asthma
The functions of pulmonary macrophage populations in allergic asthma pathology are diverse,
as these innate cells have been shown to promote the progression of disease characteristics,
but primarily they have been described as essential in the maintenance of immune homeostasis
and under certain conditions, promote resolution (Bang et al., 2011; Careau et al., 2006; Gosset
et al., 1999; Mathie et al., 2015). Thus they are conceived as interesting targets for future
therapeutic strategies. Lung macrophages have been divided into two main subpopulations:
interstitial macrophages, that are cells primarily found in mucosal and parenchymal locations
in the lung tissue and whose disease specific functions are largely understudied and alveolar
macrophages, which are located in the alveolar spaces, and are well characterised in vitro and
in murine models of allergic airways disease due to their accessibility (Balhara and Gounni,
2012). An early study supporting the pro-inflammatory role of alveolar macrophages involved
patients with well-controlled asthma and identified elevated IL-1β expression by patients BALF
derived alveolar macrophages in comparison to controls, in combination with increased BALF
IL-1β concentrations, both of which were reduced following steroid treatment (Borish et al.,
1992). In vivo studies questioned whether the pro-inflammatory function of alveolar
macrophages is attributable to allergen sensitisation. Indeed, chlodronate-mediated alveolar
macrophage depletion, in a murine model of OVA-induced pulmonary inflammation, resulted in
significantly enhanced disease severity. Significant improvements were only observed when
unsensitised alveolar macrophages were adoptively transferred (Bang et al., 2011; Careau et
al., 2006; Mathie et al., 2015). Further research revealed preferential release of the
inflammatory cytokines TNFα, IL-1β, IL-6, IL-8, monocyte chemoattractant protein-1 (MCP-1)
and macrophage inflammatory protein-1 alpha (MIP-1α) by cells isolated from both, healthy
controls and asthma patients, following anti-CD23 or IgE + anti-IgE antibody stimulation,
whereas the release of the anti-inflammatory cytokine IL-10 and IL-1ra was significantly
diminished in asthma patients (Gosset et al., 1999). Data suggesting that alveolar macrophages
promote Th2 inflammation led to the assumption of the presence of an M2 alveolar
macrophage, regulating Th2 immunity. In this respect, pro-inflammatory markers, e.g. found in
inflammatory zone-1 (FIZZ-1) and chitinase-like protein 3 (YM-1), associated with M2
macrophage polarisation were detected in models of Aspergillus- or OVA-induced airway
inflammation, however, expression was not restricted to alveolar macrophages but also
detected in CD11b+ (interstitial) macrophages (Moreira et al., 2010; Zhang et al., 2009).
Additional research aimed to remove alveolar macrophages via diphtheria toxin administration
to CD11c–diphtheria toxin receptor (DTR) mice, followed by investigations of their
responsiveness to IL-13 treatment, revealing that these animals show abrogated lymphocytic
and eosinophilic inflammation (Crapster-Pregont et al., 2012). However, these mice were also
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missing the superior part of the antigen presentation compartment, as CD11c+ DCs were
deleted simultaneously and when the results were compared with IL-13 induced responses in
alveolar macrophage sufficient CD11b-DTR mice, it was evident that the cells’ function involved
eosinophil, but not lymphocyte recruitment (Crapster-Pregont et al., 2012).
Although initial studies highlighted a possible pro-inflammatory function of alveolar
macrophages in already sensitised individuals, their contribution to the maintenance of
immune homeostasis and anti-inflammatory capacities were well documented. Studies
reporting that chlodronate depletion in mice aggravates lung function and OVA- or HDMinduced pulmonary inflammation (Bang et al., 2011; Mathie et al., 2015) are prominent
examples supporting the cells protective role in response to allergen encounter. This steered
the hypothesis that the alveolar macrophage-specific function of promoting immune
homeostasis is perturbed in asthma patients and ultimately leads to disease onset (Balhara and
Gounni, 2012).
In comparison to alveolar macrophages, little is known about the function of interstitial
macrophages in asthma. The cells were described as primarily regulatory due to their capacity
to express IL-10. In mice deficient for IL-10, adoptively transferred interstitial macrophages
significantly ameliorated HDM-induced neutrophilia (Kawano et al., 2016). Furthermore,
cellular IL-10 secretion also inhibited DC functions in response to LPS and cell depletion
resulted in increased OVA induced Th2 inflammation (Bedoret et al., 2009). IL-10 release from
interstitial macrophages is dependent on hypoxia inducible factor-1-alpha (HIF-1α) in gene
deficient mice. Interestingly, prolonged HIF-1α expression promoted remodeling features, i.e.
endothelial proliferation and angiogenesis in a model of HDM-induced allergic airways disease
(Byrne et al., 2013), further emphasising the dual role of macrophages in disease prevention
and progression.

1.3.4 Eosinophilic and neutrophilic pulmonary inflammation
Eosinophils and neutrophils represent the two main myeloid cell types associated with disease
inception and progression, although their mechanisms of disease control are largely unknown.
In 1990, a clinical study first underlined the importance of eosinophils in asthma, as patients
presented with significantly elevated eosinophil counts in both, peripheral blood and BALF,
which correlated with disease severity (Bousquet et al., 1990). In subsequent studies,
eosinophilic inflammation was linked with aggravated lung function (Louis et al., 2000;
Woodruff et al., 2001), initiating the dogma of eosinophil importance in the regulation of
asthma specific immunopathology. First doubts about the functional contribution of
eosinophils to the development of asthma symptoms arose in later reports addressing severe
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cases of asthma with no dominant eosinophilic infiltrates (Wenzel et al., 1999). In addition,
initial therapeutic strategies utilising anti-IL-5 antibodies which decreased eosinophil
numbers, failed to significantly improve disease symptoms (Flood-Page et al., 2003; Leckie et
al., 2000). Additionally, murine studies investigating allergen-induced inflammation were
ineffective in elucidating the contribution of eosinophils to AHR development, as contradicting
studies on eosinophil deficient mice report both possible outcomes, either no implication in
OVA-induced AHR development (Δdbl GATA mice)(Humbles et al., 2004) or protection (Phil
mice)(Lee et al., 2004). More recent results, however, featuring the more clinical relevant
model of HDM-induced allergic airways disease and utilising both eosinophil deficient strains
have further questioned the importance of eosinophils in regard to AHR development (Fattouh
et al., 2011).
Eosinophils differentiate from myeloid progenitors in response to IL-5 stimulation in the
presence of IL-3 and granulocyte-colony stimulating factor (G-CSF) (Yamaguchi et al., 1988)
and are recruited to sites of inflammation through the release of inflammatory stimuli by
immune cells, most notably the eotaxin chemokine family (CCL-11 (eotaxin-1), CCL-24
(eotaxin-2) and CCL-26 (eotaxin-3)) and IL-5, likely triggered by the epithelial mediators IL-33,
IL-25, TSLP and GM-CSF (Gutierrez-Ramos et al., 1999; Ramshaw et al., 2001; Rosenberg et al.,
2013). Upon activation, eosinophils degranulate, resulting in the release of inflammatory
mediators including multiple cytokines and pro-inflammatory lipids (Rosenberg et al., 2013).
Chronic eosinophilic inflammation was linked to increased remodeling in respect to goblet cell
hyperplasia and mucus production, as well as collagen deposition in response to OVA (Humbles
et al., 2004; Lee et al., 2004), but not HDM administration (Fattouh et al., 2011).
Although intensively investigated, it is still largely unknown how eosinophils contribute to the
onset of asthma pathology and the cell type has steadily shifted out of the focus of asthma
research in recent years, pushing the human body’s most prevalent myeloid effector cell, the
neutrophil, into the spotlight. Neutrophilic inflammation is associated with severe forms of
asthma (Jatakanon et al., 1999; Little et al., 2002) and applied corticosteroid therapies are
frequently ineffective in ameliorating associated symptoms (Green et al., 2002). Neutrophil
infiltration of the pulmonary environment is mediated by IL-17 and IL-25, but also epithelial
cell-derived CXCL-1 and CXCL-8 (IL-8). IL-17, secreted by Th17 and γδ T-cells, as well as ILC3s,
is also associated with severe forms of asthma (Al-Ramli et al., 2009; Pelaia et al., 2015).
Studies on severe asthma have focussed on the role of Th17 cells and IL-17, and suggested that
type-17 inflammation may depend on NACHT, LRR and PYD domains-containing protein 3
(NALP3) inflammasome activation, resulting in caspase-1 activation, which potently cleaves
pro-IL-1β and pro-IL-18, stimulating IL-17 production by γδ T-cells and Th17 cells (Doisne et
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al., 2011; Lalor et al., 2011; Sutton et al., 2009). Novel antibody based therapeutic strategies are
targeting IL-17, however there is an inherent disadvantage to neutralising a potent immune
mechanism against infection (Pelaia et al., 2015).

1.3.5 Type-2 inflammation
Type-2 immunity is orchestrated by innate and adaptive immune cells, ILC2s and Th2 cells
respectively. ILCs represent a recently described family of innate cells, primarily located in
mucosal tissues, which once activated by epithelial mediators, take on functions usually
attributed to Th cells, in respect to type-1 (ILC1), type-2 (ILC2) or type-17 (ILC3) associated
cytokine secretion (Sonnenberg and Artis, 2015). Differentiated ILCs maintain a high level of
plasticity, as human type-1 and type-3 ILCs have been shown to have interchangeable
phenotypes in the presence of a pro-type 1 or pro-type 17 cytokine milieu (Bernink et al., 2013,
2015; Vonarbourg et al., 2010). The plasticity of ILC2s needs to be further investigated, but it is
known that ILC2s can acquire ILC1-like characteristics in the presence of IL-12 stimulation.
This induces T-bet and interferon-gamma (IFNγ) expression in these cells, giving rise to IFNγ+
IL13+ ILC2s, also detectable in Crohn’s disease patients (Lim et al., 2016). The presence of an
innate cell type exhibiting the potential to mediate disease through the release of a type-2
cytokine repertoire comparable to Th2 cells was first discovered in 2001, when it was found
that recombinant IL-25 administration to T- and B- cell deficient RAG mice resulted in the
induction of IL-4, IL-5 and IL-13 regardless of the loss of adaptive immunity (Fort et al., 2001).
Subsequently, ILC2s were described utilising an intestine-based murine parasite model of
helminthic expulsion involving IL-13 GFP-reporter mice (Neill et al., 2010). In mice, ILC2s are
defined as CD4-, CD8- (T-cell markers), B220- (B-cell marker), TER-119- (erythrocyte marker)
and CD11b- (myeloid marker) - summarised lineage negative cells. When analysed by flow
cytometry, these cells stain positive for CD45 and inducible T-cell co-stimulator (ICOS), a costimulatory molecule also expressed by T-cells. The cells also express type-2 cytokines and the
respective

transcriptional

regulator

of

type-2

cytokines,

trans-acting

T-cell-specific

transcription factor (GATA3) (Neill et al., 2010; Sonnenberg and Artis, 2015). ILC2 progenitors
develop in the foetal liver or, in later life, from common lymphoid progenitor cells, located in
the bone marrow which also giving rise to natural killer (NK) cells, downstream of T- and B-cell
development (Cherrier et al., 2012; Constantinides et al., 2014; Klose et al., 2014). ILC2s
migrate to mucosal barriers serving as sentinels against parasite infection. Resident ILC2s then
expand in response to epithelial derived IL-33, IL-25, IL-1β or transforming growth factor beta
(TGFβ), released following parasite or allergen stimuli (Bal et al., 2016; Barlow et al., 2013;
Denney et al., 2015).
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Once activated, ILC2s release the effector cytokines IL-4, IL-5, IL-9 and IL-13 (Neill et al., 2010;
Pelly et al., 2016; Wilhelm et al., 2011). However, the ability to regulate adaptive immune
responses goes beyond the provision of a type-2 cytokine milieu. ILC2s express MHCII,
enabling them to activate T-cells (Oliphant et al., 2014; Saenz et al., 2010). Whether the cells
are also capable of priming naïve T-cells during allergen sensitisation via antigen presentation
needs to be further investigated, however they have been localised in lymphoid tissues (LiconaLimón et al., 2013; Wilhelm et al., 2011). Potential naïve T-cell priming by ILC2s could also be
accomplished in lung mucosa-associated lymphoid tissue (MALT) regions. In addition, ILC2s
also express ICOS and thus might contribute to germinal centre functions by engaging ICOSligand positive B-cells (Licona-Limón et al., 2013; Neill et al., 2010). In respect to B-cells, ILCs
are located in human splenic marginal zones, where they are capable of stimulating B-cells by
releasing B cell–activation factor (BAFF), the ligand of the co-stimulatory molecule CD40
(Magri et al., 2014).
Asthma specific functions of ILC2s are diverse. Both IL-25 and IL-33 were identified to drive
AHR, eosinophilic inflammation and goblet cell hyperplasia, hallmarks of allergic asthma,
independent of the adaptive immune response (Ballantyne et al., 2007; Kondo et al., 2008),
while AHR was shown not be directly induced by IL-25 and IL-33, but via ILC2 derived IL-13.
Abrogated IL-25-induced AHR in IL-13 deficient mice was restored by adoptive transfer of IL13 sufficient ILCs (Barlow et al., 2012). In vivo, two prominent allergens used to study
asthmatic responses, HDM (Gold et al., 2014) and fungal allergen extracts prepared from
Alternaria alternata (Doherty et al., 2012) have been shown to induce ILC2 expansion, a
mechanism likely dependent on the allergen extracts’ cysteine/serine protease activity. The
cysteine protease papain also induces ILC2s (Halim et al., 2014) and IL-33 release was blocked
by the serine protease inhibitor 4-(2-Aminoethyl)benzenesulfonyl fluoride hydrochloride
(Snelgrove et al., 2014). Utilizing the model of HDM-induced allergic airways disease, ILC2
deficient mice lacking the retinoic acid receptor–related orphan receptor a (RORα), an
important transcription factor regulating ILC2 development (Wong et al., 2012), exhibited
ameliorated disease pathology having significantly reduced eosinophilic inflammation, serum
IgE antibody concentration and pulmonary type-2 cytokine production (Gold et al., 2014).
Alternaria repeatedly applied i.n. to RAG mice resulted in elevated airway eosinophilia and
type-2 cytokine production, regardless of the elimination of the adaptive immune response, in
parallel to rapid ILC2 expansion, which was dependent on IL-33 signalling (Bartemes et al.,
2012).
To study the contribution of ILC2s to asthma development in patients is compelling and initial
studies aimed to delineate whether ILC2s contribute to disease manifestation in humans. In
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this respect, adult asthma patients and children displaying severe corticosteroid resistant
asthma were shown to have increased IL-33 levels and ILC2 inflammation in the BALF
(Christianson et al., 2015; Nagakumar et al., 2016; Saglani et al., 2013). In addition, ILC2s were
increased in the blood and sputum of severe asthmatics compared to mild asthmatics, with
elevated type-2 cytokine producing ILC2 cells positively correlating with increased eosinophil
counts (Smith et al., 2016). Also asthma exacerbations in adults induced by rhinovirus infection
were characterised by increased nasal IL-33 and rhinovirus infection of cultured primary
human epithelial cells promoted IL-33 release into the tissue culture supernatant. The
harvested supernatant induced type-2 cytokine production by ILC2s isolated from PBMCs
(Jackson et al., 2014).
In contrast to ILC2s, functions of their adaptive counterparts are well defined in murine models
of allergic airway inflammation and in clinical settings. Following antigen presentation by APCs
to naïve T-cells in the lymph nodes, MHCII and T-cell receptor interactions, in conjunction with
co-stimulatory signals, instruct naïve T-cells to induce gene expression of GATA3 and STAT6,
which leads to Th2 cell differentiation and IL-4, IL-5 and IL-13 cytokine production (Lloyd and
Hessel, 2010). Repetitive i.n. HDM administration to mice over several weeks induced
significant Th2 cell inflammation and in association with increased type-2 cytokine secretion,
also AHR, eosinophilic inflammation and IgE class switching (Gregory et al., 2009). ILC2s,
however, also represent a cellular source of all major type-2 cytokines. The contribution of
each cell type to disease progression therefore needs to be determined in future studies. Initial
studies in mice deficient for ILC2s elucidated that allergen-induced pulmonary Th2 infiltration,
and moreover eosinophilia and IgE class switching are ILC2 dependent as all main immunepathological hallmarks were significantly diminished in an experimental setup of papaininduced airway inflammation (Halim et al., 2014). In asthma patients, Th2 inflammation was
detectable in the BALF independent of age (Hartl et al., 2005; Robinson et al., 1992),
underlining the cell-types importance as a regulator of asthma specific pathophysiology.

1.3.6 Type-2 cytokines in asthma pathophysiology
ILC2s and Th2 cells contribute to the regulation of pathophysiological features of asthma by the
release of pro-inflammatory cytokines (Figure 1.2) that are capable of inducing recruitment of
various other effector cells or activating disease-promoting functions of structural and immune
cells resulting in enhanced disease severity. Both type-2 inflammatory cells secrete a
comparable repertoire of type-2 cytokines that include IL-4, IL-5 and IL-13 (Figure 1.2),
regulated by the transcription factor GATA3 (Lloyd and Hessel, 2010).

33

IL-4: IL-4 was the first type-2 cytokine identified to be significantly produced by Th2 cells in
the airways of allergic asthma patients (Robinson et al., 1992). Subsequent in vivo analysis
revealed that the usually Th2-polarised immune response induced by repeated HDM
administration is skewed towards Th1, when IL-4 is genetically removed (Johnson et al., 2007).
Pathophysiologically, the animals exhibited an inability to mount pulmonary eosinophilia and
significant Th2 inflammation, as well as reduced airway remodeling characteristics. They were
also protected from the onset of airway hyperresponsiveness, while elevated IFNβ+ Th1
inflammation, but no neutrophilia was observed (Johnson et al., 2007). The importance of IL-4
in polarising the immune response towards Th2 was also confirmed in an intestine based
helminthic expulsion model (Urban et al., 1991). Current research still questions the identity of
the innate cell type contributing the early IL-4 signal “kick-starting” the Th2 response. A recent
publication however identified ILC2s as cells secreting IL-4 early in the response to intestinal
helminthic infections (Pelly et al., 2016). Mechanistically, IL-4 regulates B-cell survival, as well
as class switching from IgM to IgE and is thus important as a regulator of allergen sensitisation
(Section 1.2) (Lebman and Coffman, 1988; Urban et al., 1991).
IL-5: Similar to IL-4, IL-5 deficiency significantly ameliorated OVA-induced pulmonary
inflammation, characterised by reduced airway eosinophilia and improved lung function
(Foster et al., 1996), as well as reduced peribronchial smooth muscle thickening and fibrosis
(Cho et al., 2004). IL-5 was shown to directly induce ASM contraction (Whelan et al., 2004) and
therefore contributes to AHR inception. Its main function, however, was attributed to
eosinophil recruitment to sites of inflammation (Figure 1.2) (Foster et al., 1996).
IL-13: IL-13 was identified as a central regulator of asthma pathophysiology in 1998 (Grünig et
al., 1998; Wills-Karp et al., 1998). These two independent studies outlined IL-13 mediated
promotion of AHR, goblet cell hyperplasia, IgE class-switching and eosinophilic inflammation,
utilising anti-IL-13 receptor antibodies or recombinant IL-13 administration to mice
undergoing an OVA challenge regimen. Subsequent analysis of IL-13 deficient mice
administered papain indicated that IL-13 is essential for the induction of Th2 cell
differentiation (Halim et al., 2014).
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Figure 1.2 Type-2 inflammation and impacts on asthma immunopathology. Major type-2
effector cells are Th2 and ILC2 cells expressing the type-2 effector cytokines IL-4, IL-5 and IL13. IL-4 was shown to primarily promote naïve CD4+ T-cell polarisation into Th2 cells and IgE
class switching in B-cells. IL-5 is regarded as mostly responsible for eosinophil recruitment, but
was also identified to directly induce smooth muscle bronchospasms. IL-13 promotes AHR and
goblet cell hyperplasia.
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1.4 Airway hyperresponsiveness (AHR)
In humans, airflow obstruction is usually measured by spirometry. Obstruction can develop in
asthma as a result of induced mucus production, reducing the airway volume. Spirometry
results are often expressed as FEV1, the volume exhaled in the first second of forced expiration
following maximal inspiration2. Mild bronchoconstriction is indicated, if the FEV1 value is
identified to be less than 80% of the predicted value for age, gender, body size and ethnicity
(Sawyer et al., 1998). Obstruction can also be expressed by the Tiffeneau-Pinelli index, FEV1
divided by forced vital capacity (FVC), where FVC is the total forced-exhaled volume. An
FEV1/FVC value of below 0.7 is an indication for asthma onset (Swanney et al., 2008). In
addition to airway obstruction, AHR describes another clinical feature of asthma patients,
characterised by abruptly induced bronchoconstriction in response to stimuli, generally not
inducing this physiological effect in healthy individuals (Lloyd and Hessel, 2010). In asthmatic
patients, AHR can be prompted by allergens, either directly inducing airway smooth muscle
contraction or via stimulation of immune cells to release contractile agents (Section 1.3.6). A
prominent example is mast cell degranulation-mediated release of histamine, a potent
neurotransmitter acting on histamine receptors (Erjefält, 2014). AHR is determined in humans
via the bronchial challenge test, where increasing concentrations of nebulised histamine or
methacholine are inhaled prior to spirometry tests3. The studies presented in this thesis aimed
to project this clinically relevant feature of asthma onto murine models of allergic airways
disease, where AHR is an important parameter to assess the physiological impacts of genetic
manipulations.
In murine studies, AHR is often measured in anaesthetised, tracheotomised mice exposed to
increasing methacholine concentrations utilising Flexivent ventilators. Measurements achieved
using the forced oscillation technique are expressed as airway resistance, elastance and
compliance, where resistance symbolises the level of airway constriction (Amrani and
Panettieri, 2003), while elastance and compliance indicate airway stiffness4. Airway resistance
represents a more direct indicators of for smooth muscle contraction intensity, whereas airway
rigidity might also be modulated by increased peribronchial inflammation and remodeling, e.g.
collagen deposition (Amrani and Panettieri, 2003; Hart et al., 2002).

1.4.1 Airway smooth muscle contraction
In contrast to humans, murine smooth muscle cells do not respond to histamine stimuli (Held
et al., 1999; Martin et al., 1988), which is a caveat of murine models of allergic airways disease,
2 https://www.nationalasthma.org.au/uploads/publication/asthma-lung-function-tests-hp.pdf
(accessed 19th of June 2016)
3 http://www.severeasthma-birmingham.co.uk/index.php?id=136 (accessed 20th of June 2016)
4 http://www.scireq.com/flexivent/techniques-and-measurements (accessed 20th of June 2016)
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as the absence of this mechanism reduces the importance of mast cells in disease
pathophysiology in mice, since histamine release by mast cells and the consequent induction of
bronchospasm compose a central mechanism of AHR induction in the human population.
Smooth

muscle

contraction

is

stimulated

by

contractile

agonists,

e.g.

hormones,

autocrine/paracrine agents and local chemical signals, signalling through cell surface receptors
on airway smooth muscle cells (Webb, 2003). As an example, contraction in response to
methacholine, a non-selectively acting muscarinic receptor agonist, is shown in Figure 1.3.
Contraction, however, is also inducible by mechanical stretch and changes in membrane
polarisation induced by action potentials fired through vagal nerves (Hahn et al., 1976; Webb,
2003).
The methacholine stimulated G-protein coupled M2 and M3 muscarinic receptors activate
CD38 and phospholipase C (PLC), respectively (Figure 1.3). CD38 catalyses cyclic adenosine-diphosphate ribose (cADPR) synthesis and cellular import, while PLC generates cytosolic
inositol-tri-phosphate (IP3) and di-acylglycerol (DG). Consequently, DG activates protein kinase
C (PKC), which along with ADPR, a product of CD38 mediated cADPR generation, activates Ca2+
channels, allowing Ca2+ influx from the extra-cellular space. Interactions between IP3 and the
IP3 receptor, as well as cADPR and the ryanodine receptor (RyR), induce sarcoplasmic
reticulum (SR) Ca2+ storage depletion, which leads to further increased cytosolic Ca2+
concentrations. In the cytoplasm, Ca2+ binds to calmodulin, which activates myosin light chain
kinase (MLCK). MLCK in turn phosphorylates myosin light chains, which bind actin filaments,
resulting in shortening of the cell (contraction) (Jude et al., 2008; Webb, 2003).
Relaxation is induced via myosin light chain phosphatase mediated dephosphorylation of
myosin light chains, Ca2+ transport across the plasma membrane via magnesium (Mg2+)/Ca2+
ATPase and sodium (Na+)/Ca2+ exchangers and through the replenishment of the SR Ca2+
storage mediated by sarco/endoplasmic reticulum Ca2+-ATPase (SERCA2) (Jude et al., 2008;
Webb, 2003).
Different cellular mediators have been proposed to promote airway smooth muscle contraction
and in this relationship, AHR. With respect to type-2 immunity, it was shown that IL-13 directly
affects human airway smooth muscle cells. Cells, pre-treated with IL-13, exhibited increased
intracellular Ca2+ concentrations following agonist stimulation in comparison to controls, due
to IL-13 mediated upregulation of CD38 expression and consequently, increased cADPR activity
(Deshpande et al., 2004; Jude et al., 2008). In vivo studies, involving CD38 deficient mice,
revealed that recombinant IL-13-induced AHR and airway smooth muscle contraction is CD38
dependent, while CD38 did not affect immune cell recruitment (Guedes et al., 2006). A study by
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Grunstein et al. identified that IL-13 mediated enhanced contraction was also dependent on the
IL-5 receptor. They observed that IL-13 induces IL-5 expression, which then signals in an
autocrine manner to induce contraction (Grunstein et al., 2002). Contractile roles for IL-5 and
IL-1β have been previously reported (Hakonarson et al., 1999).
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Figure 1.3 Airway smooth muscle contraction. Green arrows indicate protein activation.
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1.5 Airway remodeling
Tissue remodeling in asthma describes persistent structural changes to the airway wall, which
affects pulmonary function. Key features of airway remodeling are goblet cell hyperplasia,
resulting in increased mucus production and related airway obstruction; smooth muscle
thickening, potentially contributing to AHR development (Macklem, 1996); sub-epithelial
collagen deposition, inducing airway-stiffness and angiogenesis, proliferation of bronchial
vessels (Lloyd and Robinson, 2007). Mechanistically, different immune cell effector functions
are thought to contribute to enhanced tissue remodeling. In smoking patients with chronic
obstructive pulmonary disease (COPD), increased goblet cell hyperplasia was consistent with
enhanced epithelial macrophages numbers and cytotoxic T-cells compared to healthy controls.
When these patients were combined with smokers displaying regular lung function, increased
neutrophilia and leukocyte infiltration was evident in comparison to healthy subjects (Saetta et
al., 2000). Increased goblet cell hyperplasia, mucus production and associated Mucin 5AC
(MUC5AC) gene expression was also detectable in asthma patients diagnosed with moderate or
severe asthma. This, however, was not correlated with changes in inflammatory cell
populations (Ordoñez et al., 2001) thus increasing the importance of animal studies
investigating airway-wall remodeling.
Both IL-4 and IL-13 deficient mice exhibited significantly attenuated signs of goblet cell
hyperplasia in murine models of pulmonary inflammation (Halim et al., 2014; Johnson et al.,
2007), underlining a central role for type-2 cytokines in the regulation of functions
contributing to structural airway wall changes. In vitro stimulation of NCI-H292 cells, a
pulmonary mucoepidermoid carcinoma cell line, revealed that only IL-9, a cytokine secreted by
Th9 cells, is capable of directly inducing MUC5AC expression (Longphre et al., 1999), an
observation challenged by recent investigations utilising normal human epithelial cell (NHBEC)
air-liquid interface cultures, where IL-13 was found to induce MUC5AC expression (Kanoh et al.,
2011). As increased mucus production is correlated with increased pro-inflammatory mediator
secretion, it was hypothesised that enhanced collagen deposition is a result of an altered
wound healing response to sustained neutrophilic inflammation, releasing potent proteases by
degranulation and damaging the surrounding tissue (Weckmann et al., 2015). It was theorised
that collagen is secreted from recruited fibrocytes which differentiate into myofibroblasts and
contribute to sub-epithelial fibrosis during the tissue healing process. CD34+ alpha smooth
muscle actin (αSMA)+ procollagen-I+ fibrocyte-like cells were detected in the murine airway
wall from week 6 of an OVA dosing regimen. Furthermore, human fibrocytes proliferate and
secrete both collagen III and fibronectin in response to TGF-β in vitro stimulation (Schmidt et
al., 2003). In addition, the existence of an Epithelial–Mesenchymal Trophic Unit (EMTU) was
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proposed, a limited area around the airways comprising the epithelium, extracellular matrix,
neural tissues, immune cells and a thin layer of fibroblasts, characterised by enhanced
intercellular communication and interaction (Evans et al., 1999; Holgate et al., 2004). Epithelial
IL-25, secreted in response HDM application to mice, directly interacted with fibroblasts,
inducing collagen secretion (Gregory et al., 2013a). The mechanistic pathways leading to
smooth muscle thickening are not well defined. It was hypothesised that smooth muscle
hypertrophy is also fibrocyte derived, achieved by epithelial-mesenchymal transition, where
TGF-β stimulation of epithelial cell induces their mobilisation and differentiation into smooth
muscle cells, or dependent on pericytes, mesenchymal stem cell-like cells resembling
constituents of the vasculature (Berair et al., 2013).

1.6 Therapeutic strategies
Classic asthma treatments comprise of corticosteroid administration and inhalation of shortand long-acting β2-adrenoceptor agonists (SABAs/LABAs). Corticosteroid treatment strategies
aim to reduce pulmonary inflammation via glucocorticoid receptor-mediated transcription of
glucocorticosteroid responsive genes including IL-10 and inhibitor of NFκB (IκBα), or
glucocorticoid receptor induced downregulation of proinflammatory mediators, such as CREbinding protein (CBP) (Holgate and Polosa, 2008). SABAs are useful to relieve patients of acute
asthma exacerbations, while LABAs are often administered in addition to corticosteroids
aiming for long-term amelioration of asthma symptoms. Beta-2 (β2) -adrenoceptor agonists
bind to the β2-adrenoceptor, initiating adenylate cyclase catalysed cyclic adenosine
monophosphate (cAMP) production, which activates protein kinase A mediated MLCK
phosphorylation and smooth muscle relaxation (Holgate and Polosa, 2008).

1.6.1 Cytokine & IgE targeting
As previously mentioned (Section 1.3.4), the role of eosinophils in asthma pathophysiology is
questioned as severe forms of the disease develop regardless of the cells absence in a subgroup
of patients (Wenzel et al., 1999) and also as first clinical anti-IL-5 therapeutic studies failed to
be efficacious (Flood-Page et al., 2003; Leckie et al., 2000). However, recent clinical trials have
provided very promising results regarding the treatment of a subset of patients with severe
eosinophilic asthma. Subcutaneous and intravenous administration of mepolizumab, a novel
anti-IL-5 antibody, resulted in significant improvement of FEV1 in lung function assessments
and reduced the rate of asthma exacerbations (Ortega et al., 2014; Pavord et al., 2012). In
addition to anti-IL-5 treatment strategies, aiming to ameliorate symptoms of eosinophilic
asthma, various other type-2 and epithelial cytokines have been targeted to circumvent disease
exacerbations. In this respect, lebrikizumab, an anti-IL-13 antibody, administered to patients
with uncontrolled asthma, significantly improved FEV1 values in patients with high serum
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periostin levels, a protein secreted by epithelial cells, induced by IL-13 (Corren et al., 2011).
Two very exciting studies performed under the lead of Sally Wenzel (Wenzel et al., 2013, 2016)
addressed the effects of dupilumab, an antibody not targeting cytokines, but the IL-4/IL-13
receptor subunit IL-4Rα. The most recently published trial involving approximately 800
patients with uncontrolled asthma, indicated that dupilumab induced significant improvements
in lung function and a reduction in the rate of exacerbations in patients, independent of the
severity of eosinophilia.
Secukinumab, a monoclonal antibody targeting IL-17A was proposed as a potential drug to
improve symptoms of steroid resistant neutrophilic asthma, which is potentially IL-17A
dependent, although results of clinical trials investigating the effect of secukinumab on
immunopathology in asthma patients have as yet to be reported (Gallelli et al., 2013).
Additionally, blocking the epithelial mediator TSLP using the monoclonal anti-TSLP antibody
AMG-157 in patient’s treatment strategies has been trialled. 16 patients diagnosed with mild
allergic asthma and administered AMG-157, displayed significantly improved blood and
sputum eosinophil levels prior to and after allergen challenge and significantly ameliorated
lung function development in response to allergen challenge (Gauvreau et al., 2014).
Omalizumab, a monoclonal antibody binding circulating IgE antibodies, has been shown to be
effective in ameliorating daily, nocturnal and exacerbation-related symptoms of severe
persistent asthma and is already approved for asthma therapy (D’Amato et al., 2014).

1.6.2 Immunotherapy
In contrast to strategies aiming to directly affect facets of the type-2 immune response,
immunotherapy aims to induce tolerance to antigens that patients have been sensitised to via
repeated allergen administration. Two different techniques, based on the route of antigen
administration, are currently in use for asthma therapy, subcutaneous immunotherapy (SCIT)
and sublingual immunotherapy (SLIT) (Capella and Durham, 2012). Clinical data addressing
treatment efficiency is more abundant for SCIT, although cases of anaphylaxis are reported. For
SCIT, antigen is delivered in a clinical setup, while self-administration of antigen is viewed as an
advantage of SLIT (Capella and Durham, 2012). Both methods aim to induce Forkhead-BoxProtein P3 (FoxP3)+ regulatory T cells (Tregs) and IL-10+ Tregs, cells that have the capacity to
suppress allergic inflammation. It is interesting to note that IL-10 is also active in noninflammatory IgG4 antibody class switching (Fujita et al., 2012).
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1.7 In vivo models of allergic airways disease
Murine models of allergic airway disease have been frequently used to study
pathophysiological mechanisms of asthma in experimental setups, in both drug development
and fundamental research. Until recently, induction of pulmonary inflammation by OVA
administration was recognised as the gold standard technique to study molecular and cellular
mechanisms of asthma, as inhalation of OVA in sensitised mice caused inflammatory and
physiological patterns that were comparable to the hallmarks of asthma observed in patients.
To circumvent the induction of tolerance by repeated OVA administration, the protein
administration regimen is usually divided into a sensitisation and a challenge phase. OVA
sensitisation is systemically induced by several systemic, but generally intraperitoneal (i.p.),
injections of OVA in the presence of the adjuvant aluminium hydroxide (alum)(Lloyd, 2007).
Following IgE class switching and induced Th2 cell differentiation, OVA is reapplied locally via
aerosol inhalation or i.n. administration resulting in eosinophilic and type-2 inflammation, as
well as cytokine production and AHR (Lloyd, 2007). Long term OVA challenge regimens were
found sufficient in inducing remodeling features, including goblet cell hyperplasia, however
also rely on prior OVA/alum sensitisation steps (McMillan et al., 2005). Over the years effort
increased with the goal of generating more clinically relevant models of allergic airway disease
that were more representative of the conditions associated with asthma induction in humans.
Thus it is now common practise to apply domestic or environmental allergens to mice, HDM
extract serves as one example, proven to be less tolerogenic and potent in the induction of
type-2 inflammation, enhanced IgE levels, eosinophilia, AHR and even tissue remodeling, when
applied repeatedly over several weeks (Gregory et al., 2009; Johnson et al., 2004; Lloyd, 2007).
In contrast, the fungal allergen Alternaria alternata, has been applied over a limited time, to
study IL-33 dependent innate immune responses (Doherty et al., 2012).

1.7.1 Relevance and functions of HDM & Alternaria in asthma development
A clinical study, investigating the atopic status of children, presenting for the first time to a
doctor with acute bronchospasms, revealed that 89.6% of the children were HDM sensitised,
while just 36% of children with no diagnosed atopic disease presented with HDM-specific IgE.
The significant difference in the percentage of HDM sensitisation underline an association
between asthma diagnosis and HDM-specific atopy (Nelson et al., 1996).
The allergenic potential of HDM derives from its different constituents, proteins with protease
activity, LPS, chitin, faecal pellets and attached fungal spores. As discussed in Section 1.2,
peptidases, like Der p 1, Der p 3, Der p 6 and Der p 9 are vital for allergen sensitisation, as they
cleave epithelial tight junctions, allowing allergen penetration to the submucosa, where they
are processed by APCs (Gregory and Lloyd, 2011). Furthermore, they also activate innate
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immune mechanisms via PARs (Gregory and Lloyd, 2011). In addition, β-glucan, an integral
part of fungal cell walls, activates dectin receptors, inducing CCL-20 release from airway
epithelial cells, a DC chemo-attractant (Gregory and Lloyd, 2011; Nathan et al., 2009).
Additionally, the effects of chitin on the immune system are multifaceted. Mammals do not
produce chitin, but their innate immune system is competent in detecting chitin
polysaccharides as a sign of pathogen invasion. Chitin recognition is mediated by TLR2 and
dectin-1 (Gantner et al., 2003; Gregory and Lloyd, 2011; Da Silva et al., 2008). Chitin detection
by airway epithelial cells results in CCL-2 secretion and subsequent M2 macrophage
polarisation by triggering the CCL-2 receptor CCR2 (Roy et al., 2012). In addition to
macrophage polarisation, chitin administration to mice induced the recruitment of IL-4
producing eosinophils and basophils and thus represents an important modulator of advanced
type-2 polarisation in response to HDM encounter (Reese et al., 2007). Another proinflammatory feature of chitin is its capability to induce IL-33 release from airway epithelial
cells (Kim et al., 2015). However, the mammalian immune system also provides a protective
mechanism against chitin-induced inflammation. Acidic mammalian chitinase (AMCase) cleaves
chitin, leading to NALP3 inflammasome activation, which ultimately promotes resolution of the
type-2 immune response (Kim et al., 2015). Taken together, the observation that a large
proportion of asthmatics are sensitised to HDM, the fact that it is a perennial allergen
encountered daily and its capability to induce robust Th2 immune responses underlines the
importance of studying asthma related mechanisms in vivo in response to HDM exposure.
The prevalence of Alternaria alternata sensitisation shows a different pattern among asthma
patients. While the majority of patients with atopic asthma are sensitised to HDM, Alternaria
sensitisation is associated with severe exacerbations, often correlated with periods of
thunderstorms which causes aerosolisation of spores from soil (Peat et al., 1993; Pulimood et
al., 2007). Of 26 patients reporting to a UK based hospital with asthma, following a
thunderstorm, 23 were Alternaria specific IgE positive, compared to just 4 of 20 control
subjects with summer seasonal asthma (Pulimood et al., 2007). As Alternaria is mainly known
as a plant pathogen, it may be hypothesised that storms cause an increased concentration of
airborne spores, which are consequently inhaled by affected patients. The allergen was also
reported to cause the highest sensitisation rates among asthmatics in dry, non-humid locations
around the world (Halonen et al., 1997). Another study found that patients with severe asthma
exacerbations resulting in respiratory arrest, two of them fatal, almost exclusively (91%)
exhibited positive skin prick tests for Alternaria (Halonen et al., 1997; Peat et al., 1993),
supporting the observation of Alternaria being a very potent allergen causing severe asthma
exacerbations mainly during stormy seasons.
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Compared to HDM, less is known about the function of Alternaria allergens in promoting
sensitisation and severe pathophysiological effects. Thus far, 16 allergens have been identified,
of which recombinant Alt a 1 showed the highest sensitisation percentage (93%) among
Alternaria reactive asthma patients (Vailes et al., 2001). However, its role in immune
mechanisms still has to be elucidated (Kustrzeba-Wójcicka et al., 2014). It is however known
that one allergen, “Alt a translationally controlled tumour protein (TCTP)”, is able to induce
histamine release by mast cells via “Alt a TCTP”-reactive IgE triggering (Kashiwakura et al.,
2012; Kustrzeba-Wójcicka et al., 2014). The sparse reports regarding Alternaria allergen
constitution and function is a disadvantage in studying Alternaria specific effects in vivo, but the
observation that it induces severe asthma in patients increases its value for in vivo models of
severe asthma and experimental setups targeting functional analysis of rapid induction of
innate immune mechanisms. Consequently, further studies on the allergen and improvements
in the provision of a stable allergen extract for in vivo and in vitro research are valid.

1.7.2 Adult and neonatal models of HDM-induced allergic airways disease
Classically, models of allergic airways disease, targeted at untangling molecular and cellular
mechanisms of asthma, have been carried out in adult mice, mostly due to practical reasons of
decreased adverse effects to allergen, facilitated allergen delivery, effective anaesthetic
procedures and stability and comparability of dosing regimens between laboratories. Adult
models of HDM-induced allergic airways disease range in the duration of i.n. allergen
administration from 1 to 7 weeks (Gregory et al., 2009; Johnson et al., 2004, 2007). While AHR
was significantly increased from 3 weeks of repeated HDM treatment onwards, with increasing
severity over time, eosinophilia and type-2 cytokine production peaked following week 2 of
HDM application (Gregory et al., 2009). Other features induced by HDM administration were
eosinophil and neutrophil-attracting chemokines and γδ T- and Treg cells (Gregory et al.,
2009). With increased HDM treatment duration, following week 5, remodeling characteristics
developed, including goblet cell hyperplasia, collagen deposition and smooth muscle
proliferation (Johnson et al., 2007). IgE class switching occurred after week 3 of HDM exposure
and IgG1 following week 5 (Johnson et al., 2004).
The modus operandi is challenged, however, by evidence that allergic asthma predominantly
develops during childhood and thus underlying differences between the developing immune
system of juvenile patients and immune responses in adults may promote asthma onset.
Additionally, genetic predispositions correlated with asthma development have mainly been
connected with asthma inception in children (Moffatt et al., 2007). In this respect, the neonatal
immune system is regarded as preferentially type-2 biased in the immediate postnatal period.
It was theorised that immunity fairly quickly changes to a Th1 prone state, based on the
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microbial burden it is exposed to, or carried on as Th2 biased as allergen exposure continues
(Berger, 2000). For example, it was revealed that cord blood monocytes are less capable of
producing TNFα following TLR stimulation and that TLR4 stimulation of cord blood leukocytes
results in reduced IL-12, but enhanced IL-10 production (Levy et al., 2004; De Wit et al., 2003),
promoting the concept of a type-2/regulatory biased neonatal immune system. In addition,
murine neonatal CD4+ T cells were inefficient at Th1 differentiation, but competent in IL-4
production and this cell intrinsic characteristic phenotype did not change when neonatal Tcells were transferred to adult mice (Adkins et al., 2002). In terms of B-cell biology, IgE levels
among patients with allergic asthma or rhinitis were highest in children between the age of 616, while adult serum IgE concentrations were significantly lower (Wittig et al., 1980).
Differences between the developing and the “adult” immune system are multitudinous,
highlighting the need for the study of a neonatal model of allergic airways disease.
When HDM was repeatedly administered to neonatal mice starting at day 3 of age, AHR was
induced by week 2 of the treatment regimen and was maintained through to week 8 of allergen
administration. Type-2 cytokine secretion and eosinophilia were significantly elevated
between week 2 and 3 of the dosing regimen, while HDM-specific IgE levels had developed
after the 4th week. Collagen deposition and goblet cell hyperplasia was established slightly
earlier compared to the adult model of HDM-induced allergic airways disease following week 3
of HDM treatment and were maintained through adulthood (Saglani et al., 2009).
Both adult and neonatal models are competent in the induction of key hallmarks of asthma,
AHR, type-2 inflammation, IgE class switching and remodeling. However, neonatal allergic
airway disease models represent a new tool aiming to account for age specific differences in
immune responses and results from such a model are more transferable to asthma specific
immune-pathological mechanisms applicable to paediatric asthma patients than adult
experimental setups of HDM-induced allergic airways disease.

1.7.3 Murine models of Alternaria induced pulmonary immunopathology
With respect to clinical data suggesting that Alternaria is involved in severe asthma
exacerbations (Halonen et al., 1997; Pulimood et al., 2007), experimental animal models have
focused on Alternaria mediated exacerbation of immune-pathology induced by other allergens
(Snelgrove et al., 2014) or several Alternaria applications over a short period to investigate
innate type-2 immune mechanisms (Bartemes et al., 2012; Doherty et al., 2012).
In an Alternaria mediated HDM-induced allergic airways disease exacerbation model, where
HDM was administered 3 times per week over a period of 3 weeks, a single Alternaria
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administration significantly enhanced HDM-induced lung function, dependent on the serine
protease activity of Alternaria (Snelgrove et al., 2014).
Single or repeated pulmonary administration of Alternaria over one week also elicited strong
innate immune effects, including the STAT6 dependent expansion of ILC2s producing type-2
cytokines (Doherty et al., 2012). Alternaria has been shown to induce the immediate release of
IL-25 and IL-33 into the airway lumen, triggering ILC2 expansion (Bartemes et al., 2012), as
well as significant pulmonary eosinophil and neutrophil recruitment.
In addition, it was revealed that Alternaria inhalation potentiates sensitisation to
simultaneously encountered allergens, in an OVA model of pulmonary inflammation, where
Alternaria was co-administered as an adjuvant during the sensitisation stage (McSorley et al.,
2014).
Although researchers mostly focused on innate immune mechanisms, long term Alternaria
models are realistic in respect to observations that Alternaria is the most dominant allergen in
areas with dry climate (Halonen et al., 1997; Peat et al., 1993).

1.7.4 Induction of genetic alterations mediated by Adeno-associated viruses
(AAVs)
To deliver genetic constructs to airway epithelial cells, AAVs were used in this thesis. AAVs are
viruses of the genus dependoparvovirus and as the genus name suggests, their replication is
dependent on a cells simultaneous infection by another virus, often an adenovirus (Berns et al.,
1979). The fact that the virus is not capable of replicating on its own, that its deoxyribonucleic
acid (DNA) does not randomly integrate into the hosts’ genome and that it’s not known to be
implicated in disease development, make it an attractive tool for gene transfer in putative
disease treatment strategies (Kotterman and Schaffer, 2014). AAV DNA encodes four proteins
needed for viral replication and three for assembly of the icosahedral capsid and these are
flanked by inverted terminal repeats (ITRs), although successful replication is reliant on the
presence of adenoviral helper proteins. During the production of genetically modified AAVs in
cell culture for research use or therapy, replication, capsid and adenoviral helper genes are
provided in trans, while the ITR flanked AAV genome contains a suitable promoter, the
respective transgene and a polyadenylation poly (a) signal (Kotterman and Schaffer, 2014).
Therefore, resulting AAVs are not able to replicate, even in the case of adenovirus co-infection,
as both replication and capsid genes are not integrated in the virus (Kotterman and Schaffer,
2014). The ITR function is to self-prime the synthesis of the second DNA strand and to allow
genome circularisation (Daya and Berns, 2008; Yan et al., 2005).
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Twelve different AAV serotypes (AAV1-12) have been identified based on the capsids
properties, which display varying efficiency to infect different cell types and thus, the success of
the therapeutic strategy or in vivo study is dependent on the choice of an appropriate serotype
showing maximal transfection efficiency of the cells of interest (Kotterman and Schaffer, 2014;
Schmidt et al., 2008).
In mice it was elucidated that AAV9 effectively transfects lung epithelial cells and that robust
gene expression is achieved for an extended period of 9 months (Limberis and Wilson, 2006).
Transfection of airway epithelial cells was improved by parallel neuraminidase administration
which exposes galactose residues on the apical surface of bronchiolar epithelial cells by the
removal of terminal sialic acid from glycans, the preferred binding site of AAV9 viral particles
(Bell et al., 2011).

1.8 Cellular stress mechanisms
Cellular homeostasis describes the equilibrium between cell growth and cell death, which upon
cellular stress encounter is at risk of destabilising (Fulda et al., 2010). Thus, cellular response
mechanisms are activated to assist cell survival, but they also promote cell death when cell
stress is prolonged or if the stimulus causes advanced damage (Fulda et al., 2010). Four
different cellular stress response mechanisms exist to protect the organism from excessive
damage: the heat shock response, the unfolded protein response, the DNA damage response
and the oxidative stress response (Fulda et al., 2010).
The heat shock response represents a strategy cells utilise in response to increased, suboptimal
temperature but also heavy metals or oxidative stress can trigger the mechanism (Fulda et al.,
2010). The response is managed by two different protein classes: heat shock factors (HSFs) and
heat shock proteins (HSPs). Under homeostatic conditions, HSF1 monomers bind HSP90 in the
cytoplasm, a chaperone facilitating protein folding following a temperature increase (Fulda et
al., 2010; Shamovsky and Nudler, 2008). Upon heat shock, HSP90 dissociates from HSF1 and
binds unfolded protein. HSF1 trimerises and translocates to the nucleus where it binds heat
shock elements in the DNA sequence. This in turn activates the heat shock response and
elevates expression of different HSP chaperones, facilitating structural integrity of proteins
under adverse conditions (Fulda et al., 2010). Interestingly, a limited number of HSPs directly
promote cell survival by blocking caspase activation, formation of the apoptosome and binding
of pro-apoptotic cytochrome C released from mitochondria (Bruey et al., 2000; Fulda et al.,
2010; Pandey et al., 2000).
The DNA damage response is not activated by heat but by genotoxic agents, such as ultraviolet
light, causing damage to the genome (Roos and Kaina, 2006). Based on the damage severity, if
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single strand or double strand breaks are present, ataxia telangiectasia and Rad3 related (ATR)
or ataxia telangiectasia mutated (ATM) are recruited. These induce cell cycle arrest in
reparable conditions, or apoptosis when damage is too excessive (Fulda et al., 2010; Marechal
and Zou, 2013).
In contrast to heat shock and DNA damage responses, oxidative stress can be triggered through
multiple conditions. Radiation, toxins, but also regular metabolism pathways give rise to
reactive oxygen species (ROS), inducing damage to macromolecules including DNA and
proteins. The damage however can be limited by antioxidants of the oxidative stress response,
including catalase and glutathione (GSH) peroxidase which catalyse the reduction of ROS
(Fulda et al., 2010).

1.8.1 Endoplasmic reticulum (ER)-stress and the unfolded protein response
(UPR)
In contrast to the heat shock response, which is initiated in response to misfolded protein
accumulation in the cytosol, the unfolded protein response is a mechanism induced if unfolded
peptides build-up in the ER (ER-stress). ER-stress may develop in response to different cellular
circumstances, including dysregulation of Ca2+ homeostasis, low oxygen or glucose levels and
discontinued protein glycosylation (Fulda et al., 2010). The UPR serves two principles aiming
to enhance cell survival, facilitating protein folding to clear the ER of the increased protein load
and termination of protein production (Schröder and Kaufman, 2005).
The UPR is formed of three different pathways, induced by the dissociation of binding
immunoglobulin protein (BiP), a chaperone facilitating protein folding upon ER stress
induction, from the three key UPR drivers, PERK, ATF6 and IRE-1 (Bertolotti et al., 2000; Shen
et al., 2002). The first and immediate pathway activated is dependent on the ER membrane
anchored Protein Kinase RNA-like ER Kinase (PERK) which, in response to BiP dissociation,
phosphorylates eukaryotic initiation factor 2 alpha (eIF2α), an integral part of the cellular
translation machinery (Harding et al., 1999; Hetz, 2012) (Figure 1.4). This event inhibits the
translation of messenger RNA (mRNA) (Harding et al., 1999) as the initiator Met-tRNAMet fails
to be recruited to the start codon. Instead, it promotes the translation of stress-related mRNAs
including Activating Transcription Factor 4 (ATF4) (Wek and Cavener, 2007). ATF-4 then
translocates to the nucleus, where it serves as a transcription factor for genes, encoding
proteins, either promoting protein folding or apoptosis. CCAAT-enhancer-binding protein
homologous protein (CHOP) is an example of a pro-apoptotic target induced by ATF4
(Oyadomari and Mori, 2004) , if ER-stress is maintained over an extended period of time (Hetz,
2012).
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The other two UPR pathways regulated by BiP are activating transcription factor 6 (ATF6) and
inositol-requiring enzyme 1 (IRE-1) dependent. BiP dissociation from the ER-membrane
protein ATF-6 as a consequence of ER-stress, induces ATF-6 translocation to the Golgi complex
(Shen et al., 2002) (Figure 1.4). There, ATF-6 is cleaved by site-1 proteases in the luminal
region, while the cytosol facing part is cleaved by site-2 proteases (Hetz, 2012). The activated
transcription factor subsequently translocates to the nucleus leading to the activation of a set of
UPR response genes, e.g. X-box binding protein 1 (XBP1) (Yoshida et al., 2001).
XBP-1 feeds into the third pathway of the UPR, which is characterised by its regulatory
molecule IRE-1. IRE-1 is an endoribonuclease, capable of splicing XBP1 mRNA, following BiP
dissociation (Yoshida et al., 2001). Following its translation into protein, processed XBP-1
represents the third potent UPR induced transcription factor, inducing mediators important to
resolve ER-stress (Hetz, 2012; Yoshida et al., 2001).
The exact gene expression network of all three UPR transcription factors requires further
elucidation, however it has been revealed that ATF6 regulates gene expression via specific DNA
binding sites, including ATF/CRE and ER stress response element (ERSE) I and II (Kokame et
al., 2001; Wang et al., 2000b). ATF4 and XBP-1 in turn engage with UPR responsive elements
(UPREs) (Todd et al., 2008). There is evidence for extended overlap between targets of ATF-4,
ATF-6 and XBP-1, regardless of their interaction with different transcription factor binding
sites. In simple terms, it can be concluded that ATF4 induced gene expression is related to
apoptosis and cell death mechanisms, while ATF-6 and XBP-1 preferentially induce genes
facilitating protein folding and genes of the Endoplasmic-reticulum-associated protein
degradation (ERAD) pathway (Hetz, 2012).
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Figure 1.4 The unfolded protein response (UPR). The UPR is induced following ER-stress
inception, characterised by an increase in misfolded protein in the ER. In consequence, BiP, a
chaperone dissociating from PERK, ATF6 and IRE-1, facilitates protein folding. PERK, ATF6 and
IRE-1 are subsequently activated and promote the synthesis of ATF4, ATF6f and XBP1s
transcription factors, which translocate into the nucleus galvanising UPR response gene
transcription. Induced genes encode ERAD components, supporting unfolded protein clearance or
apoptosis in the incidence of enhanced cellular stress.
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1.8.2 ER-stress, UPR and asthma
ER-stress and associated UPR pathways are strongly linked with asthma specific
immunopathology. HDM challenge of human bronchial epithelial cells resulted in the induction
of ER-stress and onset of the UPR response (Hoffman et al., 2013). Both BiP and CHOP were
induced and ATF6α and ERp57, an unfolded protein-responsive, pro-apoptotic protein
disulphide isomerase (PDI) were activated. Small interfering RNA (siRNA) mediated
knockdown of ATF6α and ERp57 significantly decreased eosinophilic inflammation, collagen
deposition and AHR, in a model of HDM-induced allergic airways disease (Hoffman et al., 2013).
UPR signalling pathways also affect antigen presentation, as dendritic cells express high levels
of the spliced and therefore active version of XBP-1, at baseline. In addition, Xbp-1 deficient
lymphoid chimeras exhibited significantly decreased levels of both conventional and
plasmacytoid DCs, which displayed reduced survival in response to TLR4 receptor stimulation
(Iwakoshi et al., 2007). This indicated that TLR signalling activates the UPR, an observation that
was later confirmed in macrophages (Martinon et al., 2010). Interestingly, in addition to its
regulatory functions in APCs, XBP-1 appears to direct plasma cell differentiation (Reimold et al.,
2001). XBP-1 deficient B-cells were found to fail to proliferate into plasma cells and LPStriggered immediate Ig release was greatly diminished (Reimold et al., 2001).
Pathways of the UPR also regulate physiological aspects of asthma. In respect to mucous
production, anterior gradient homolog 2 (AGR2), an XBP-1 regulated PDI (Kim and Lee, 2015),
is implicated in the induction of MUC5AC and MUC5B protein production, as Agr2 deficient
mice showed significantly lowered mucous production in an OVA-induced pulmonary
inflammation model (Schroeder et al., 2012). Though it is unknown how disulphide bond
rearrangement promotes the export of nascent MUC5 from the ER, AGR2 is a modulator of both
MUC5 production and also ER MUC5 clearance, as its deficiency caused MUC5 accumulation in
the ER leading to elevated ER-stress. Gene array data collected from mild to moderate
asthmatics showed increased AGR2 induction in correlation with enhanced IL13 gene
expression in these individuals (Schroeder et al., 2012).
One of the most compelling studies addressing ER-stress and UPR functions in asthma (Kim et
al., 2013b) described the impact of these mechanisms in animal asthma models. A chemical
chaperone, 4-Phenylbutyric acid (4PBA), was administered to mice undergoing an OVA or
OVALPS pulmonary inflammation model before and after each airway challenge. Previously it
was shown that endotoxin contamination of the OVA determined the severity of neutrophilic
inflammation (Tsuchiya et al., 2012) and thus, the OVALPS model is recognised as a neutrophilic
model of airway inflammation, even though eosinophils are elevated (Kim et al., 2013b). The
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increased level of facilitated protein folding by 4PBA administration, shown by reduced
expression of ER-stress markers was accompanied by significant amelioration of OVALPS
induced AHR, in combination with decreased neutrophilic and eosinophilic inflammation, as
well as type-2 and type-17 cytokine production and nuclear localisation of NFκB. In contrast,
steroid treatment diminished only UPR induction and eosinophilic inflammation in the OVA
pulmonary inflammation model, while it did not affect ER-stress and neutrophilic inflammation
in the OVALPS model, linking ER-stress and the UPR with steroid resistant, neutrophilic asthma
(Kim et al., 2013b). In a second study, the authors suggested that the connection between the
UPR and steroid resistant asthma is likely mediated by IRE-1, as activated IRE-1 binds TNF
receptor-associated factor 2 (TRAF2). IRE-1-TRAF2 interacts with c-Jun N-terminal kinases
(JNK), which activates activator protein 1 (AP-1). It has been shown that AP-1 dysregulation
and increased DNA binding promotes steroid resistance (Adcock et al., 1995; Kim and Lee,
2015; Loke et al., 2006).

1.8.3 Damage associated molecular patterns (DAMPs) in asthma
Allergens induce cellular stress mechanisms in affected cells, but if they cause cellular damage
this results in cellular release of DAMPs resulting in advanced intercellular communication.
Due to their proximity to the inhaled environment, allergen-induced cellular damage is mostly
caused to airway epithelial cells which release two of the most prominent DAMPs associated
with asthma, ATP and uric acid (Hammad and Lambrecht, 2015). OVA challenge of asthmatic
airways triggered epithelial cells to release ATP into the airway lumen within 24 h and OVAinduced pulmonary inflammation in mice significantly raised the ATP concentration in the
BALF (Hammad and Lambrecht, 2015; Idzko et al., 2007). The cellular source of ATP was
confirmed in experiments revealing that Alternaria effectively stimulates a human bronchial
epithelial cell line (16HBE) to release ATP (Hammad and Lambrecht, 2015; O’Grady et al.,
2013). ATP promotes pulmonary inflammation, including eosinophilia and AHR, through
adjuvant effects on dendritic cell mediated type-2 polarisation in the lymph nodes (Idzko et al.,
2007). Similar mechanisms are affected by uric acid release, detected in the airway lumen of
asthma patients 24 h following bronchial challenge with HDM (Kool et al., 2011). Concomitant
with these clinical observations, uric acid promoted eosinophilic inflammation and AHR in a
model of HDM-induced allergic airways disease, where the pro-inflammatory effects were
again found to be dendritic cell dependent (Kool et al., 2011). Additionally, it was suggested
that uric acid release might not result from cell damage, but rather through an active secretion
mechanism dependent on TLR4 signalling (Kool et al., 2011). Cellular damage also results in
the release of the nuclear localised alarmins IL-1α and IL-33, both of which are capable of
inducing ILC2 proliferation (Hammad and Lambrecht, 2015). Interestingly, the Alternaria
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induced release of IL-33 is ATP dependent (Snelgrove et al., 2014) again highlighting the
interconnection of innate immune mechanisms in asthma immunity.

1.9 Functional roles of sphingolipids and eicosanoids in inflammation
Sphingolipids define a class of lipids characterised by their sphingosine backbone.
Sphingolipids are heterogeneous in their function as various species are an integral part of the
cell membrane or part of the cells’ signalling network, while others are secreted and are
important components of immunological pathways (Gault et al., 2010).

1.9.1 Sphingolipid biosynthesis
The main production site of sphingolipids is the ER where the initial reactions are catalysed
resulting in the formation of ceramide. Ceramide functions as the foundation of more complex
sphingolipids and signalling molecules which are synthesised in the Golgi network or at the cell
membrane (Gault et al., 2010).
The biosynthesis pathway is initiated at the cytosol-facing site of the ER membrane. Catalysed
by serine palmitoyltransferase (SPT), serine and palmitoyl coenzyme A (CoA) react in a
condensation reaction, to 3-ketosphinganine (Gault et al., 2010; Mandon et al., 1992) (Figure
1.5).
SPT is an essential enzyme in respect to the content of this thesis, as ORMDL3 is able to interact
with its subunit “serine palmitoyltransferase long chain base subunit 1” (SPTLC1), which
inhibits sphingolipid biosynthesis (Breslow et al., 2010). SPTLC1 forms a heterodimer with
SPTLC2 to catalyse the reaction, however a third subunit has been reported with high
homology to SPTLC2 (Gault et al., 2010; Hornemann et al., 2006) (Figure 1.5).
Three-ketosphinganine is further processed by 3-ketosphinganine reductase, with the aid of
NADPH oxidation, into sphinganine, the precursor of dihydroceramide and ceramide (Gault et
al., 2010). The next step of the reaction pathway is the most fundamental as it couples the
sphinganine backbone with fatty acyl CoAs of different carbon atom chain lengths therefore
giving rise to multiple different dihydroceramide species. The process is carried out by six
ceramide synthases (CerS1-CerS6) with different specificities for fatty acyl CoAs (Gault et al.,
2010). Dihydroceramides can be converted into ceramides by dihydroceramide Δ4-desaturase,
which converts the sphinganine into a sphingosine backbone (Gault et al., 2010; Geeraert et al.,
1997). This reaction step terminates the biosynthesis pathway. Ceramide represents the
building block of complex sphingolipids and it can be produced both by de novo synthesis as
well as via a salvage pathway from previously synthesised sphingomyelin (Oyeniran et al.,
2015).
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It is important to note that dihydroceramides and ceramides are membrane-anchored and not
soluble in aqueous solutions, therefore to be further modified they must be transported to the
Golgi network by ceramide transfer protein (CERT) or via vesicular transport (Gault et al.,
2010) (Figure 1.5).
Ceramide can be metabolised to cerebrosides, sphingomyelins or sphingosine. Cerebrosides
are hexosylceramides, ceramides with glucose or galactose added to the C1 position of the
sphingosine backbone through reactions catalysed by either glucosyl- or galactosyltransferase
enzymes (Gault et al., 2010; Ichikawa et al., 1996; Stahl et al., 1994) (Figure 1.5).
Sphingomyelin is the most abundant of all sphingolipids and synthesised by sphingomyelin
synthases via the transfer of phosphocholine from phosphatidylcholine to ceramide, also
resulting in the by-product diacylglycerol (Gault et al., 2010; Tafesse et al., 2006) (Figure 1.5).
As mentioned, ceramide can be produced by the salvage pathway via sphingomyelin
breakdown by sphingomyelinases (Gault et al., 2010; Oyeniran et al., 2015).
Deacetylation of ceramide by ceramidase results in sphingosine production, which in turn is
converted into the immune modulator sphingosine-1-phosphate (S1P) via phosphorylation by
sphingosine kinase (SphK) 1 or 2. In addition, ceramide phosphorylation by ceramide kinase,
gives rise to another molecule with an enhanced immune-physiological role further explained
in Section 1.9.4, ceramide-1-phosphate (C1P) (Gault et al., 2010) (Figure 1.5).
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Figure 1.5 Sphingolipid synthesis pathway
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1.9.2 Sphingolipid functions in asthma pathophysiology
The central sphingolipids and building blocks of more complex molecules are dihydroceramide
and ceramide. Increased numbers of scientific reports have been released in recent years
aiming to delineate the roles of both molecules in disease although specific functions of
dihydroceramide are still unknown. The main immunologic functions of ceramide are its
involvement in apoptosis, autophagy and NALP3 inflammasome activation (Maceyka and
Spiegel, 2014). It has been reported that ceramide contributes indirectly to apoptosis induction
when binding to protein phosphatase type 2A inhibitor (I2PP2A), which is ordinarily bound to
protein phosphatase type 2A (PP2A). Ceramide interaction with I2PP2A allows PP2a to
dephosphorylate protein kinase B (Akt) which in its phosphorylated state promotes cell
survival (Maceyka and Spiegel, 2014; Saddoughi et al., 2013). Inhibition of Akt is also achieved
via ceramide interaction with PKCζ (Fox et al., 2007). Akt inhibition by ceramide decreases
vascular integrity through increased endothelial cell death (Zhang et al., 2012). Additionally,
ceramide levels are known to be increased as a result of TLR4 signalling. The exact role of
ceramide in TLR4 signalling still remains to be elucidated, however although it has been shown
to be important in autophagosome formation in macrophages (Sims et al., 2010) and thus
ceramide might play a role in antigen presentation (Münz, 2012). A further role in cytokine
signalling is likely, as deficiency of ceramides with very long acyl chains prevents TNF receptor
type 1 (TNFR1) internalisation (Ali et al., 2013) and ceramide promotes NALP3 inflammasome
induction concomitant with elevated IL-1β secretion (Maceyka and Spiegel, 2014;
Vandanmagsar et al., 2011).
Functions of cerebrosides in asthma or associated immunology are understudied but
potentially interesting in respect to smooth muscle contraction and AHR induction. Especially
so, as perturbations of cerebroside synthesis are associated with severe neuronal dysfunction
and absence of glucosylceramide synthase in neuronal tissue leads to death at days 11-24 post
birth in mice (Gault et al., 2010). Excitingly, i.n. administration of galactosylceramide to murine
airways significantly induced natural killer T-cell (NKT) and ILC2 activation, concomitant with
AHR development (Kim et al., 2012). These results were supported by researchers
investigating effects of a glucosylceramide synthase inhibitor, an inhibitor that significantly
ameliorated OVA induced AHR when administered prophylactically (Karman et al., 2010).
S1P is synthesised from sphingosine and is a central patho-immunological mediator with
functions ranging from cell differentiation and trafficking to physiological features, like the
maintenance of endothelial barriers or induction of smooth muscle contraction. Effector
functions of S1P are induced via signalling through S1P receptors (S1PR) 1-5, which are
differentially expressed on immune and structural cell populations (Rivera et al., 2008). S1PR1
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interaction engages cell migration of various immune cells, including DCs, eosinophils,
neutrophils and T- and B- cells of the adaptive immune system (Gohda et al., 2008; Idzko et al.,
2002; Matloubian et al., 2004; Roviezzo et al., 2004). T-cell egress from the thymus and lymph
nodes towards an S1P concentration gradient into blood and lymphatics by increased S1PR1
express represents one example of how S1P and its receptors mediate cell movement (Allende
et al., 2004; Matloubian et al., 2004). Pulmonary administration of FTY720, a S1PR agonist,
significantly reduced AHR, type-2 and eosinophilic inflammation, as dendritic cells were
incapable of migrating to the pulmonary lymph nodes and thus failed to induce type-2
polarised inflammation (Idzko et al., 2006). Similarly, it was reported that SphK inhibition
during OVA challenge results in ameliorated OVA induced pulmonary inflammation (Nishiuma
et al., 2008). Airway smooth muscle contraction is promoted by S1P through enhanced mast
cell degranulation and histamine release (Olivera et al., 2013), but also through direct
interaction with S1PR3 expressed on smooth muscle cells (Trifilieff and Fozard, 2012).

1.9.4 Eicosanoid functions in inflammation
C1Ps role in asthma pathophysiology is intertwined with the eicosanoid synthesis pathway, the
latter giving rise to potent arachidonic acid derived signalling molecules involved in both the
recruitment of inflammatory cells and AHR. The lipid transporter CPTP transfers C1P, serving
as a regulator of the eicosanoid pathway, from the plasma membrane to the trans-Golgi
network (Simanshu et al., 2013), where C1P binds (Stahelin et al., 2007) and activates cytosolic
phospholipase A2α (cPLA2α). cPLA2α then generates arachidonic acid by hydrolysis of
membrane phospholipids (Harizi et al., 2008). Arachidonic acid is the central molecule of the
synthesis pathway and is further processed by three key enzyme classes, cyclooxygenases,
lipoxygenases and cytochrome P450. While cyclooxygenase catalysed reactions mainly result in
prostaglandin production, lipoxygenases result in the formation of hydroxyeicosatetraenoic
acids (HETEs), leukotrienes and lipoxins and cytochrome P450 mediated reactions produce
different HETE species or epoxides (Harizi et al., 2008).
Prostaglandin functions are double-edged, as both inflammatory and anti-inflammatory roles
for these molecules have been reported. Functions preventing inflammation comprise
prostaglandin D2 (PGD2) interaction with its D prostanoid 1 (DP1) receptor, which results in
protection from OVA induced AHR, leukocyte recruitment and type-2 inflammation, in an
experimental DP1 agonist setup. The observed effects were dependent on DP1 signalling in DCs
and subsequent Treg induction and IL-10 expression (Hammad et al., 2007). Additionally,
prostaglandin E2 (PGE2) promotes a regulatory phenotype, as it induces IL-10 secretion by LPS
stimulated macrophages (MacKenzie et al., 2013). It has also been shown that the protective
effects of prostaglandin E2 on allergen induced inflammation are dependent on signalling
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through prostaglandin E receptor EP3 (Kunikata et al., 2005). Though anti-inflammatory roles
have been documented, prostaglandins are well known for their pro-inflammatory actions.
Significantly increased secretion of PGD2 was detected in the airways of asthmatic patients
following HDM provocation (Murray et al., 1986). Furthermore, PGD2 activates ILC2s through
Chemoattractant receptor-homologous molecule expressed on TH2 cells (CRTH2) (Xue et al.,
2014). CRTH2+ Th2 cells also show chemotactic activity towards PGD2, besides other
important immune functions (Vinall et al., 2007).
In contrast to prostaglandins, leukotrienes are mainly associated with the induction of asthma
immune pathology. Leukotriene B4, a neutrophil chemoattractant (Chou et al., 2010; Kim et al.,
2006), is synthesised from leukotriene A4 by leukotriene-A4 hydrolase (Rådmark et al., 1980)
in a variety of cell types including epithelial cells and macrophages (Snelgrove, 2011).
Pharmaceutical leukotriene A4 hydrolase inhibition during the challenge phase of an OVA
administration regimen resulted in ameliorated AHR and significantly reduced recruitment of
neutrophils, eosinophils and lymphocytes, highlighting LTB4’s function as a key mediator of
allergic inflammation (Rao et al., 2010). It was further revealed that LTB4 induces CD8 T-cells
via the LTB4 receptor (BLT) and that LTB4 mediated CD8 T-cell activation contributes to AHR
induction and eosinophilia in OVA induced pulmonary inflammation (Miyahara et al., 2005;
Taube et al., 2006). Lipoxin A4, as many other cellular mediators, has also been connected with
ILC2 activation (Barnig et al., 2013), however it is generally linked to anti-inflammatory
mechanisms.

1.10 ORMDL3
ORMDL3 is a member of the ORMDL protein family, first described by Hjelmqvist and
colleagues (Hjelmqvist et al., 2002). The initial study identified a total of three family members,
ORMDL1, ORMDL2 and ORMDL3, sharing extensive amino acid sequence homology (ORMDL1
vs ORMDL2: 83%; ORMDL1 vs ORMDL3: 84%; ORMDL2 vs ORMDL3: 80%) both within and
between mammalian species (Hjelmqvist et al., 2002). All three identified ORMDL proteins are
characterised by a peptide length of 153 amino acids and their ER membrane localisation. The
proven existence of ORMDL orthologs even in simple organisms, like yeast, provided additional
evidence that all three mammalian ORMDL isoforms developed through gene duplication from
a common ancestral gene during evolution (Hjelmqvist et al., 2002). ORMDL3 was confirmed to
be ubiquitously expressed throughout the body, including immune cells (Moffatt et al., 2007).

1.10.1 ORMDL3 is associated to childhood asthma
As described in the previous Sections (1.2 – 1.3.6), the knowledge regarding immunological
mechanisms contributing to asthma immunopathology is extensive, though the extent of
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contribution by genetic predispositions was not established until recently. In 2007 (Moffatt et
al., 2007), a GWA study by Moffatt et al. provided first insights into how genetic variability may
promote asthma onset. In the course of the study, 317,000 SNPs were genotyped in 994
asthmatic children and 1243 children with no diagnosed asthma and genetic associations
sought. Diagnosis measures were defined by positive response to a standard questionnaire
including the question ‘Has your doctor ever diagnosed you with asthma’ in a subpopulation of
266 patients, while other asthmatic subjects were diagnosed by an allergist or pulmonologist
based on clinical examination, history and lung function test. All children combined in the study
were genotyped using the Illumina SentrixHumanHap300 BeadChip. Genome wide significant
association between doctor diagnosed asthma and multiple markers within a 112 Kb region on
chromosome 17q21 was seen. The most significantly associated SNP was rs7216389, a
variation characterised by the presence of a cytosine nucleotide in healthy individuals, while
children’s with asthma diagnosis show increased alterations to thymine. The SNP is located in
an intron of the gene gasdermin B (GSDMB), but is also positioned in close proximity to the
downstream gene ORMDL3 and could additionally affect transcription of zona pellucida binding
protein 2 (ZPBP2) on the opposite DNA strand. Both genes GSDMB and ZPBP are interesting
candidates for future asthma research, as a GSDM family member is activated by the NLRP3
inflammasome, promoting apoptosis induction as a consequence (Shi et al., 2015). ZPBP2’s
function is sperm morphology related (Lin et al., 2007), although a GATA-1 transcription factor
binding site is present upstream of the gene and possibly involved in transcriptional
regulation5.
To test the hypothesis that the identified SNPs are directly influencing expression of
neighbouring genes, global gene expression by microarray analysis of RNA extracted from
Epstein-Barr virus transformed lymphoblastoid cells from a subset of the GWAS subjects was
performed (Moffatt et al., 2007). Simplified, Epstein-Barr virus transformed lymphoblastoid
cells are B-cells isolated form patient PBMCs and immortalised by Epstein-Barr virus
transformation. Gene expression data revealed that the same SNPs that showed association
with doctor diagnosed asthma were also associated with a single transcript in the 112Kb region
– ORMDL3. Looking specifically at the alleles of rs7216389,the thymine allele increased in
asthmatic subjects was positively correlated with increased expression of ORMDL3, strongly
suggesting a functional role of its encoded protein ORMLD3 in asthma onset and progression
(Moffatt et al., 2007). A multi-cohort GWA study publicised in 2010 led by the same research
laboratory verified the association of SNPs linked with ORMDL3 expression to asthma (Moffatt
5

http://www.sabiosciences.com/chipqpcrsearch.php?gene=ZPBP&factor=Over+200+TF&species_id=0&n
info=n&ngene=n&nfactor=y (accessed 4th of July 2016)
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et al., 2010). The specific asthma associated SNP differed, as rs2305480 showed the strongest
association (Moffatt et al., 2010), although it was reported in the initial study that this specific
SNP exceeds the 5% FDR threshold in respect to asthma association (Moffatt et al., 2007). The
multi-cohort study also clarified that ORMDL3 is linked to childhood asthma exclusively and
that the association is independent of patient total serum IgE levels (Moffatt et al., 2010). Both
rs7216389 and rs2305480 have been shown to be consistently associated with childhood
asthma in multiple different cohort of various ethnicities, including Mexican (Wu et al., 2009),
Chinese (Leung et al., 2009), Scandinavian (Bisgaard et al., 2009), North American (Sleiman et
al., 2008), Puerto Rican (Galanter et al., 2008) and French-Canadian (Madore et al., 2008)
children. In contrast, association to adult asthma was revealed in a Slovenian cohort (Korošec
et al., 2016). Additionally, data suggest that environmental factors alleviate childhood asthma
onset in relation to SNPs in close proximity to ORMDL3, as young patients harbouring
rs2305480 or rs8076131 and exposed to cigarette smoke were identified as more prone to
receive asthma diagnosis (Bouzigon et al., 2008; Flory et al., 2009). Early life respiratory tract
infections by viruses like human rhinovirus of respiratory syncytial virus are associated with
asthma onset in later life, as well as asthma exacerbation (Busse et al., 2010). Excitingly, it was
reported that SNPs linked to the GSDMB/ORMDL3 locus are significantly associated to
childhood asthma in patients previously experiencing human rhinovirus infection, exclusively
(Calışkan et al., 2013). These findings were supported by studies concerning a Chinese cohort,
where the thymine allele of rs7216389 correlated with increased pulmonary infections (Liu et
al., 2015). Over the years, evidence for a fundamental role of ORMDL3 in the development or
maintenance of asthma immunopathology was continuously increasing, supporting the need of
studies focussing on ORMDL3 gene regulation and functionality.

1.10.2 Regulation of ORMDL3
Detailed analysis of the human and murine ORMDL3 promoter regions were performed
recently (Jin et al., 2012; Qiu et al., 2013; Yang et al., 2015; Zhuang et al., 2013a, 2013b). In
humans, luciferase assays were performed on different cell lines that were transformed with
ORMDL3 promoter truncations fused to the luciferase reporter gene. The core promoter
location was consequently limited to the region between -42 and -68 base pairs (bp) upstream
of the transcription start site (TSS) and most promoter activity was found to be specific to the
distinct genetic region between bp -56 and -64, upstream of the TSS (Qiu et al., 2013). The
specific transcription factor binding site was identified to be allocated to the transcription
factor STAT6 (Figure 1.6), a master regulator of type 2 immunity (Qiu et al., 2013).
Summarised, STAT6 is activated via IL-4Rα signalling (Wang et al., 2004) and target genes
include GATA3 (Kurata et al., 1999), the key regulator of Th2 cell differentiation (Kaplan et al.,
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1996; Kurata et al., 1999; Shimoda et al., 1996; Takeda et al., 1996) and FIZZ1 and ARG1, genes
whose products are main characteristics of type-2-associated M2 macrophages, amongst others
(Sanson et al., 2013; Stütz et al., 2003). Indeed, IL-4 or IL-13 cell culture stimulation resulted in
increased ORMDL3 expression, which was dependent on STAT6, as siRNA mediated knockdown of STAT6 production led to abrogation of IL-4/IL-13 induced ORMDL3 expression (Qiu et
al., 2013).
The identification of STAT6 as a modulator of ORMDL3 expression suggests a general function
of ORMDL3 in type-2 immunity as yet to be discovered. In addition, a cAMP response element
(CRE) was detected, a target site of cAMP response element binding protein (CREB), between
bp -29 and -22 upstream of the TSS (Jin et al., 2012). CREB is activated by phosphorylation
through kinases including cAMP-dependent protein kinase A (PKA) and calmodulin kinases
(CaMKs), acting in response to inflammatory signals such as G-protein mediated activation of
adenylate cyclase or surges in cytosolic Ca2+, respectively (Wen et al., 2010). Besides ORMDL3,
multiple cytokines are activated via CREB including IL-2, IL-6, IL-10, and TNF-α (Wen et al.,
2010). The third transcription factor regulating ORMDL3 expression was identified as Protein
C-ets-1 (Ets-1; bp −84 to −72 upstream of TSS). In vivo data, addressing Ets-1 function utilizing
Ets-1 deficient mice, revealed that the transcription factor is essential for Treg differentiation
(Mouly et al., 2010).
Results presented by Jin et al. not only verified CREB and Ets-1 sites in the ORMDL3 promoter
region, but binding of the transcription cofactor p300 was tracked between basepairs -58 and 71 upstream of the TSS (Jin et al., 2012). Direct DNA binding by p300 to DNA motifs in
enhancer sites, not in proximate distance to promoter regions, was previously revealed
(Rikitake and Moran, 1992) The location however of the p300 interaction includes the later
discovered STAT6 transcription factor binding site, a protein well known to interact with p300
(Gingras et al., 1999) and thus STAT6-p300 interaction is a more likely reason for p300
presence at the ORMDL3 promoter. p300 involvement in ORMDL3 expression is an intriguing
observation as similar to STAT6 p300 is activated by IL-4 and IL-13 intervention, which incepts
STAT6-p300 interaction (Gingras et al., 1999). Interestingly, Ets-1 was also shown to bind p300
(Yang et al., 1998) and CREB is a target for CREB-binding protein (CBP) (Cardinaux et al.,
2000), a protein with high sequence homology to p300 (Gingras et al., 1999), suggesting a
major role of p300/CBP in ORMDL3 regulation. CBP and p300 share histone acetylation activity
and thus facilitate transcription via chromatin remodelling (Spiegelman and Heinrich, 2004).
Furthermore, p300/CBP are believed to be essential for effective recruitment of RNA
polymerase II (Merika et al., 1998). The assembly of a transcription factor complex comprising
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CREB, STAT6, Ets-1 and p300/CBP to assure most efficient transcription is plausible although
further analyses are needed to confirm if this is the case (Figure 1.6).
In mice, ORMDL3 is regulated in a similar way, as a cAMP response element (CRE) was verified
at position -20 to -27 upstream of the TSS as well as STAT6 binding (Zhuang et al., 2013a). The
murine gene promoter region additionally contains a GATA-1 binding site between the STAT6
and CRE sites (Zhuang et al., 2013a). GATA-1 regulates general hematopoietic differentiation of
common lymphoid progenitor cells into megakaryocytes and erythrocytes but additionally is a
critical transcription factor in eosinophil differentiation (Crispino, 2005).
It is still debated how the strongly and reproducibly, childhood asthma associated SNPs
rs7216389 and rs2305480 facilitate ORMDL3 expression in patients, in respect to its location in
a neighbouring gene’s intron and the relative distance to the promoter region (Moffatt et al.,
2007). A DNA methylation study performed in 2015 revealed that rs7216389 and rs2305480 do
not affect DNA methylation, excluding this potential mechanism of SNP mediated differential
regulation of ORMDL3 expression (Acevedo et al., 2015).
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Figure 1.6 ORMDL3 gene regulation in humans.
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1.10.3 ORMDL3 & ER-stress
In vitro studies identified ORMDL3, embedded in the ER membrane, as a regulator of two ER
associated pathways, key for the maintenance of immune and cellular homeostasis: the
sphingolipid biosynthesis pathway and the UPR pathway (Section 1.8.1) (Breslow et al., 2010;
Cantero-Recasens et al., 2009). Topologically, ORMDL3 spans the ER membrane twice as its
peptide chain contains two hydrophobic regions serving as transmembrane domains, resulting
in both the amino (N)- and carboxy (C)- terminus facing the cytosolic side of the ER membrane
(Cantero-Recasens et al., 2009). The protein’s active site, regulating ER-stress and subsequent
UPR induction, is located at the C-terminal, bounded by amino acids 145 and 153. A closer look
at in vitro studies (Cantero-Recasens et al., 2009; Carreras-Sureda et al., 2013) aiming to
untangle the role of ORMDL3 in Ca2+ homeostasis, provides insight into the ORMDL3 specific
mechanisms of ER-stress and UPR regulation. In this respect, ORMDL3 was identified as
inducer of ER-stress biasing, following cell stimulation, the ER/cytosol Ca2+ concentration ratio
towards an increased level of cytosolic Ca2+ for an extended period of time, a consequence of
reduced Ca2+ reuptake by the ER Ca2+-storage. In detail, Human Embryonic Kidney 293 cells
(HEK293) cells transfected with an ORMDL3 overexpression construct showed a decreased
basal ER Ca2+ concentration in comparison to control vector transformed cells. While
incubation in the presence of IP3, which activates IP3 receptor mediated Ca2+ release from the
ER, leading to calcium storage depletion independent of enhanced ORMDL3 expression, Ca2+
reuptake by the ER was significantly diminished as a result of ORMDL3 overexpression
(Cantero-Recasens et al., 2009). This suggests ORMDL3 inhibition of SERCA2 Ca2+ transport
across the ER membrane. Indeed, co-immunoprecipitation experiments revealed an ORMDL3SERCA2b interaction (Cantero-Recasens et al., 2009).
An extensive study by Carreras-Sureda et al. followed up on this initial description of ER-stress
regulation by ORMDL3. The study revealed that the ORMDL3 induced negative regulation of
calcium reuptake not only encompassed the ER, but also the mitochondrion, disabling the
mitochondrial buffering function that is in place to resolve enhanced cytosolic Ca2+
concentrations (Carreras-Sureda et al., 2013). Besides ER-stress, Ca2+ signalling also controls
immune cell activation. In T cells, T cell receptor stimulation results in calcium storage
depletion. The low ER Ca2+ concentration is sensed by stromal interaction molecule 1 (STIM1),
which activates a process named “store operated calcium entry” (SOCE), characterised by
calcium uptake from the extracellular space via CRAC channels, thereby replenishing
physiological ER Ca2+ concentrations (Feske, 2007). Enhanced extracellular Ca2+ uptake raises
the cytosolic Ca2+ concentration from 10-7 M to 10-6 M, a concentration characteristic for an
activated T cell (Feske, 2007).
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Interestingly, decreased ER Ca2+ reuptake was confirmed in ORMDL3 overexpressing Jurkat T
cells, although the resulting elevated cytosolic calcium level did not favour T cell activation and
in fact the reverse was observed (Carreras-Sureda et al., 2013). The authors suggested that this
effect is possibly induced by calcium-dependent inactivation (CDI), a process induced when
cytosolic Ca2+ levels are strongly increased and resulting in a shut-down of Ca2+ uptake via
CRAC channels (Zweifach and Lewis, 1995a, 1995b). CDI is regulated by calmodulin or the
store-operated calcium entry-associated regulatory factor (SARAF) interaction with STIM1
(Mullins et al., 2009; Palty et al., 2012). A direct interaction of ORMDL3 with STIM1 was not
confirmed by co-immunoprecipitation (Carreras-Sureda et al., 2013). Additionally, the authors
stated that the ORMDL3 regulation of Ca2+ signalling was dependent on the N-terminal amino
acids 1-16, implying a regulatory role of both termini of the protein (Carreras-Sureda et al.,
2013).
A direct link between ORMDL3 function and UPR induction however has not yet been revealed.
Hence, it is likely that ORMDL3 induces the UPR indirectly via its capability to induce
imbalances in compartmental Ca2+ concentrations. In vitro, ORMDL3 dependent activation of
the of the PERK pathway was identified in HEK293 cells, signified by enhanced eIF2α
phosphorylation when ORMDL3 was overexpressed (Cantero-Recasens et al., 2009). In
contrast, a lung epithelial cell line (A549), transfected with an ORMDL3 carrying construct,
exhibited increased induction of only the ATF6 pathway (Miller et al., 2012). This indicates that
even though all three UPR pathways, PERK, ATF6 and IRE1 are induced via BiP activation
(Wang et al., 2009), differential regulation exists. ORMDL3 specific activation of the ATF6
pathway was additionally confirmed in bone marrow derived macrophages and lung
homogenate harvested from hORMDL3zp3-Cre mice that constitutively overexpress ORMDL3
(Miller et al., 2014). In a contradictory study based on a different airway epithelial cell line
(1HAE), siRNA induced ORMDL3 knock down did not affect UPR induction however it is
important to note that the authors focused their analyses on splicing of XBP1 mRNA, an
indicator of IRE1 pathway activation, which was not found to be implicated in either of the
prior studies detailed above. A slight decrease in PERK activation, based on eIF2α
phosphorylation was indeed noticeable (Hsu and Turvey, 2013). In addition, as ORMDL3 was
identified as an ER-stress and subsequently UPR inducer (Cantero-Recasens et al., 2009;
Carreras-Sureda et al., 2013; Miller et al., 2012, 2014), this does not automatically indicate that
down-regulation of ORMDL3 production forces the opposite effect i.e. negative regulation of
cellular stress pathways.
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1.10.4 ORMDL3 & sphingolipid biosynthesis
In recent years, it became evident that the ORDML protein family regulates a second ER based
function, vital for cellular stability, signalling and immune cell trafficking. Initially, it was shown
in yeast that the ORMDL orthologs Orm1 and Orm2 negatively regulate sphingolipid
biosynthesis, via direct interaction with serine palmitoyl transferase subunits Lcb1, Lcb2 and
Sac1, the rate limiting and initial enzyme complex catalysing the condensation reaction of
palmitoyl-CoA and serine which, results in 3-keto-sphinganine formation (Breslow et al., 2010).
Interestingly, the authors revealed that sequentially increased inhibition of sphingolipid
biosynthesis, via pharmaceutical intervention using myriocin a fungi derived antibiotic and
potent SPT inhibitor (Miyake et al., 1995), , results in Orm1/Orm2 phosphorylation and
inactivation of the protein (Breslow et al., 2010). . Whether human ORMDL3 is deactivated by
phosphorylation still requires further investigation, however the mechanism presents a viable
possibility of how sphingolipid biosynthesis is fine-tuned in mammals by both, ORMDL3
mediated pathway repression and activation via ORMDL3 phosphorylation. Surprisingly, it was
shown for human ORMDL proteins that siRNA induced ORMDL3 knock down is not sufficient to
significantly cause accumulation of sphingolipids, instead knock down of all three ORMDL
family members (ORMDL1/ORMDL2/ORMDL3) was needed to enhance sphingolipid de novo
production (Breslow et al., 2010), indicating a compensatory function of the other two
homologs if one form is defective.
In vitro, co-immunoprecipitation setups indicated that ORMDL3 directly interacts with the
serine-palmitoyl transferase subunit SPTLC1. Both subunits of the SPTLC1/SPTLC2
heterodimer share catalytic activity, as homozygous deficiency for either of the two subunits is
embryonically lethal (Gault et al., 2010; Hojjati et al., 2005). However, SPTLC2 contains the
binding site for the essential co-factor pyridoxal 5′-phosphate (Gault et al., 2010; Merrill, 1983)
and is thus regarded as the main subunit, while SPTLC1, besides its catalytic activity, is
proposed to be of importance to the structural stability of the enzymatic complex (Gault et al.,
2010; Hanada, 2003), which is disturbed when ORMDL3 interaction occurs (Breslow et al.,
2010).
The lethal phenotype of SPTLC KO mice underlines the importance of sphingolipid biosynthesis
for body development, but analysis of viable heterozygous mice (Hojjati et al., 2005) in respect
to the impact of partial SPTLC deficiency on pulmonary inflammation would provide an initial
insight into how negative regulation of de novo sphingolipid synthesis would impact asthma
associated immunopathology. A study performed by Worgall et al. utilised mice heterozygous
for Sptlc2 and revealed that partial impairment of sphingolipid biosynthesis in these mice,
confirmed by measurements of reduced sphinganine and ceramide levels, promoted elevated
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baseline airway resistance and increased contractility of isolated bronchial rings. Concomitant
with just marginally decreased pulmonary S1P levels, no difference in leukocyte recruitment to
the pulmonary tissue and airway lumen was observed, though reduced IL-6 levels were
detected in the lung tissue (Worgall et al., 2013). These important results were reflected by
studies where myriocin was i.n. applied to WT mice 3 h prior to measurements of pulmonary
function and organ harvest (Worgall et al., 2013).
Unexpectedly, in vitro data focused on identifying the impacts of ORMDL3 on sphingolipid
biosynthesis in airway epithelial cell lines, shifts ORMDL3 function into a different spotlight.
HBEC cells transfected with different concentrations of an overexpression construct
harbouring ORMDL3 were reported to result in increased ceramide production proportional to
the applied plasmid concentration (Siow et al., 2015). Similar results were obtained in A549
cells, where transfection with a low plasmid concentrations resulted in the negative regulation
of the sphingolipid biosynthesis pathway, while the opposite was recorded when the high
concentration of 2 µg plasmid DNA was used for transfection (Oyeniran et al., 2015).
Additionally, it is important to mention that these studies confirmed that siRNA transfection
induced ORMDL knock down promoted enhanced sphingolipid production, leading to the
concept that the ORMDL3 regulatory function in respect to sphingolipid de novo synthesis is
dependent on the cellular ORMDL3 protein level, where low concentrations favours negative
regulation and high protein concentration increased activity of the pathway (Oyeniran et al.,
2015). Major ceramide species increased in response to high level ORMDL3 overexpression
were those having long chain fatty acids coupled to the sphingoid backbone: C22:0, C24:0 and
C24:1 ceramides (Oyeniran et al., 2015). In comparison to cells transfected with 1 µg of empty
vector DNA, high levels of ORMDL3 overexpression enhanced inflammatory mediator cytokine
release by A549 cells in response to LPS stimulation. These cytokines included IL-6, CXCL-8,
CXCL-10, as well as CCL-2 , CCL-5 and CCL-20 (Oyeniran et al., 2015).
In murine lung tissue it was revealed that HDM administration induces the same ceramide
species as high level ORMDL3 overexpression in A549 cells (i.e. C22:0, C24:0 and C24:1
ceramide). Pharmaceutical intervention with different drugs including FTY-720, myriocin and
fumonisin B1 at the end of an i.n. HDM administration regimen significantly ameliorated
measures of allergic airways disease severity, including airway resistance, eosinophilia and
type-2 immune characteristics (Oyeniran et al., 2015). FTY-720 is a synthesised structural
analog to sphingosine, phosphorylated by SphK2 (Hait et al., 2014; Paugh et al., 2003). The
resulting FTY-720 phosphate acts as antagonist to all S1PRs, except S1PR2 (Mandala et al.,
2002), and was thus characterised as an immunosuppressant (Sanford, 2014). Fumonisin B1 is
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a fungi produced toxin, which prevents the action of ceramide synthases and therefore the
acylation of sphinganine with fatty acyl-CoA (Merrill et al., 1993).

1.10.5 Functional role of ORMDL3 in asthma-related immunopathology
ORMDL3 gene expression has been shown to be induced in a variety of cell types in response to
allergen, its constituents or environmental factors promoting asthma onset. In vivo, i.n. OVA
stimulation resulted in increased Ormdl3 expression in total lung homogenates and bronchial
epithelial cells, while Alternaria administration led to increased expression in the bronchial
epithelium, lung eosinophils and lung & BALF macrophages (Miller et al., 2012). Additionally,
induction of ORMDL3 by Alternaria was STAT6 and not NFκB mediated and epithelial Ormdl3
expression was also found to be elevated following IL-4 or IL-13 administration (Miller et al.,
2012). Tobacco smoke or LPS stimulation induced enhanced ORMDL3 in A549 epithelial cells or
RAW 264.7 macrophages, respectively (Miller et al., 2012).
Induced ORMDL3 overexpression by A549 cells was shown to enhance expression of genes
encoding various pro-inflammatory cytokines, including IL-8, CXCL-10, CXCL-11, CCL-20, as
well as metalloproteases ADAM-8 and MMP-9 (Miller et al., 2012).
In light of Alternaria induced Ormdl3 gene expression in murine pulmonary eosinophils,
researchers investigating ORMDL3 functions in eosinophils found that IL-3 and eotaxin-1
induced Ormdl3 expression in murine bone marrow derived eosinophils (Ha et al., 2013).
When Ormdl3 was overexpressed in these cells to address the functional outcome of increased
eosinophilic Ormdl3 expression, enhanced ORMDL3 levels mediated eosinophil activation,
characterised by increased rolling, cytoskeletal rearrangement, ERK phosphorylation and NFκB
translocation into the nucleus (Ha et al., 2013). Conversely, siRNA mediated Ormdl3 knock
down, significantly reduced eosinophil activation of bone marrow derived eosinophils and
reduced adhesion and chemotaxis in response to eotaxin-1, as well as reducing in vivo
migration to the thioglycollate induced inflamed peritoneum (Ha et al., 2013). Eosinophilic
ORMDL3 was also found to regulate IL-3 induced degranulation (Ha et al., 2013).
In murine bone marrow derived mast cells, antigen stimulation caused ORMDL3 downregulation, with no effect on mast cell degranulation (Bugajev et al., 2016). Reduced mast cell
ORMDL3 levels somewhat promoted chemotaxis towards increased antigen concentrations and
NFκB translocation into the nucleus, resulting in increased expression of the inflammatory
cytokines TNFα, IL-6 and IL-13 (Bugajev et al., 2016). Overexpression of ORMDL3 in bone
marrow derived mast cells was found to affect only marginally the specific inflammatory
mechanism (Bugajev et al., 2016).
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The only in vivo study which directly addressed ORMDL3 function during pulmonary
inflammation was published in 2014 (Miller et al., 2014). The authors created genetically
modified hORMDL3zp3-Cre mice, in which human ORMDL3 is expressed under the constitutive
CAG promoter. Murine expression of human ORMDL3 did not affect the expression of mouse
ORMDL homologs and hORMDL3zp3-Cre mice were morphologically similar to WT counterparts
(Miller et al., 2014). At baseline, human ORMDL3 overexpression promoted significant
development of goblet cell hyperplasia, smooth muscle hypertrophy and collagen deposition,
throughout the first 26 weeks of life, strongly suggesting that increased human ORMDL3
expression incepts tissue remodelling (Miller et al., 2014). These observations reflect increased
cytokine concentrations of IL-13 in BALF and lung from week 8 of life onwards, while IL-5
induction by human ORMDL3 overexpression was recorded just at weeks 8 of life in the
pulmonary tissue, whereas elevated BALF concentrations of the cytokine were maintained until
week 26. Significantly induced baseline infiltration of all main leukocyte subtypes was noticed
at week 26 of life exclusively (Miller et al., 2014). Global ORMDL3 overexpression was also
found to affect humoral immunity, as the mice showed enhanced baseline IgE class switching
from week 4 of life. When subject to an OVA pulmonary inflammation model, differences in
ORMDL3 overexpressing mice were limited to significantly increased IL-4, antigen specific IgE
and eosinophilia when compared to WT mice. Physiologically, ORMDL3 overexpression
prompted significant baseline AHR development in adult (12 weeks old) mice (Miller et al.,
2014).
In conclusion, initial in vitro and in vivo studies aiming to decipher cellular and inflammatory
mechanisms regulated by ORMDL3 have highlighted its importance in sphingolipid
biosynthesis, cellular Ca2+ homeostasis and ER-stress induction, as well as type-2 immune
mechanisms. The most important characteristics of this interest gene in relation to its
association with to childhood asthma are summarised in Figure 1.7.
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Figure 1.7 Important features of ORMDL3 in respect to pulmonary immunopathology, ERstress, sphingolipid biosynthesis and its gene regulation.
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1.11 Hypothesis
It was hypothesised that Ormdl3 deficiency in mice would lead to ameliorated allergic airways
disease immunopathology, mediated by a reduction in ER-stress and induced sphingolipid
biosynthesis following Ormdl3 deletion.

1.12 Aims
1. To analyse the immune-pathological consequences of Ormdl3 deletion during chronic
HDM-induced allergic airway disease.
2. To determine the influence of age on ORMDL3-mediated regulation of HDM-induced
allergic airways disease, utilising a neonatal model of HDM-induced allergic airways
disease.
3. To verify the capacity of ORMDL3 to differentially regulate allergic airways disease
onset and progression in response to different allergens. (A chronic model of
Alternaria-induced allergic airways disease was designed to analyse the influence of
Ormdl3 deficiency on fungal-induced immunopathology)
4. To identify whether ORMDL3 regulates sphingolipid biosynthesis in vivo.
5. To delineate whether the regulatory impact of ORMDL3 on ER stress induction and
sphingolipid biosynthesis contributes to the observed immune-pathological phenotypes
observed following Ormdl3 ablation.
6. To provide first insights into whether ORMDL3 impacts the innate immune response to
allergen exposure.
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Chapter 2 – Materials and Methods
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2 Materials & Methods
2.1 Mice
2.1.1 Ethics statement
All experiments involving laboratory animals were performed in accordance with directive
2010/63/EU of the European Parliament and Animal Scientific Procedures Act 1986.

2.1.2 Animal housing conditions
Mice were housed under specific-pathogen free (SPF) conditions at Imperial College London or
Taconic (Germantown, NY, USA). Breeding of WT and Ormdl3 KO mice was performed at
Taconic, MRC Harwell (Harwell, UK) or Imperial College London. All mice received autoclaved
food and water ad libitum.

2.1.3 Generation of Ormdl3 deficient mice
Two different Ormdl3 deficient mouse lines were used in this thesis (Figure 2.1). The first one
was kindly provided by MERCK (Boston, MA, USA) and used in experiments where in-house
breeding was not required (Figure 2.1a). The gene Ormdl3 contains 4 exons, of which exons 24 contain the coding sequence. The construct used to create this line contained Ormdl3 exons
1–4. Exons 2-4 were flanked by loxP sites, as the translation initiation site was located inside
exon 2. Two antibiotic selection cassettes (a puromycin (Puro) cassette flanked by F3 sites and
a neomycin (Neo) cassette flanked by FRT sites) were inserted into the construct between the
loxP sites and upstream of exon 2 and downstream of exon 4 to allow confirmation of correct
homologeous recombination with the target sequence. After conditional alleles were
introduced by flippase (Flp) mediated excision of selection cassettes, constitutive gene
knockouts were created utilizing Cre recombinase (Cre)-mediated recombination with the help
of globally Cre-expressing driver mouse lines. In consequence, the resulting MERCK Ormdl3 KO
mouse line retained one loxP site in the genome downstream of exon 1.
The second Ormdl3 KO mouse line on which this thesis is based was generated by Drs Youming
Zhang and Charlotte Dean at MRC Harwell (Figure 2.1b). The strategy used to create this line
was very similar to the one used by MERCK. A construct was created containing exon 1-4,
whereby exons 2-4 were located between loxP sites. The Harwell construct differed from the
MERCK construct, as just one selection cassette, a neo cassette downstream of exon 4 was used
to check for homologous recombination and Flp mediated excision of the selection cassette.
Additionally, the loxP site downstream of exon 4 was placed between exon 4 and the Neo
cassette, resulting in the retention of both, a FRT site in addition to a loxP site in the created
Ormdl3 KO line. Furthermore, 129 embryonic stem cells were used in the Harwell strategy,
while BL6/J embryonic stem cells were used to create the MERCK Ormdl3 KO line. The Harwell
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strategy by Drs Zhang and Dean resulted in Ormdl3 deficient 129S1/SvImJ mice, which had to
be backcrossed onto C57BL6/J background. The aim was to base this study on Ormdl3 KO mice
created at Harwell, however, during the process of backcrossing, MERCK Ormdl3 deficient mice
were used instead. Experiments involving adult Ormdl3 KO mice, not requiring in-house
breeding, were based on the MERCK mouse line, while experiments where neonatal mice were
used were based on the Harwell Ormdl3 KO line.
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Figure 2.1 Strategies for the generation of Ormdl3 KO mice. Two different Ormdl3 KO lines
were used throughout this thesis. The first one was supplied by MERCK (a) and the second
generated at Harwell by Drs Youming Zhang and Charlotte Dean (b). (a) MERCK strategy: The
WT locus of the gene Ormdl3 comprises 4 exons, which were numbered (1-4) and the coding
sequence (CDS) was highlighted in green. Exons 2-4 were flanked by Puro and Neo antibiotic
resistance cassettes embedded between F3 and FRT recombination sites and the entire
construct was flanked by loxP recombination sites. Exons 2-4 were removed by Flp and Cre
recombination, retaining a loxP site in the genomic region. (b) The strategy by Drs Zhang and
Dean at MRC Harwell differed from the strategy followed by MERCK as a single Neo cassette
was inserted downstream of exon 4, with the loxP site located between exon 4 and the FRT
flanked Neo cassette. Thus, the Harwell Ormdl3 KO line retained both loxP and FRT sites in the
genome following Flp and Cre recombination. Abbreviations: Neo: neomycin; Puro: puromycin;
UTR’s: untranslated regions.
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2.2 Induction of allergic airway inflammation and AHR
2.2.1 HDM induced allergic airways disease
2.2.1.1 Preparation of HDM extract
Extracts of the house dust mite species Dermatophagoides pteronyssinus were purchased from
GREER® (Lenoir, NC, USA). Two different batches have been used in this study:
1. Lot No.: 189257; dry weight: 12.93mg/vial; total protein weight: 4.21 mg/vial; DerP1
content: 97.43 µg/vial; endotoxin content: 217 EU/vial
2. Lot No.: 228282; dry weight: 28.40 mg/vial; total protein weight: 7.37 mg/vial; DerP1
content: 406.89 µg/vial; endotoxin content: 390 EU/vial
The preparation of HDM extract was performed as described previously (Gregory et al., 2009).
The lyophilized content of the vial was reconstituted with sterile phosphate-buffered saline
(PBS; Life Technologies Ltd, Paisley, UK) to prepare a stock solution of 2 mg/mL. The HDM
extract stock solution was stored at 4°C for up to 2 months.

2.2.1.2 HDM induced allergic airways disease in adult mice
Sterile HDM extract was prepared to a concentration of 1mg/mL using the 2 mg/mL HDM
extract stock solution. Ten to 11 weeks old female WT and Ormdl3 KO mice were intranasally
i.n. administered 25 µL (25 µg) of HDM extract or 25 µL of PBS (Life Technologies), 5 days a
week for a total of 5 weeks (Figure 2.2a). Eighteen hours after the final delivery of allergen,
mice were set under surgical anaesthesia and lung function was measured using the Flexivent
system (Scireq, Montréal, Canada). Mice were then sacrificed by exsanguination under surgical
anaesthesia to collect blood, broncho-alveolar lavage fluid (BALF) and lung tissue for further
analysis.

2.2.1.3 HDM induced allergic airways disease in neonatal mice
HDM was administered 5 days a week starting at day 3 of life to induce HDM specific allergic
airways disease in male and female neonatal mice (Figure 2.2b). For the first 2 weeks of the
dosing regimen, neonatal WT and Ormdl3 KO mice received i.n. administrations of 10 µL (20
µg) of the 2 mg/mL HDM stock solution or 10 µL of PBS (Life Technologies). From the 11th dose
onwards until the endpoint of the protocol after 3 weeks, mice received i.n. 12.5 µL (25 µg) of
the 2 mg/mL HDM stock solution or 12.5 µL of PBS. Eighteen hours after the last delivery of
allergen, mice under surgical anaesthesia had lung function measurement performed using the
Flexivent system (Scireq). Mice were then sacrificed by exsanguination under surgical
anaesthesia to collect blood, BALF and lung tissue for further analysis.
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Figure 2.2 HDM administration protocols for adult and neonatal WT and Ormdl3 KO mice.
(a) HDM dosing schedule for adult mice. (b) HDM dosing schedule for neonatal mice. First
allergen application was performed at day 3 of life.

78

2.2.2 Chronic and acute Alternaria administration protocols
2.2.2.1 Preparation of Alternaria extract
One lot of Alternaria alternata extract was used in this thesis:
1. Lot No.: 227751; botanical name: Alternaria tenius; dry weight: 198.7 mg/vial; total
protein weight: 30.78 mg/vial
A stock solution of 1 mg/mL based on the total protein quantity of the purchased vial of
Alternaria alternata (GREER) was prepared by the addition of sterile PBS (Life Technologies) to
the lyophilized extract. The stock solution was stored frozen in 150 µL aliquots at -20 °C for up
to 6 months for both in vitro and in vivo use.

2.2.2.2 Chronic Alternaria-induced allergic airways disease in adult mice
The Alternaria stock solution was thawed at room temperature and 37.5 µL of ice cold sterile
PBS was added to each aliquot to prepare a final extract concentration of 0.8 mg/mL.
Afterwards, 25 µL (20µg) of Alternaria extract or 25 µL of PBS (Life Technologies) was
administered i.n. to 10-12 weeks old WT and Ormdl3 KO mice. Allergen administration
continued 3 times a week for 5 weeks (Figure 2.3a). Eighteen hours after the last i.n. delivery of
allergen, surgical anaesthesia was induced and lung function was evaluated using the Flexivent
system (Scireq). After data collection, mice were sacrificed by exsanguination under surgical
anaesthesia and blood, BALF and lung tissue was harvested for in-depth analysis.

2.2.2.3 Acute Alternaria administration protocols
A single-use 0.8 mg/mL Alternaria extract solution was prepared as detailed in Section 2.2.2.2.
To induce Alternaria specific innate inflammation, WT and Ormdl3 KO mice received either 1 or
3 i.n. administrations of 20 µg Alternaria extract or PBS, followed by exsanguinations under
terminal anaesthesia 1 hour after the allergen last exposure (Figure 2.3b). Alternatively, mice
received a single dose of 20 µg HDM in 25 µL PBS or vehicle. To exclude blood components that
might interfere with complex array analysis (not shown in this thesis), transcardial perfusion
was performed after BALF collection. Blood, BALF and lung tissue were harvested for further
analysis.
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Figure 2.3 Chronic and acute Alternaria administration protocols used to induce allergic
inflammation in adult WT and Ormdl3 KO mice. (a) 5 weeks and (b) 1 and 3 dose allergen
administration protocols.
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2.3 Combined gene-transfer and allergic airways disease models
2.3.1 Adeno-associated virus (AAV) mediated expression of Ormdl3-EGFP in the
murine airway epithelium
An adeno-associated virus was constructed by the University of Pennsylvania’s Vector Core
facility (Philadelphia, PA, USA) harbouring an Ormdl3-EGFP (EGFP: enhanced green fluorescent
protein) gene fusion under the control of a CMV promoter. 1 x 1011 genome copies of either
AAV EGFP (control vector) or AAV Ormdl3-EGFP with 50mU neuraminidase (Sigma-Aldrich,
Dorset, UK) in PBS were delivered i.n. to mice 5 days after birth, while vehicle was
administered to control mice (Figure 2.4). Subsequently, 10µg of Alternaria extract in 25 µL
PBS or 25 µL vehicle (PBS) was i.n. administered to 6-8 week old mice three times a week, for a
period of five weeks. Lung function was measured 18 h after the last allergen exposure. Mice
were sacrificed by exsanguination and serum, BALF and lung tissue were stored for further
analysis.
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Figure 2.4 Pharmacological alterations to Alternaria specific murine models of allergic
airways disease. Schematic depicting dosing schedules in mice administered 1 x 1011 genome
copies of either AAV EGFP/50mU neuraminidase or AAV Ormdl3-EGFP/50mU neuraminidase.
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2.4 In vivo methods
2.4.1 Anaesthesia
Prior to i.n. administrations, mice were anaesthetised by inhalational anaesthesia using the
halogenated ether isoflurane.
Terminal anaesthesia was achieved via intraperitoneal injection of 100 µL Pentoject using a
29g insulin syringe. Induction of anaesthesia was assessed by paw reflex testing. Death was
confirmed by exanguation via cardiac puncture.
To measure lung function, surgical anaesthesia was induced by an intraperitoneal injection of
50 mg/kg pentobarbitone (Sigma-Aldrich) and an intramuscular injection of 100 mg/kg
ketamine (Fortdodge Animal Health Ltd, Southampton, UK) into the quadriceps femoris.
Induction of anaesthesia was assessed by testing the paw reflex on the leg which was not used
for intramuscular injection.

2.4.2 Tracheotomy & Cannulation
The mouse was placed on its back, the fur was wetted with ethanol and skin and tissue was
removed from the anterior part of the neck, following sacrifice or the induction of surgical
anaesthesia. The trachea was exposed using forceps and a small incision was introduced using
iris scissors. The cannula was inserted in caudal direction and suture thread was laced in
between the trachea and oesophagus. The cannula was then tightly secured using the suture
thread.

2.4.3 Assessment of lung function
The Flexivent system (Scireq) was used to measure dynamic resistance, elastance and
compliance as previously described (Saglani et al., 2013; Snelgrove et al., 2014).
Tracheotomised and cannulated mice (blunt-ended 19-gauge needle) were connected to the
Flexivent ventilator and ventilated using the following settings: tidal volume of 7 mL/kg body
weight, 150 breaths/minute; positive end-expiratory pressure approximately 2 cm H2O.
Standardisation of the lung volume history was done by performing 2 deep inflations.
Subsequently, measurements of airway function were made. Measurements of resistance,
elastance, and compliance were determined from a user-defined protocol by using the
snapshot-150 perturbation, which is a single-frequency sinusoidal waveform. Resultant data
were fitted by using multiple linear regression to the single compartment model to determine
the above parameters. The resultant data was fitted to the Constant-Phase model to determine
the above parameters (Snelgrove et al., 2014). Resistance, elastance and compliance were
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measured in response to increasing doses of nebulised methacholine (0 – 300 mg/mL; SigmaAldrich). The equipment was operated by Simone Walker.

2.4.4 Blood collection
The chest cavity of the mouse was opened and blood was collected via cardiac puncture, after
the induction of surgical or terminal anaesthesia. Up to 1 mL of blood was recovered from the
cardiovascular system and collected in a serum separator tube (BD, Oxford, UK). The tubes
were centrifuged at 13000 rpm in an Eppendorf 5415 D centrifuge (Eppendorf, Hamburg,
Germany) to separate the serum from other blood components. The serum was stored frozen at
-20°C until analysis.

2.5 Immune cell isolation & Flow cytometry
2.5.1 Isolation of airway lumen localised cells
Three x 0.4 mL of PBS was injected into the airway lumen of the tracheotomised adult mice (3
x 0.3mL was injected into the airway lumen of neonates) and recovered using a 1 mL insulin
syringe. The recovered BALF was centrifuged at 1400 rpm at 4°C for 5 min (Hettich Rotina
420R centrifuge (Hettich, Tutlingen, Germany)) and the precipitated cell pellet was then resuspended in 500 µL ice cold Roswell Park Memorial Institute (RPMI) 1640 complete medium
(Media & Buffers List: Section 2.10). Ten µL of the BALF cell suspension was then diluted 1/10
and counted using a haemocytometer. The cells were stored on ice for subsequent analyses
including flow cytometry and differential cell count analysis (Gregory et al., 2009) (Sections
2.5.3-2.5.10, 2.6.1).

2.5.2 Isolation of cells localised in the lung parenchyma
As previously described (Gregory et al., 2009), the left lung lobe was mechanically cut into
pieces of approximately 2 x 2 mm. The tissue was incubated in 5 mL RPMI 1640 complete
medium (Media & Buffer List: Section 2.10; supplemented with 0.15 mg/mL collagenase D
(Roche, Burgess Hill, UK) and 25 µg/mL DNase I (Roche)) at 37°C for 1 hour. A single cell
suspension was achieved by filtering the digested tissue through a 70 µm cell strainer (BD).
The cells were then washed and centrifuged at 1700 rpm for 5 min (Hettich Rotina 420R
centrifuge (Hettich)). Erythrocyte contamination was removed by incubating the cells for 5 min
in 3 mL Erythrocyte Lysis Solution (Media & Buffers List: Section 2.10) at room temperature.
The cells were washed again, re-suspended in 1 mL RPMI 1640 complete medium (Media &
Buffer List: Section 2.10) and counted using a haemocytometer. The isolated cells were stored
on ice for subsequent analysis.
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2.5.3 Extracellular staining of lung & BALF cells
Up to 2 x 106 cells/well per sample were transferred to a 96 well plate (round bottom; Corning,
Wiesbaden, Germany). The plate was centrifuged at 1700 rpm for 5 mins (Hettich Rotina 420R
centrifuge (Hettich)) and the cells were washed twice with filtered FACS buffer (Media &
Buffers List: Section 2.10). To avoid binding of staining antibodies to non-specific epitopes,
cells were incubated for 15 mins in 30µL rabbit serum at 4°C. The cells were washed in filtered
FACS buffer and incubated with a combination of different fluorophore-conjugated antibodies
(Section 2.5.10, Table 2.1) in 10 µL FACS buffer at 4°C in the dark for 20 mins, followed by two
wash steps using filtered FACS buffer. The cells were fixed in 100 µL IC fixation buffer
(eBioscience, Hatfield, UK) over-night and stored at 4°C in the dark until flow cytometry was
performed in FACS buffer on a BD Fortessa flow-cytometer (BD) (Kearley et al., 2005; Vasiliou
et al., 2014).
The staining protocol was amended on some occasions and a live/dead staining protocol was
used prior to extracellular staining. Here, the cells were washed twice with PBS following the
transfer to 96 well plates. The cells were then stained with 30µL of a 1/1000 dilution of the
LIVE/DEAD® Fixable Near-IR Dead Cell Stain Kit (Life Technologies) for 15 min at 4°C in the
dark, washed twice with PBS and incubated in 30µL rabbit serum for 15 min. The protocol was
continued as described above.

2.5.4 Intracellular staining of lung and BALF cells
Selected samples were stained for intracellular markers after the described extracellular
staining protocol was performed. Following the over-night fixation, cells were washed once in
filtered FACS buffer and re-suspended in filtered Perm buffer (eBioscience). The samples were
then stained with fluorophore-labelled intracellular antibodies (Section 2.5.10, Table 2.1) for
40 min in the dark at 4°C, followed by two wash steps with filtered Perm buffer and resuspended in filtered FACS buffer (Vasiliou et al., 2014). The fluorescence signals were recoded
using a BD Fortessa flow-cytometer.
If cells were stained for intracellular cytokines, they were stimulated with PMA (SigmaAldrich)/ ionomycin (Millipore, Watford, UK) in the presence of brefeldin A (Sigma-Aldrich) at
37°C / 5% CO2 for 3h before the extracellular staining was performed (Vasiliou et al., 2014).

2.5.5 Gating strategy for macrophages, eosinophils and neutrophils
Flow cytometry was performed on CD11b, CD11c, CD68, Gr-1 and SiglecF stained total BALF
and lung cells. A lung tissue sample of a mouse i.n. exposed to Alternaria three times over 1
week is used as an example to show the strategy used in this thesis to gate for macrophages,
eosinophils and neutrophils (Fig. 2.5). Live cells were selected based on forward (FSC-A) and
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side-scatter (SSC-A). By excluding low FSC-A lymphocytes, a “Large granulocyte gate” was
created serving as the basis of the gating strategy (Fig. 2.5a). Any cells present in the “Large
granulocyte gate” were analysed on CD68 expression (Fig. 2.5b). Cells stained positive for CD68
were selected based on the respective fluorescence minus one (FMO) sample (Fig. 2.5c), a
sample stained with every antibody apart from the one of interest, and recorded as
macrophages. Cells negative for CD68 were analysed further on high expression of both Gr-1
and CD11b (Fig. 2.5d) based on the respective FMO samples (Fig. 2.5e) and defined as
neutrophils. CD68 negative cells were also gated to identify eosinophils (Siglec-F positive /
CD11c negative). The gate was designated based on FMO samples negative for Siglec-F or
CD11c (Fig. 2.5g).
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Figure 2.5 Gating strategies for macrophages, neutrophils and eosinophils. Cells were
incubated in the presence of fluorophore-labelled antibodies against the specific cellular
markers CD11b, CD11c, CD68, Gr-1 and SiglecF. (a) A “Large granulocyte gate” was selected. (b)
Cells positive for CD68 were defined as macrophages based on the FMO sample for the antiCD68 antibody (c). (d) CD68 negative cells showing high expression of Gr-1 and CD11b were
recorded as neutrophils. (e) Overlay of FMO samples for Gr-1 and CD11b. (f) Eosinophils were
selected as Siglec-F positive and CD11c negative cells based on an overlay of respective FMO
samples (g).
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2.5.6 Gating strategy for Th1, Th2 and Th17 cells
Percentages and total numbers of different T-cell populations were analysed by flow cytometry
on total BALF and lung cells. The shown example of lung cells harvested from a mouse i.n.
exposed to Alternaria three times over a period of 1 week is representative for the gating
strategy throughout this thesis. First, live cells were gated and the lymphocytes selected based
on FSC and SSC (Fig. 2.6a). Cells present in the lymphocyte gate were analysed for the
expression of the extracellular T cells markers CD3 and CD4 (Fig. 2.6b). Cells positive for both
CD3 and CD4, based on the respective FMOs (Fig. 2.6c), were recorded as CD4+ T cells and
gated further based on specific cytokine expression. Cells positive for interferon γ (IFNγ) were
described as Th1 cells (Fig. 2.6d). The gate was determined by comparing the positive
population with the respective FMO (Fig. 2.6e). IL-13 expressing CD4+ T cells were recorded as
Th2 cells (Fig. 2.6f; FMO shown in Fig. 2.6g) and IL-17 positive cells as Th17 cells (Fig. 2.6h;
FMO shown in Fig. 2.6i).
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Figure 2.6 Gating strategies for Th1, Th2 and Th17 cells. Live cells and lymphocytes were
selected based on FSC and SSC (a). (b) Cells present in the lymphocyte gate were further
analysed on CD3 and CD4 expression. CD4/CD3 double-positive cells were defined as CD4+ T
cells. (c) Overlay of FMOs for CD3 and CD4. (d) CD4+ T cells positive for IFNγ were documented
as Th1 cells based on the markers’ FMOs (e). (f) Cells positive for IL-13 were recorded as Th2
cells. (g) FMO for the marker IL-13. (h) IL-17 positive CD4+ T cells were defined as Th17 cells.
(i) FMO for the antibody targeting intracellular IL-17.
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2.5.7 Gating strategy for ILC2 cells
Gating for IL-13+ innate lymphoid cells was performed as previously described (Denney et al.,
2015). An enlarged lymphocyte gate was defined starting at the lymphocyte population and
continuing in FSC and SSC direction in a lung tissue sample of a mouse three times i.n. exposed
to Alternaria extract (Fig. 2.7a). The “Enlarged lymphocyte gate” served as the basis for any
following analysis. The cells were analysed on hematopoietic lineage marker (CD3, CD11b,
CD45R, TER-119 and Gr-1) expression and negatively stained cells were selected (Fig. 2.7b)
based on the respective lineage marker cocktails’ FMO (Fig. 2.7c). The negative cells were then
further analysed on ICOS and CD45 expression and CD45+ICOS+ cells were defined as ILCs (Fig.
2.7d; an overlay of FMO samples for CD45 and ICOS is shown in Fig. 2.7e). These cells were
then examined on IL-13 expression and recorded as ILC2s by comparing any positive signals to
the respective FMO (Fig. 2.7 f, g).
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Figure 2.7 Gating strategy for ILC2s. An example of the gating strategy used to analyse
different ILC populations is shown. (a) An enlarged lymphocyte gate was introduced and the
selected cells were analysed on hematopoietic lineage marker expression (b) based on the
respective FMO sample (c). (d) CD45+ ICOS+ lineage negative cells were defined as ILCs. (e)
Overlay of FMO samples for anti-CD45 and anti-ICOS. (f) ILC2 cells were recorded as IL-13
expressing ILCs. (g) FMO for the anti-IL-13 fluorophore-labelled antibody.
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2.5.8 Gating strategy for B cells
The percentage of B-ells was analysed by flow cytometry with the assistance of fluorophoreconjugated antibodies targeting the extracellular markers CD3 and CD19. Live cells and
lymphocytes were selected based on FSC and SSC (Fig. 2.8a). Cells in the lymphocyte gate were
then used to calculate B cell percentages by analysing the cells on CD19 and CD3 expression.
CD19+ CD3- cells were defined as B-cells (Fig. 2.8b). The B-cell gate was set up based on an
overlay of FMOs for anti-CD19 and anti-CD3 (Fig. 2.8c).
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Figure 2.8 Gating strategy for B-cells. B-cells were analysed by flow cytometry and shown is
an example of cells harvested from mouse lung tissue following i.n. administration of Alternaria
extract three times over 1 week. (a) FSC / SSC plot of the lung total cells. Live cells were gated
and lymphocytes selected based on FSC and SSC. (b) B-cells were recorded as CD19+ CD3- cells
based on an overlay of FMO samples for anti-CD19 and anti-CD3 (c).
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2.5.9 Isolation and sorting of EpCam+ epithelial cells
To identify if epithelial cells were successfully transfected with AVV EGFP or AAV
Ormdl3-EGFP, airway epithelial cells were sorted similar to as previously reported
(Juncadella et al., 2012). After the confirmation of death, lungs were perfused with ice cold
PBS through the right cardiac ventricle. This was followed by the injection of 1.5 mL
Dissociation Solution (Media & Buffer List: Section 2.10) into the lungs via the trachea,
immediately followed by 0.5 mL of 1% low gelling temperature agarose (maintained at 3740°C; Sigma Aldrich). The trachea was then closed using a haemostat and the chest was
cooled down with ice to allow agarose solidification. The lung lobes were harvested and
incubated at 37°C for 1h in 5 mL Dissociation Solution (Media & Buffer List: Section 2.10)
under slight agitation and subsequently passed through a 100 µm cell strainer (BD). The
resulting single cell suspension was centrifuged (1400 rpm; Hettich Rotina 420R centrifuge
(Hettich)) and again filtered through a 100 µm cell strainer to remove any remaining,
solidified agarose, followed by an incubation step (10 min, room temperature) in
DMEM/F12/25 mM HEPES (Life Technologies) in the presence of 50 µg/mL DNase I
(Roche). This was followed by the removal of erythrocytes by the addition of Erythrocytes
Lysis Solution (Media & Buffer List: Section 2.10; 3 mL, 5 min room temperature) to the
centrifuged cells and the cell suspension was extracellularly stained in Sorting Buffer (Media
& Buffer List: Section 2.10) with PE conjugated EpCam (eBioscience) and Brilliant Violet
421 conjugated CD45 (BioLegend) anti-mouse antibodies (Antibody List: Section 2.5.10,
Table 2.1) and sorted using a BD FACSAria III cell sorter. The extracellular staining step
was performed similar to as described in section 2.5.3, however, the cells were stained in
Sorting Buffer and not FACS Buffer and unspecific epitopes were blocked by the addition of
1µg purified anti-mouse CD16/CD32 (BD) to the cell prior to fluorophore-labelled antibody
staining. The cells were sorted unfixed into DMEM/F12/25 mM HEPES (Life
Technologies). QIAshredder and RNeasy micro kits (Qiagen) were used in combination to
isolate RNA and cDNA was consequently prepared using the SuperScript VILO Master Mix
(ThermoFisher), according to manufacturers’ instructions. qRT-PCR was performed to
analyse transcript levels of EGFP and Ormdl3 utilising pre-designed Taqman gene
expression assays (ThermoFisher) with Gapdh serving as reference gene. Please see Section
2.8.3 for further qRT-PCR instructions and Table 2.4, summarising the Taqman assays used
in this project.
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2.5.10 Antibodies
Table 2.1 Antibodies used for flow cytometry
Antigen

Isotype

Clone

Conjugated

Antibody

Fluorophore

dilutions

Manufacturer

CD11b

Rat, IgG2b, κ

M1/70

eFluor 450

1:200

eBioscience

CD11c

Hamster IgG

N418

PerCP/Cy5.5

1:100

eBioscience

CD19

Rat, IgG2b, κ

1D3

APC

1:100

BD Biosciences

CD3e

Hamster IgG

145-2C11

FITC

1:100

eBioscience

CD3e

Hamster IgG

145-2C11

PE/Cy7

1:100

eBioscience

CD3

Rat, IgG2b, κ

17A2

eFluor 450

1:100

eBioscience

CD4

Rat, IgG2b, κ

RM4-5

PerCP/Cy5.5

1:100

eBioscience

CD45

Rat, IgG2b, κ

30-F11

PerCP/Cy5.5

1:100

eBioscience

CD45

Rat IgG2b, κ

30-F11

BV 421

1:100

BioLegend

CD68

Rat, IgG2a

FA-11

FITC

1:100

BioLegend

EpCam

Rat, IgG2a, κ

G8.8

PE

1:100

eBioscience

Gr-1

Rat, IgG2b, κ

RB6-8C5

eFluor 450

1:200

eBioscience

Gr-1

Rat, IgG2b, κ

RB6-8C5

APC

1:200

eBioscience

eFluor 450

1:20

eBioscience

17A2, RA3-

Hematopoietic
lineage marker

Rat, IgG2b, κ

cocktail
ICOS

6B2, M1/70,
TER-119,
RB6-8C5

Hamster IgG

C398.4A

PE/Cy7

1:100

BioLegend

IFNγ

Rat, IgG1, κ

XMG1.2

PE/Cy7

1:100

eBioscience

IFNγ

Rat, IgG1, κ

XMG1.2

APC

1:100

eBioscience

IL-13

Rat, IgG1, κ

eBio13A

PE

1:100

eBioscience

IL-13

Rat, IgG1, κ

eBio13A

eFluor 660

1:100

eBioscience

IL-17A

Rat, IgG2a, κ

eBio17B7

PE/Cy7

1:100

eBioscience

IL-17A

Rat, IgG2a, κ

eBio17B7

APC

1:100

eBioscience

NKp46

Rat, IgG2a, κ

29A1.4

PE/Cy7

1:100

eBioscience

Siglec-F

Rat, IgG2a, κ

E50-2440

PE

1:100

BD Biosciences

Siglec-F

Rat, IgG2a, κ

E50-2440

AFluor 647

1:100

BD Biosciences

Abbreviations: AFlour 647: AlexaFluor 647 APC: Allophycocyanin; FITC: Fluorescein; PE:
Phycoerythrin; PE/Cy7: Tandem-dye of phycoerythrin and cyanine 7; PerCP/Cy5.5: Tandem-dye of
peridinin and cyanine 5.5; BV: Brilliant Violet. Manufacturers: eBioscience, Hatfield, UK; BD
Biosciences, Oxford, UK; BioLegend, London, UK.
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2.6 Histopathological methods
2.6.1 Differential cell count
Five x 104 BALF or lung cells were pelleted onto microscope slides by cytocentrifugation (400
rpm/min; 4 min) in a Shandon Centrifuge (Model Cytospin 3, ThermoFisher) and WrightGiemsa stained (Sigma-Aldrich). Mononuclear cells, eosinophils and neutrophils were
differentially counted at 200x magnification based on the cells morphology. A minimum of 200
cells were counted. The percentage of each cell type was calculated and their total number was
generated by multiplying the percentage with the total cell number.

2.6.2 Preparation of histopathological sections
The lobectomised superior lobe was inflated with PBS and fixed in neutral buffered formalin
(Sigma-Aldrich) over night at 4°C. Wax-embedding, sectioning (4 µm sections), haematoxylin
and eosin (H&E) staining and periodic acid-Schiff (PAS) staining was performed by Lorraine
Lawrence (NHLI, Imperial College London).

2.6.3 Evaluation of pulmonary inflammation
Airway-associated immune cell infiltrates were graded using H&E stained lung sections. A
semi-quantitative scoring system was applied as previously reported (Lloyd et al., 2001),
where 1 represents small pockets of inflammatory infiltrates at a minority of present airways
and 5 large (>3 cells deep) infiltrates at the majority of present airways in the section:
1 = small pocket of infiltrate
2 = small pocket (<3 cells deep) in > 1 airway or vessel
3= 1>, less than 50% of airways and vessels have large infiltrates (>3 cells deep)
4= most airways (50% - 75%) and vessels have large infiltrates
5= majority of airways and vessels have large infiltrates and cells present in alveolar bed (>
75% airways). The score was expressed as inflammatory score (arbitrary units).

2.6.4 Evaluation of goblet cell hyperplasia
The PAS-stained lung sections were analysed for goblet cell hyperplasia using a semiquantitative scoring system as previously reported (Saglani et al., 2009). The airways were
evaluated on positively stained (purple) mucous containing cells. The following scoring system
was applied:
0= < 5% goblet cells 1= 5-25%, 2 = 25-50%, 3=50-75%, 4= >75% (% refers to the percentage of
positively stained cells of the total number of epithelial cells present in the airway)
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The total score of all evaluated airways was divided by the total number of airways assessed
(10-20 airways) and expressed as mucus score (arbitrary units).

2.6.5 Immunofluorescence staining
To localize AAV Ormdl3-eGFP in the lungs, paraffin-embedded sections were stained with a
rabbit anti-GFP antibody (Abcam). The sections were then incubated with biotinylated goat
anti-rabbit (Jackson ImmunoResearch, West Grove, PA, USA) as a secondary antibody and
labelled with streptavidin-AlexaFluor488 (Life Technologies). Fluorescence images were
acquired with a LeicaDM2500 microscope. Immunofluorescence staining was performed by Dr.
Lisa Gregory.

2.7 Biochemical methods
2.7.1 Preparation of lung tissue homogenate
To measure specific cytokine concentrations in the lung tissue of mice, tissue homogenates
were prepared. The lungs were weighed, transferred to 1 mL Hank’s Balanced Salt Solution
(HBSS, Life Technologies) containing protease inhibitor tablets (Roche) and homogenised with
an Ultra-Turrax T25 tissue homogeniser (IKA, Staufen, Germany). The homogenised lung tissue
was adjusted to a concentration of 50 mg/mL with HBSS (supplemented with protease
inhibitor) and stored at -80°C until further analysis.

2.7.2 Enzyme-linked immunosorbent assay (ELISA)
2.7.2.1 General ELISA protocol
The concentrations of different immunoglobulins and cytokines were quantified by ELISA.
Antibodies used in this protocol were purchased as paired antibodies from BD. Ninety-six well
plates (high binding affinity; Corning) were coated with purified Ig capture antibodies in ELISA
coating buffer at 4°C overnight. The plates were washed 5 times with ELISA wash buffer and
blocked with ELISA blocking buffer at room temperature for 2h. Following another 5 washes,
standards (8 point standard curve; prepared in duplicate) and samples were diluted in ELISA
sample buffer, added to different wells and incubated over night at 4°C. The ELISA plates were
washed 5 times with wash buffer and incubated with their respective biotinylated detection
antibodies diluted in ELISA sample buffer for 1h at room temperature. Subsequently, the wells
were washed with ELISA wash buffer another 5 times and target bound biotinylated antibodies
were labelled with horseradish peroxidase (HRP) by the addition of streptavidin-HRP
(eBioscience) to each well, followed by an incubation step for 30 min at room temperature in
the dark. The plates were washed 5 times and K-blue substrate was added. The reaction was
stopped with ELISA stop buffer (0.19M H2O2) following enzymatic colour development (5-15
min). Signals were recorded at a wavelength of 450nm (reference wavelength: 540nm) using
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the Tecan sunrise plate reader (Tecan, Männedorf, Switzerland). Used antibodies, recombinant
proteins and standard curve ranges were listed in Section 2.7.2.5 (Table 2.2). The
concentrations of selective cytokines and mediators were measured with specific purchased
ELISA kits according to manufacturer’s instructions. The purchased ELISA kits were listed in
Section 2.7.2.5 (Table 2.3).

2.7.2.2 Quantification of Immunoglobulin levels by ELISA
Concentrations of IgA, IgE or IgG1 in serum, lung tissue or BALF were measured as described in
Section 2.7.2.1. Used antibodies, proteins and standard ranges were listed in Section 2.7.2.5
(Table 2.2). Specific buffer formulations needed to perform these assays, are listed below:
ELISA coating buffer:

0.1M NaHCO3

ELISA blocking buffer:

3% BSA in PBS

ELISA sample buffer:

3% BSA / 0.05% Tween 20 in PBS

2.7.2.3 Measurements of allergen specific immunoglobulin levels
To quantify allergen specific Ig production by ELISA, 96 well plates were coated with 50 µg/mL
HDM or Alternaria extract in 0.1M NaHCO3 (pH=9.6) and incubated over night at 4°C. The
protocol was continued as described in section 2.6.1.2. Allergen specific Ig levels were
expressed as absorbance at 450 nm. Used antibodies, proteins and standard ranges were listed
in Section 2.7.2.5 (Table 2.2). Specific buffer formulations needed to perform these assays, are
listed below:
ELISA coating buffer:

0.1M NaHCO3 (pH: 9.6)

ELISA blocking buffer:

1% BSA in PBS

ELISA sample buffer:

1% BSA / 0.05% Tween 20 in PBS

2.7.2.4 IL-4, IL-5
The general ELISA protocol as described in section 2.7.2.1 was used to quantify IL-4 and IL-5 in
lung tissue and BALF. Used antibodies, proteins and standard ranges were listed in Section
2.7.2.5 (Table 2.2). Specific buffer formulations needed to perform these assays, are listed
below:
ELISA coating buffer:

0.1 M Na2HPO4, adjust pH to 9.0 with 0.1 M NaH2PO4

ELISA blocking buffer:

1% BSA in PBS

ELISA sample buffer:

1% BSA / 0.05% Tween 20 in PBS
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2.7.2.5 Purchased antibodies, recombinant proteins and kits used to evaluate
immunoglobulin and cytokine levels by ELISA
Table 2.2 Antibodies and recombinant proteins (BD) used to measure immunoglobulin
and IL-4/IL-5 levels
IgA

Coating: Cat. No.: 556969; Purified Rat Anti-Mouse IgA; Clone C10-3
Standard: Cat. No.: 553476; Purified Mouse IgA; Clone M18-254
Standard curve range: 125 ng/mL – 1.9 ng/mL
Detection: Cat. No.: 556978; Biotin Rat Anti-Mouse IgA; Clone C10-1

IgE

Coating: Cat. No.: 553413 Purified Rat Anti-Mouse IgE; Clone R35-72
Standard: Cat. No.: 557079 Purified Mouse IgE; Clone C38-2
Standard curve range: 400 ng/mL– 6 ng/mL
Detection: Cat. No.: 553419 Biotin Rat Anti-Mouse IgE; Clone R35-118

IgG1

Coating: Cat. No.: 553445 Purified Rat Anti-Mouse IgG1; Clone A85-3
Standard: Cat. No.: 557273 Purified Mouse IgG1; Clone MOPC-31C
Standard curve range: 10 ng/mL - 0.156 ng/mL
Detection: Cat. No.: 553441 Biotin Rat Anti-Mouse IgG1; Clone A85-1

IL-4

Coating: Cat. No.: 554434 Purified Rat Anti-Mouse IL-4; Clone 11B11
Standard: Cat. No.: 550067 Recombinant Mouse IL-4
Standard curve range: 1000 pg/mL - 15.625 pg/mL
Detection: Cat. No.: 554390 Biotin Rat Anti-Mouse IL-4; Clone BVD6-24G2

Il-5

Coating: Cat. No.: 554393 Purified Rat Anti-Mouse IL-5; Clone TRFK5
Standard: Cat. No.: 554581 Recombinant Mouse IL-5
Standard curve range: 2000 pg/mL - 31.25 pg/mL
Detection: Cat. No.: 554397 Biotin Rat Anti-Mouse IL-5; Clone TRFK4

Table 2.3 Purchased ELISA kits
IL-6

Mouse IL-6 DuoSet ELISA (R&D systems)

IL-13

Mouse IL-13 Culture Media Quantikine ELISA (R&D systems)

IL-33

Mouse IL-33 DuoSet ELISA (R&D systems)

CCL-24

Mouse CCL24/Eotaxin DuoSet ELISA (R&D systems)

CXCL-1

Mouse CXCL1/KC DuoSet ELISA (R&D systems)

Albumin

Mouse Albumin ELISA Quantitation Set (Bethyl Laboratories)

The concentrations of selective cytokines and mediators were measured with specific purchased
ELISA kits according to manufacturer’s instructions. The purchased ELISA kits were listed in this
table.
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2.7.2.6 Assessment of lactate dehydrogenase (LDH) levels in the BALF
The In Vitro Toxicology Assay Kit, Lactic Dehydrogenase based from Sigma-Aldrich was used to
quantify the levels of LDH in the BALF according to manufacturer’s instructions. Briefly, a
Lactate Dehydrogenase Assay Mixture was prepared by mixing equal volumes of LDH Assay
Substrate Solution, LDH Assay Dye Solution and LDH Assay Cofactor. Fifty µL of diluted sample
was transferred to a 96 well plate and 100 µL of Lactate Dehydrogenase Assay Mixture was
added to each sample. The reaction-mix was protected from light and incubated at room
temperature for 20-30 min until the reaction was stopped with 15µL of 1 N HCl. Absorbance
was measured at a wavelength of 490 nm (reference wavelength 690nm).

2.7.2.7 Measurements of uric acid concentrations in the BALF
The concentrations of uric acid in the BALF were assessed using ThermoFisher Scientific’s
Amplex® Red Uric Acid/Uricase Assay Kit following the manufacturer’s protocol. Standards
were prepared in duplicate by diluting the provided uric acid in 1 x reaction buffer to achieve
concentrations between 0 µM and 100 µM. Samples were diluted in 1 x reaction buffer and 50
µL of each standard and sample transferred to a 96 well plate. Fifty µL of Amplex red reagent
working solution (containing 100 µM Amplex® Red reagent, 0.4 U/mL HRP and 0.4 U/mL
uricase) was added to each well. The reaction-mix was incubated at 37°C in the dark for a
minimum of 30 min until colour development was achieved. Absorbance was measured at 560
nm.

2.8 Molecular biology methods
2.8.1 Molecular cloning of pZac2.1 Ormdl3-EGFP
In order to express Ormdl3-EGFP in the airway epithelium, an adeno-associated virus (AAV)
was generated, harbouring an Ormdl3-EGFP expression vector, in which Ormdl3-EGFP was
flanked by inverted terminal repeats (ITR’s). ORMDL3 was labelled with a fluorescent EGFP
reporter protein due to the lack of an available specific antibody to track expression. The
respective vector pZac2.1 Ormdl3-EGFP was cloned by my collaborator and 2nd supervisor Dr
Youming Zhang and kindly provided for further processing. A brief description of Dr. Zhang’s
cloning strategy is provided in the following paragraph.
Ormdl3 was amplified by polymerase chain reaction (PCR) and introduced into the EGFP
containing vector pEGFP-N3. The resulting Ormdl3-EGFP open-reading frame was amplified by
PCR and purified by gel electrophoreses. The respective Ormdl3-EGFP DNA-band was removed
from the gel and extracted. Prior to fragment ligation, both the Ormdl3-EGFP fragment and the
target vector were incubated with Xho I & Not I restriction enzymes. After ligation, the resulting
vector pZac2.1 Ormdl3-EGFP (vector map provided in Fig. 2.9) was amplified and processed for
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AAV packing by Stephan Loeser under supervision of laboratory manager Dr Alessandra
Lanfrancotti

Figure 2.9 Vector map of pZac2.1 Ormdl3-EGFP. Mice were transfected with an adenoassociated virus harbouring an Ormdl3-EGFP expression vector. The vector contains an Ormdl3EGFP gene fusion (purple) under the control of a CMV promoter (orange). The N-terminal EGFP
tag is highlighted in green. Promoter, Ormdl3-EGFP open reading frame and SV40 poly(a) signal
are flanked by inverted terminal repeats (ITR; red). The CAP binding site is located upstream of
the first ITR and highlighted in grey. Origins of replication are shown in black and the
ampicillin (AmpR) resistance cassette is marked in turquoise.
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2.8.1.1 Transformation of Stbl3™ chemically competent E. coli
The vector pZac2.1 Ormdl3-EGFP was delivered into Stbl3™ E.coli cells (ThermoFisher) by
transformation. Stbl3™ E.coli contain a recA13 mutation, minimizing the ability of this bacteria
strain to recombine ITR sequences. A water bath was set to 42°C and 250 µL of S.O.C. medium
(ThermoFisher; Super Optimal Broth medium supplemented with glucose) was equilibrated to
42°C in a water bath, 30 min before the transformation protocol was executed. One tube of One
Shot® Stbl3™ Chemically Competent E. coli was thawed on ice and 1 ng of pZac2.1 Ormdl3EGFP vector was added. The transformation mixture was gently agitated by flicking and
incubated on ice for 30 min. The cells were transferred to the water bath and incubated at 42°C
for exactly 45 sec. The transformed bacteria cells were added to the heated 250 µL of S.O.C.
medium and incubated at 37°C for 1h at 225 rpm in an Eppendorf Thermomix comfort
(Eppendorf). This incubation step is essential to allow the transformed bacteria to express the
ampicillin resistance gene present in the pZac2.1 Ormdl3-EGFP vector sequence prior to plating
out the mixture on to LB-Agar plates (containing 100 µg/mL ampicillin). The plates were
incubated at 37°C overnight.

2.8.1.2 Bacterial culture and vector preparation
A single colony was selected from culture plates containing pZac2.1 Ormdl3-eGFP transformed
Stbl3™ E.coli cells and transferred to 3 mL sterile LB medium (containing 100 µg/mL
ampicillin). The liquid culture was incubated in a shaking incubator for 12 h at 37°C / 200 rpm.
The resulting bacteria suspension served as starting culture for an extended liquid culture of 2
L LB-medium (containing 100 µg/mL ampicillin) for 16h at 37 °C / 200 rpm. The bacteria cells
were pelleted in an ultracentrifuge (Beckman Coulter, High Wycombe, UK) at 6000 x g for 15
min at 4°C and pZac2.1 Ormdl3-eGFP was purified using the EndoFree Plasmid Giga Kit
(Qiagen) following manufacturers’ instructions.

2.8.1.3 Viral vector generation
The purified vector was examined by restriction analysis for presence and correct orientation
of the insert by Dr Alessandra Lanfrancotti and subsequently sent to the Vector Core facility at
the University of Pennsylvania, where the AAV Ormdl3-EGFP was produced by local scientists.
The respective control vector AAV EGFP was purchased from the same facility.

2.8.2 Xbp1 splicing
Un-spliced and spliced Xbp-1 were amplified by polymerase chain reaction (PCR) (Forward
primer: ACACGCTTGGGAATGGACAC; Reverse primer: CCATGGGAAGATGTTCTGGG). The PCR
products were separated using a 4% agarose gel (Ultrapure agarose; Life Technologies).

102

2.8.3 Western blot analyses
Following lung tissue homogenisation at 50 mg/mL in Radioimmunoprecipitation Assay Buffer
(RIPA) buffer (Sigma), the homogenates were centrifuged at 13.000 rpm for 10 min at 4ºC. The
supernatants were harvested and utilised for Western blotting. After protein separation by
polyacrylamide gel electrophoresis and transfer to PVDF membranes, membranes were
blocked with 5% (w/v) non-fat milk in TBS with 0.05% Tween-20. Utilised primary antibodies:
rabbit monoclonal anti-SERCA2 (abcam, Cambridge, UK), rabbit polyclonal anti-GAPDH
(Millipore), rabbit polyclonal anti-GAPDH Phospho-eIF2α (Ser51) (Cell Signaling Technology,
Danvers, MA, USA) and rabbit monoclonal Anti-alpha tubulin antibody (abcam, Cambridge, UK).
Western blot analyses were performed by Dr Katrein Schaefer and Simone Walker

2.8.4 Quantitative real time PCR (qPCR)
Expression levels of different transcripts were assessed by qPCR. For each mouse, the
accessory lobe of the lung was harvested and placed in 300 µL of RNA later (Qiagen) and
incubated at 4°C overnight. The RNA later was then removed and the tissue was stored at 80°C until RNA isolation. To isolate RNA from the tissue, 500 µL of TRI reagent (Sigma-Aldrich)
was added and homogenates were produced using a VWR Pellet Mixer (VWR, Lutterworth, UK).
Cell debris was removed by centrifugation at 12000 x g / 4°C (Eppendorf 5415 D centrifuge)
and 100 µL of chloroform (Sigma-Aldrich) was added and the mixture was shaken vigorously
for 15 minutes. After centrifuging the samples at 12000 x g for 15 min at 4°C (Eppendorf 5415
D centrifuge), the RNA containing aqueous layer was transferred to a new tube and 70%
ethanol was added and mixed by repeated pipetting. The RNA was then transferred to an
RNeasy spin column and purified using the RNeasy Mini Kit (Qiagen) according to
manufacturer’s instructions. One µg of purified RNA was reverse transcribed into cDNA using
the High-capacity cDNA reverse transcription kit (Life Technologies) according to the
manufacturer’s protocol. The cDNA was diluted 1/4 in H2O and stored at -20°C until qPCR was
performed. A qPCR reaction mixture was prepared (3µL Taqman Fast Advanced Master Mix
(ThermoFisher)/ 0.3 µL H2O / 0.3 µL Taqman assay / 2.4 µL cDNA) and pipetted onto a 384
well plate (ThermoFisher) and run on a ViiA 7 Real-Time PCR System (ThermoFisher)(PCR
program: 2 min at 50 °C, then 20 sec at 95 °C, followed by 40 cycles of 1 sec at 95 °C and 20 sec
at 60 °C). RNase free items were used throughout the protocol. Expression of each target gene
was normalized to the arithmetic mean of the two housekeeping genes Gapdh and Hprt. Data
were then expressed as fold-change of relative mRNA expression in experimental groups
versus naïve WT animals, using the ΔΔCT method. Purchased Taqman assays (ThermoFisher)
are listed in Table 2.4.
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Table 2.4 List of TaqMan® Gene Expression Assays used in this thesis
Gene

Catalogue number

Ormdl1

Mm00523629_m1

Ormdl2

Mm00452481_g1

Ormdl3

Mm00787910_sH

IL-4

Mm00445259_m1

IL-5

Mm00439646_m1

IL-13

Mm00434204_m1

IL-33

Mm00505403_m1

Ddit3

Mm01135937_g1

Xbp-1

Mm00457357_m1

Edem-1

Mm00551797_m1

EGFP

Mr04329676_mr

Gapdh

Mm99999915_g1

Hprt

Mm01545399_m1

Gene names: Ddit3: DNA Damage Inducible Transcript 3; Xbp-1: X-Box Binding Protein 1; Edem1:
ER Degradation Enhancing Alpha-Mannosidase Like Protein 1; Gapdh: Glyceraldehyde-3Phosphate Dehydrogenase; Hprt: Hypoxanthine Phosphoribosyltransferase 1.
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2.8.5 Measurements of eicosanoid concentrations
Quantifications of eicosanoid concentrations were kindly performed by the research group of
Prof Dr Valerie O’Donnell (Cardiff University). Lipid extraction and analysis by liquid
chromatography/electrospray ionization tandem mass spectrometry/mass spectrometry
(LC/MS/MS) was accomplished as previously published (Gregory et al., 2009; Mathie et al.,
2015). Briefly, homogenized lung tissue was shipped on dry ice to the specialised facility and
12-HETE-d8 was added as internal standard. Lipid hydroperoxides were reduced by the
addition of 1 mM SnCl2, prior to an incubation period of 10 min at room temperature. At a ratio
of 2.5 mL/1 mL homogenate, a solvent mixture of 1 M acetic acid/2-propanol/hexane (2:20:30,
v:v:v) was added to extract lipids. The samples were then vortexed, 2.5 mL hexane added,
vortexed again and centrifuged. The lipids were re-extracted from the upper hexane layer by
adding an equal volume of hexane to the sample. The combined hexane layers were dried and
eicosanoid concentrations were measured by LC/tandem MS (Liquid chromatography/mass
spectrometry in tandem configuration). Eicosanoids assessed: 5-Hydroxyicosatetraenoic acid
(HETE), 8-HETE, 11-HETE, 12-HETE, 15-HETE, prostaglandin E2 (PGE2) and PGD2

2.8.6 Quantification of sphingolipid concentrations
The concentrations of sphingolipids were measured at METABOLON®, a company specialised
in lipid diagnostics. TRUMASSTM CERAMIDE PANEL analyses were purchased, and the
harvested right middle lung lobe was sent to the company on dry ice. Deuterium labelled
internal standards were added to the samples and solubilized in methanol prior to crash
extraction. KCl in water was added, the organic layer removed and concentrated under
nitrogen. The spin filtered extract was split into two fractions (ceramides and sphingosines)
and processed with an Agilent C8 column connected to an Agilent 1290 Infinity LC and ABI
4000 QTRAP, used in tandem MS mode. Metabolites were ionized by positive electrospray.
Absolute concentrations were determined by comparing peaks to the peaks of relevant internal
standards. 6

2.9 Ex vivo pharmacological methods
2.9.1 Assessment of tracheal smooth muscle contraction
Contraction of tracheal rings was analysed as previously described (Buckley et al., 2011).
Briefly, tracheas of WT and Ormdl3 KO mice were collected and equilibrated in Kreb’s Henseleit
solution (KHS; Media & Buffer List: Section 2.10) warmed to 37°C and aerated with 95% O2/5%
CO2. Subsequently they were cleaned of any connected tissue and cut transversely to produce 2

6

TRUEMASSTM CERAMIDES PANEL leaflet, www.metabolon.com, accessed 04.09.16
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tracheal rings of the same size. Suture threads were threaded through the tracheal rings and
then laced to force-displacement transducers. The rings were transferred into tissue baths and
challenged with acetylcholine (1 mM) three times to confirm viability and to standardise
responses, after the tension of tissues had stabilised. Concentration-response curves (10 nM – 1
mM) were generated to methacholine, or vehicle (KHS). The concentration-response curves
were then fitted by least-squares non-linear regression based upon the Hill equation. Mean
EC50 values were calculated by averaging data from interpolation of response curves
constructed for each individual tissue within a data set.

2.9.2 Microscopic analysis of airway smooth muscle contraction
Airway contraction was imaged utilizing precision cut lung slices continuously perfused with
the muscarinic receptor agonist methacholine as previously described (Barlow et al., 2013).

2.9.2.1 Preparation of precision cut lung slices
1.1 mL of 2 % low melting point agarose (ThermoFisher; maintained at 37-40 °C) was injected
into the lungs of the tracheotomised mice through the inserted cannula. The trachea was
immediately closed using suture thread to prevent backflow of the agarose and the chest area
of the mouse was covered with ice to facilitate solidification. The inflated lung was then
harvested and placed in ice-cold Lung Slice Solution (Media & Buffer List: Section 2.10). The
different lung lobes were separated from each other and the left lobe and the right inferior lobe
were used for the analyses. They were transported to the VF-300 tissue slicer (Precisionary
Instruments, Greenville, NC, USA), casted into the provided casting tray with 2% low melting
point agarose and cut into 155 µM thick sections. The sections were washed with Dulbecco's
Modified Eagle medium (DMEM, Life Technologies; at 37°C; with 100 U/mL pen/strep) and
screened by light microscopy under 100x magnification for airways cut at a 90° angle. The
respective slices were incubated at 37°C / 5% CO2 overnight until airway contraction
measurement.

2.9.2.2 Measurements of airway contraction
Prior to microscopy, airways were checked for the presence of beating cilia (viability criteria)
and agarose contamination and subsequently washed with DMEM (37°C; 100 U/mL
pen/strep). Viable sections were then placed in a FCS2 perfusion chamber (Bioptechs, Butler,
PA, USA) and perfused, utilising a PicoPlus peristaltic pump (Harvard Apparatus, Holliston, MA,
USA), with Lung Slice Solution (Media & Buffer List: Section 2.10) at 0.5 ml/min. Images were
recorded every 2 seconds using a Axiovert 200 microscope (Zeiss, Oberkochen, Germany) and
an EM-CCD camera (Hamamatsu Photonics, Welwyn Garden City, UK). Following baseline
measurements, the slices were perfused with increasing concentrations of methacholine
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(0.01µM, 0.01µM, 0.1µM, 1µM, 10µM) in Lung Slice solution for 5 min each. Lumen area was
assessed using the Fiji bioimage analysis software (Schindelin et al., 2012). Readouts are
expressed as % contraction in respect to normalised lumen area and change in lumen area as %
of maximum lumen area. Half maximal effective concentrations (EC50) values were calculated
by averaging data from interpolation of response curves constructed for each individual tissue
within a data set.

2.10 Media and buffers used in this project
The following table summarises media and buffers specifically prepared for different
techniques utilised during the course of this project.
Table 2.5 Media & Buffers List
Dissociation Solution

DMEM/F12 (no phenol red; Life Technologies) substituted
with

25

mM

HEPES

(Sigma

Aldrich),

penicillin/streptomycin and 5 mg/mL dispase II (Sigma
Aldrich)
Erythrocytes Lysis Solution

155

mM

NH4Cl,

12

mM

NaHCO3,

0.1

mM

ethylenediaminetetraacetic acid (EDTA) in water
FACS Buffer

1% FCS; 0.05% sodium azide (Sigma-Aldrich) in PBS (Life
Technologies)

Kreb’s Henseleit solution

118 mM NaCl, 5.9 mM KCl, 1.2 mM MgSO4, 1.2 mM
NaH2PO4, 2.5 mM CaCl2, 6.6 mM glucose, 25.5 mM NaHCO3

Lung Slice Solution

HBSS (Life Technologies; no sodium bicarbonate, no
phenol red) supplemented with 10 mM HEPES, 1 mM MgCl,
2 mM CaCl

RPMI 1640 complete media

(RPMI 1640 (Life Technologies) supplemented with 10%
fetal calf serum (FCS; Life Technologies) and 100 U/mL
penicillin (pen) / streptomycin (strep))

Sorting Buffer

1% BSA in PBS (Life Technologies)
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2.11 Statistics
Statistical analysis of the data was performed using GraphPad Prism 6. Power calculations were
performed prior to this project as a requirement for Home Office applications for animal
research project licenses. It was determined that at least 6 mice per group are necessary to
achieve 90% confidence to correctly detect differences of at least 30%. Experiments with less
than 6 animals per group therefore need to be classified as preliminary. Normality was
determined using the D’Agostino normality test (GraphPad prism software). Parametric 2-way
ANOVA analyses were performed followed by Bonferroni post-hoc analyses to identify
significant differences, if the data tested positive for normal distribution. If the results were not
normally distributed or if the data visibly did not follow Gaussian distribution, non-parametric
Kruskal-Wallis analyses were performed followed by Dunn’s post-hoc analysis to detect
differences between multiple groups. Student t-tests were performed when only 2 groups were
compared. P-values were expressed as: *P<0.05, **P<0.01, ***P<0.01.
Complex sphingolipid metabolome analyses were performed using the online tool
MetaboAnalyst7. The data was log transformed prior to analyses. The p-values computed for
volcano plots were calculated by student t-tests. To correct for multiple comparisons, a
Bonferroni-corrected P-value of α=0.0009 was indicated additionally. Clusters analyses were
computed under Euclidean distance measure and the Ward clustering algorithm. The data was
log-transformed and auto-scaled prior to clustering.

7

http://www.metaboanalyst.ca (accessed 25.09.16)
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Chapter 3 - Results
Impacts of Ormdl3 deficiency on
HDM-induced allergic airways disease.
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3.1 Introduction
Major immune pathways leading to chronic type 2 inflammation and AHR in response to
common allergens have been uncovered and described over the past years, however genetic
influences on disease onset and progression are an understudied area of interest. GWA studies
have provided promising candidate genes possibly influencing asthma development in both
juvenile and adult patients (Hirota et al., 2011; Moffatt et al., 2007, 2010), with ORMDL3
showing the most signification genetic association to asthma (doctor diagnosis) to date. Thus,
genetically modified mice were designed to be deficient for Ormdl3 by Drs Youming Zhang and
Charlotte Dean of Imperial College London in collaboration with MRC Harwell and in parallel by
Merck & Co, Inc., to analyse the implications of ORMDL3 on disease related immune pathways
in vivo. Experiments involving adult mice were performed with mice bred at MERCK’s animal
supplier TACONIC, while studies requiring in-house breeding utilised Ormdl3 deficient mice
generated by Drs Zhang and Dean. In-house breeding was mandatory in investigations
addressing neonatal immunity.
The aim of the studies described in this chapter was to determine the role of ORMDL3 in
mediating HDM-induced allergic airways disease. To decipher the contribution of ORMDL3 in
HDM-induced pulmonary immunopathology, both adult and newborn WT mice and mice
deficient for the gene Ormdl3 were used. Mice of different ages were included in the study to
address potential age specific effects of ORMDL3 on allergic airways disease onset and
progression. Administration of HDM to adult and neonatal mice has previously been shown to
induce AHR, type-2 lung and BALF inflammation, airway eosinophilia and goblet cell
hyperplasia (Byrne et al., 2013; Gregory et al., 2009; Johnson et al., 2004, 2007; Saglani et al.,
2009) (see also chapter 1; Section 1.7.2). The neonatal 3-week administration protocol (Saglani
et al., 2009), where mice received 3 intranasal allergen administrations per week, was
amended to 5 intranasal exposures per week using higher allergen concentrations. The
rationale behind this change was to mount a robust allergen dependent immune response in
the Ormdl3 KO neonates which are on a C57BL/6 background as the Saglani et al. study utilised
BALB/c mice, classified as Th2-dominant as their T-cells have been shown to be capable of
producing higher IL-4 levels in comparison to other mouse strains (Hsieh et al., 1995).
Additionally, C57BL/6 mice have been shown to produce significantly lower levels of IgE, IL-5
and IL-13 compared to BALB/c mice in a model of ovalbumin-induced allergic airways disease
(Zhu and Gilmour, 2009).
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3.2 Hypothesis
The gene Ormdl3 is involved in different immune pathways leading to allergic airways disease
development, hence Ormdl3 deficient mice are protected from HDM-induced allergic airways
disease.

3.3 Aim
The primary objective of this chapter was to identify how ORMDL3 influences the development
of HDM-induced allergic airways disease in adult and neonatal mice in order to gain insight into
specific mechanisms of ORMDL3-mediated immune regulation in allergy.

3.4 Methods
Ten to 11 week old female WT and Ormdl3 KO mice were administered 25µg HDM extract in
25µL PBS or 25µL vehicle, via the i.n. route, 5 times per week over a period of 5 weeks (Figure
3.1a) (Methods Chapter 2: Section 2.2.1.2). The protocol addressing allergic airways disease
induction in new-born mice (Figure 3.1b) started at day 3 of life with repeated i.n. allergen
exposures, 5 days per week over a period of 3 weeks (Methods Chapter 2: Section 2.2.1.3).
Neonates received 20 µg HDM extract in 10 µL PBS or 10 µL vehicle during the first 2 weeks of
the administration regimen and 25 µg HDM extract in 12.5 µL PBS or 12.5 µL vehicle in the final
week of the protocol. Mice were anaesthetised and lung function was measured 18h after the
last exposure to HDM. Mice were then exsanguinated under terminal anaesthesia and serum,
BALF and lung tissue were harvested and stored for future analysis. Both allergen
administration regimens differed in their duration. A 5 week adult allergen administration
protocol was chosen to include effects of Ormdl3 deficiency on pulmonary function, caused by
alterations in tissue remodelling. In contrast, a short period of allergen administration was
applied to neonatal mice to allow allergic airways disease pathology assessment during the
neonatal stage, as GWA studies underline implications of ORMDL3 in asthma development
particularly in very young children (Halapi et al., 2010; Moffatt et al., 2007, 2010). The term
“neonatal stage” was defined as the life span between birth and 28 days of life, which also is
before mice achieve sexual maturity.
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Figure 3.1 HDM administration protocols used to induce allergic airways disease in adult
and neonatal WT and Ormdl3 KO mice. (a) 10-11 weeks old WT and Ormdl3 KO mice were i.n.
administered 25 µg HDM extract in 25 µL PBS or 25 µL PBS 5 days per week for a total of 5
weeks. (b) Neonatal WT and Ormdl3 KO mice were i.n. exposed to 20 µg of HDM extract in 10
µL of PBS or 10 µL vehicle starting at day 3 of life, 5 times per week for 2 weeks. Starting with
the 11th administration the allergen amount was increased to 25 µg in 12.5 µL PBS for the final
week of the administration regimen. In both protocols, pulmonary function was assessed 18 h
after the terminal allergen exposure and mice were consecutively sacrificed by exsanguination
under terminal anaesthesia. Serum, BALF and lung tissue were harvested and stored for indepth analysis.
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3.5 Results
3.5.1 Ormdl3 KO mice created by Cre-Lox recombination showed reduced
bodyweight during the first weeks of life.
To examine if ORMDL3 contributes to allergic airways disease development and to address the
specific immune-regulatory pathways that ORMDL3 potentially affects, Ormdl3 deficient mice
were created and repeatedly exposed to HDM. Two different Ormdl3 KO strains were generated
and used in this thesis; the first was developed by MRC Harwell and Imperial College London
by Dr Youming Zhang and Dr Charlotte Dean and the second by our industrial collaborator
Merck & Co, Inc. As the generation of both strains was described in-detail in Chapter 2 (Section
2.1.3), a summarised scheme is shown in Figure 3.2a, representing the approach pursued by
Merck. The Ormdl3 gene locus encompasses a total of 4 exons, of which exons 2, 3 and 4 encode
the open reading frame specific to the ORMDL3 protein (Figure 3.2a (I)). A targeting vector was
constructed whereby exons 2-4 are flanked by puromycin and neomycin selection cassettes
accompanied by loxP recombination sites. The genetic elements were transferred into the
genome of ES cells from C57/Bl6NTac mice by homologous recombination (Figure 3.2a (II)).
The targeting vector and resulting genetically modified R1 129 ES cells used by Dr Youming
Zhang contained a single neomycin cassette downstream of exon 4 (Section 2.1.3). Constitutive
KO mice were generated via Cre-Lox recombination utilising globally expressed Cre-driver
mouse lines (Figure 3.2a (III)). Mice generated by the Youming Zhang strategy were repeatedly
crossed at MRC Harwell with C57BL/6J mice to introduce a C57BL/6 genetic background and
the colony was expanded at Imperial College London to generate Ormdl3 KO mice for
experiments.
Both female and male Ormdl3 KO mice bred at Imperial College showed a significant reduction
in bodyweight at 3 weeks of age compared to their WT counterparts (Figure 3.2b). The
decreased bodyweight was maintained in female Ormdl3 KO mice until the end of the adult
allergen administration regimen at 16 weeks of life, whereas the male KO mice reached an
equivalent weight to the WT mice as adults.
Ablated expression of Ormdl3 in constitutive Ormdl3 KO mice was not compensated by other
members of the Ormdl gene family, as both Ormdl1 and Ormdl2 mRNA levels were comparable
between adult WT and Ormdl3 KO mice (Figure 3.2c). The transcript specific to Ormdl3 was not
detectable in Ormdl3 KO mice.
The results illustrate that Ormdl3 KO mice were successfully constructed by Cre-Lox
recombination, as Ormdl3 transcripts are absent in the lungs of Ormdl3 KO mice. Furthermore
Ormdl3 deficiency was found to affect the growth rate of mice illustrated by the significantly
reduced bodyweight values at 3 weeks of life.
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Figure 3.2 Ormdl3 KO mice created by Cre-Lox recombination show significant weight
reductions during infancy. (a) Schematic showing key steps of the MERCK strategy used to
design the Ormdl3 KO mice. (I) The WT gene locus includes 4 exons, of which exon 2-4 encode
the ORMDL3 protein. (II) Genetic locus after homologous recombination of target vector and
genetic region. Exons 2-4 were flanked by loxP sequences. Antibiotic resistance cassettes (P:
Puromycin; N: Neomycin) were placed between F3 and FRT recombination sites, respectively.
(III) Following Cre-Lox and FLP-FRT recombination, an unconditional KO line was created
eliminating exon 2-4 from the mouse genome. (b) Bodyweight of PBS control mice measured at
3 and 16 weeks of age. (c) Ormdl1, Ormdl2 and Ormdl3 gene expression in PBS exposed WT and
Ormdl3 KO mice. Graphs show the mean and SEM. N=3-10 (Graph b), n=8-10 (Graph c).
Statistical analyses were performed using student’s t-tests (*P<0.05 **P<0.01).
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3.5.2 Ormdl3 deficiency does not affect HDM-induced airway hyperreactivity
(AHR) in adult mice.
Repeated i.n. administration of HDM extract to adult WT mice induced a significant increase in
airway resistance (Figure 3.3a-c) and elastance (Figure 3.3d-f) and a decrease in pulmonary
compliance (Figure 3.3g-i) in comparison to the respective PBS treated control group. Ormdl3
deficiency did not result in any measurable difference with respect to baseline levels of
resistance, elastance or compliance (Figures 3.3b, e, h) or following bronchial challenge with
increasing methacholine concentrations (Figures 3.3c, f, i), when compared to WT mice i.n.
administered with PBS. Statistical analysis also revealed no significant differences between
allergen exposed WT and Ormdl3 KO mice at baseline (Figures 3.3b, e, f) or in response to
aerosolised methacholine (Figures 3.3c, f, i).
The results demonstrate that adult Ormdl3 KO mice respond to repetitive i.n. HDM allergen
challenges comparable to WT mice, as lung function changes were observed in both strains. No
baseline differences in AHR were detected in Ormdl3 KO mice i.n. exposed to PBS.
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Figure 3.3 HDM-induced allergic airways disease is characterised by an induction of
airway hyper-responsiveness in both adult WT and Ormdl3 KO mice. Airways were
challenged with increasing concentration of the muscarinic receptor agonist methacholine
prior to lung function measurements. (a) Airway resistance shown as a response curve to
increasing methacholine concentrations. (b) Baseline (BL) airway resistance values prior to
methacholine challenge. (c) Airway resistance after exposure to 300 mg/mL methacholine. (d)
Elastance dose-response curve. (e) Baseline elastance values. (f) Elastance values after
exposure to 300 mg/mL methacholine. (g) Dose-response curve showing compliance values.
(h) Baseline compliance values. (i) Compliance values following challenge with 300 mg/mL
aerosolised methacholine. Experiment was performed twice, one representative experiment is
shown. Graphs show the mean and SEM. n= 4-8 mice per group. Two-way ANOVA statistic tests
were performed in combination with Bonferroni post-hoc tests (*P<0.05 **P<0.01).
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3.5.3 Effects of
concentrations

Ormdl3

deficiency

on

HDM-induced

serum

antibody

While the ORMDL3 asthma-susceptibility locus was not found to be associated with increased
IgE levels in various GWA studies (Hirota et al., 2008; Leung et al., 2009; Moffatt et al., 2010), in
vivo experiments exploiting constitutive human ORMDL3 overexpressing adult mice revealed
an increase in serum IgE levels at baseline, as well as following ovalbumin challenge (Miller et
al., 2014) (see also Chapter 1; Section 1.10.5). IgE is classified as an important mediator in
allergy triggering type-1 hypersensitivity reactions (Platts-Mills, 2001).
To investigate whether Ormdl3 impacts Ig class switching serum levels of different Ig subtype
concentrations were measured. HDM administration for a period of 5 consecutive weeks
resulted in significantly elevated levels of IgG1, as well as HDM specific IgG1 in WT mice
(Figure 3.4a, b). Significantly increased IgE and HDM specific IgE levels were also detected in
WT mice exposed to HDM extract (Figure 3.4c, d). Ormdl3 KO mice showed a profound and
significant increase in the main immunoglobulins investigated in comparison to the respective
PBS treated control group (Figure 3.4a-d). No significant differences in total or allergen specific
IgG1 or IgE levels between WT and Ormdl3 KO mice were detected, either at baseline or
following HDM challenge (Figure 3.4a-d).

IgA is a mucosal immunoglobulin class constituting a first barrier of defence against external
pathogens as well as contributing to the regulation of the mucosal microbiome (Cerutti, 2008).
Since IgA also targets airborne allergens in the lungs following sensitisation, class switching
from IgM to IgA (Cerutti, 2008) was investigated and found to be evident in both WT, as well as
Ormdl3 KO mice as demonstrated by significantly elevated IgA levels in lung tissue and BALF
(Figure 3.4e, f).

Thus, Ormdl3 deficiency did not affect either systemic generation of immunoglobulins in
response to HDM administration or class switching to the mucosal antibody IgA. Observed
elevations in immunoglobulins were accompanied by comparably raised percentages of CD19+
CD3- B-cells (Figure 3.4g) in the lungs of both WT and Ormdl3 KO mice.
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Figure 3.4 Humoral immunity is induced in adult WT and Ormdl3 KO mice following i.n.
HDM extract administration. Immunoglobulin levels were measured by ELISA. Serum (a) IgG1
levels, (b) HDM-specific IgG1 levels, (c) IgE levels, (d) HDM-specific IgE levels. IgA levels were
quantified in homogenised lung tissue (e) and BALF (f). (g) Lung B-cell (CD19+ CD3- live cells)
percentages were determined by flow cytometry and expressed as percentage of live total cells.
Experiment was performed twice, one representative experiment is shown. Graphs show the
mean and SEM. N= 5-10 mice per group. Two-way ANOVA statistic tests were performed in
combination with Bonferroni post-hoc analyses (**P<0.01 ***P<0.001).
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3.5.4 Adult WT and Ormdl3 KO mice develop goblet cell hyperplasia in response
to HDM.
Goblet cell hyperplasia is a pathological abnormality often associated with asthma diagnosis in
patients. It is characterised by increased numbers of goblet cells promoting remodelling of the
bronchial mucosa towards excessive mucus production (Aikawa et al., 1992; Jeffery, 2001).
Goblet cell hyperplasia was observed in HDM treated WT and Ormdl3 KO mice. Both WT and
Ormdl3 KO mice were characterised by significantly raised mucus scores (Figure 3.5a),
determined by semi-quantitatively evaluated Periodic-acid Schiff (PAS) stained lung sections
(Figure 3.5b). Differences in the induction of goblet cell hyperplasia between WT mice and
Ormdl3 KO mice following HDM challenge or at baseline were not identified.
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Figure 3.5 Mucus production by the airway epithelium following HDM-extract induced
allergic airways disease. Mucus production was expressed as mucus score (a) following the
assessment of PAS stained lung sections of PBS or HDM exposed WT and Ormdl3 KO mice. (b)
Representative images of PAS stained airways, acquired by bright-field microscopy under 200x
magnification (Scale bar equals 100 µM). Experiment was performed twice, one representative
experiment is shown. Graphs show the means and SEM. Two-way ANOVA statistic tests were
performed in combination with Bonferroni post-hoc tests (***P<0.001).
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3.5.5 Ormdl3 does not affect HDM-induced leukocyte recruitment to the lungs.
Allergic asthma is characterised as heterogeneous because multiple immune pathways can
contribute to disease inception and progression. Besides AHR, atopy and airway obstruction by
mucus, asthmatic patients often present a variety of inflammatory features, mainly
characterised by eosinophil and Th2 cell infiltration (Murdoch and Lloyd, 2010).
To investigate if the functional influence of ORMDL3 involves cell recruitment to the pulmonary
environment, different inflammatory parameters including total leukocyte recruitment (Figure
3.6) and myeloid cell-specific inflammation, as well as myeloid cell-attracting chemokines
(Figure 3.7) were measured. Administration of HDM extract to adult mice resulted in a
measurable, but not significant (P = 0.056) increase in leukocyte infiltration of the lungs of WT
mice (Figure 3.6a). Pulmonary inflammation was significantly elevated in Ormdl3 KO mice
following allergen exposure and slightly more pronounced as compared to WT mice. Leukocyte
inflammation specific to the airway lumen (Figure 3.6b) was significantly induced in both WT
and Ormdl3 KO mice, while Ormdl3 KO mice showed a minor but not significant reduction in
BALF leukocyte numbers following HDM exposure in comparison to WT mice. Lung specific
leukocyte levels (Figure 3.6a) were mirrored by inflammatory scores (Figure 3.6c),
representing semi-quantitatively assessed haematoxylin & eosin (H&E) stained lung sections of
control mice and mice with induced allergic airways disease (Figure 3.6d). HDM administration
resulted in increased cellular infiltrates in both WT and Ormdl3 KO mice, and no differences
were noted between WT and Ormdl3 deficient mice. Inflammatory infiltrates were observed
around the airways and vasculature, independent of the genotype in response to HDM allergen
exposure (Figure 3.6d).
To analyse if HDM-induced eosinophilia contributed to the observed elevation in leukocyte
numbers, Siglec-F+ CD11c- CD68- cells (eosinophils) were enumerated by flow cytometry.
Eosinophil numbers in the pulmonary tissue increased following HDM administration
comparably in WT and Ormdl3 KO mice, while no baseline differences were detected (Figure
3.7a).
To verify if the observed induction in eosinophilia in both allergen-administered groups is
assignable to the respective cytokine profile of the lung and BALF, levels of the eosinophilattracting CCL-24 (Eotaxin 2) chemokine were compared in both compartments. A significant
increase in lung and BALF CCL-24 was detected in WT and Ormdl3 KO mice in response to
allergen treatment (Figure 3.7b, c).
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Figure 3.6 Inflammation induced by HDM extract. Total inflammation was quantified in adult
WT and Ormdl3 KO mice i.n. administered HDM. (a) Lung total cell counts. (b) BALF total cell
counts. (c) Lung H&E score based on the semi-quantitative assessment of haematoxylin & eosin
(H&E) stained lung sections. (d) Representative images of H&E stained airways, acquired by
bright-field microscopy under 200x magnification (Scale bar equals 100 µM). Experiment was
performed twice, one representative experiment is shown. Graphs show the means and SEM.
Two-way ANOVA statistic tests were performed in combination with Bonferroni post-hoc tests
(*P<0.05 **P<0.01 ***P<0.001).
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Figure 3.7 Evaluation of granulocytes and granulocyte-attracting chemokines in lung
tissue and BALF of adult WT and Ormdl3 KO mice with HDM-induced allergic airways
disease. (a) Lung eosinophil (Siglec-F+ CD11c- CD68-) counts. The fluorophore-labelled cells
were recorded by flow cytometry. Chemokine levels of CCL-24 (Eotaxin 2) in homogenised lung
tissue (b) and BALF (c) were quantified by ELISA. Experiment was performed twice, one
representative experiment is shown. Graphs show the mean and SEM. N= 4-10 mice per group.
Two-way ANOVA statistic tests were performed in combination with Bonferroni post-hoc
analyses (**P<0.01 ***P<0.001).
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3.5.6 The impact of Ormdl3 on effector T-cell recruitment and cytokine
production during HDM specific allergic airways disease
Constitutive ORMDL3 overexpressing hORMDL3zp3-Cre mice were reported to show spontaneous
type-2 cytokine secretion throughout life, in addition to significantly elevated IL-4 levels in the
lungs of mice exposed to ovalbumin (Miller et al., 2014). The release of type-2 cytokines, such
as IL-4, IL-5 and IL-13, is essential to mount a robust allergic response, as most asthma
characteristics (increased AHR, eosinophilia and antibody class-switching towards allergen
specific IgE) are dependent on type-2 cytokine secretion (Licona-Limón et al., 2013; Walter et
al., 2001) (see also Chapter 1; Sections 1.3.5 and 1.3.6).
Type-2 cytokine production, secretion and connected orchestration of asthma specific
inflammation is a main characteristic of Th2 cells (Murdoch and Lloyd, 2010). The murine
model of HDM-specific allergic airways disease applied to WT and Ormdl3 KO mice featured an
allergen specific increase in the fraction of T cells producing IL-13 (Figure 3.8a), as well as a
significant elevation in the number of IL13+ CD4+ CD3+ (Th2) cells in the lung (Figure 3.8b),
independent of Ormdl3 expression. IFNγ producing Th1 cells were not induced by HDM
exposure (Figure 3.8c, d). As IL-17A, which can be derived from Th cells, has been shown to
induce AHR and smooth muscle contraction (Kudo et al., 2012), Th17 cells were analysed by
flow cytometry. The percentage of lung CD3+ Th cells producing IL17A was elevated in
response to allergen in both mouse strains (Figure 3.8e) and allergen dependent increases in
the percentage of CD3+ producing IL17A were more distinct in HDM exposed WT mice (WT
HDM: 1.1% KO HDM: 0.6%; Figure 3.8e). Nonetheless, IL17A+ CD4+ CD3+ Th17 cells were
marginally and not significantly induced in WT and Ormdl3 KO mice (Figure 3.8f). No baseline
differences in the percentage or number of effector T cell subsets comparing PBS treated WT
and Ormdl3 KO mice were observed (Figure 3.8a-f).
To investigate if Ormdl3 deficiency affects type-2 cytokine secretion during HDM-induced
allergic airways disease in adult mice, concentrations of major Th2 cell associated cytokines
were measured in lung homogenates and BALF (Figure 3.9). While IL-4 was significantly
induced in the lungs of both WT and Ormdl3 KO mice, with no significant differences detected
between both genotypes (Figure 3.9a), secreted IL-4 levels in the BALF were found to be
significantly reduced in mice deficient for Ormdl3 following allergen exposure (Figure 3.9b). IL5 was found to be significantly induced in the lung but not BALF in both strains in response to
allergen (Figure 3.9c, d), with IL-13 additionally being secreted into the lung tissue and airways
of both WT and Ormdl3 KO mice in response to HDM exposure (Figure 3.9e, f).
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Figure 3.8 Th cell infiltration of lung tissue from adult WT and Ormdl3 KO mice with HDMinduced allergic airways disease. Different Th cell populations were recorded by flow
cytometry on fluorophore-conjugated, antibody-labelled lung cells. Th1 cells were gated as
IFNγ+ CD4+ CD3+ cells and expressed as percentage of live CD3+ T cells (a) or total number of
lung Th1 cells (b). (c) Percentage of Th2 cells (IL-13+ CD4+ CD3+) of live CD3+ T cells. (d) Total
Lung Th2 cells. (e) Percentage of Th17 cells (IL-17+ CD4+ CD3+) of live CD3+ T cells. (f) Total
Lung Th17 cells. Lung tissue was harvested 18 h after the last allergen exposure following lung
function assessment. Experiment was performed twice, one representative experiment is
shown. Graphs show the mean and SEM. N= 5-10 mice per group. Two-way ANOVA statistic
tests were performed in combination with Bonferroni post-hoc tests (*P<0.05 **P<0.01).

125

Figure 3.9 Adult WT and Ormdl3 KO lung and BALF Th2 cytokine levels after HDM-induced
allergic airways disease. Cytokine levels were evaluated in both lung tissue and BALF by
ELISA. (a) Lung IL-4; (b) BALF IL-4; (c) Lung IL-5; (d) BALF IL-5; (e) Lung IL-13; (f) BALF IL-13.
Lung tissue and BALF was harvested 18 h after the last allergen exposure following lung
function assessment. Experiment was performed twice, one representative experiment is
shown. Graphs show the mean and SEM. N= 5-10 mice per group. Two-way ANOVA statistic
tests were performed in combination with Bonferroni post-hoc tests (*P<0.05 **P<0.01
***P<0.001).
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3.5.7 Neonatal WT and Ormdl3 KO mice were characterised by increased
pulmonary function in response to HDM administration.
Single nucleotide polymorphisms, in close proximity to the genetic locus of Ormdl3, have been
reported to be strongly associated especially to allergic asthma diagnosis in children (Moffatt et
al., 2007). More recent results have underlined this observation, showing that the correlation
between asthma and Ormdl3 affecting SNPs was particularly high in very young children, aged
0-5 years (Halapi et al., 2010).
To investigate if age at onset influences Ormdl3 specific alterations to allergic airways disease
pathology, a neonatal model of HDM allergic airways disease was employed. Allergen
administration was started at 3 days of life and continued for 3 consecutive weeks (Figure 3.1b,
Chapter 2; Section 2.2.1.3). Airway resistance (Figure 3.10a-c), elastance (Figure 3.10d-f) and
pulmonary compliance (Figure 3.10g-i) values were recorded to assess Ormdl3 dependent
effects on development of neonatal AHR. Neither HDM administration, nor lack of Ormdl3
expression significantly affected airway resistance, elastance or compliance baseline levels
prior to administering increasing concentrations of aerosolised methacholine (Figure 3.10 b, e,
h). Lung function in neonatal WT mice exposed to HDM was characterised by elevated airway
resistance (P=0.07; Figure 3.10c) and significantly increased airway elastance (Figure 3.10f), as
well as significantly decreased pulmonary compliance (Figure 3.10i) in comparison to sham
controls at 300 mg/mL methacholine, confirming that allergen treatment induced AHR in
neonatal mice. Airway elastance and compliance were significantly induced following HDM
administration in Ormdl3 KO neonates, at a level comparable to allergen exposed WT mice
(Figure 3.10f, i). Similarly to WT mice, airway resistance was elevated in Ormdl3 KO mice
following HDM treatment, these increased levels, however, were not statistically different from
resistance levels measured in PBS administered control mice (Figure 3.10c).
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Figure 3.10 Intranasal HDM administrations induce airway hyper-responsiveness in
neonatal WT and Ormdl3 KO mice. Neonatal WT and Ormdl3 KO mice were i.n. administered
20 µg of HDM extract or vehicle starting at day 3 of life for 2 weeks. Following the 10th
exposure, the allergen amount was increased to 25 µg HDM extract for the 3rd week of the
administration regimen. Pulmonary function was assessed 18 h after the final i.n. exposure to
HDM. (a) Airway resistance shown as response curve to increasing methacholine
concentrations. (b) Baseline airway-resistance values prior to methacholine challenge. (c)
Airway-resistance after exposure to 300 mg/mL methacholine. (d) Elastance dose-response
curve. (e) Baseline elastance values. (f) Elastance values at the methacholine concentration of
300 mg/mL. (g) Dose-response curve showing compliance values. (h) Baseline compliance
values. (i) Compliance values following the challenge with 300 mg/mL aerosolised
methacholine. N= 13-18 mice per group. Graphs represent combined data from 3 individually
performed experiments. Graphs show the mean and SEM. Two-way ANOVA statistic tests were
performed in combination with Bonferroni post-hoc analyses (*P<0.05 **P<0.01).
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3.5.8 Goblet cell hyperplasia in WT and Ormdl3 KO neonates with HDM-induced
allergic airways disease
To investigate if Ormdl3 deficiency in neonatal mice alters the number of mucosal goblet cells
in response to allergen treatment, Periodic-acid Schiff (PAS) stained lung tissue sections were
semi-quantitatively evaluated (Figure 3.11a, b). HDM administration to WT and Ormdl3 KO
neonates caused goblet cell hyperplasia only in a selected number of neonates of both
genotypes, indicating that allergen administration for a period of 3 weeks was not sufficient to
adequately induce remodelling in respect to goblet cell hyperplasia (Figure 3.11a). Positive
mucin staining in the bronchial epithelial layer was observed in 57.1% (4 of 7 mice) of WT
neonates and 42.9% (3 of 7 mice) of Ormdl3 KO neonates, subject to HDM administration,
exhibiting an average of 5-25% goblet cells per airway. Neonatal mice of both genotypes with
induced goblet cell hyperplasia did not show noticeable differences in the percentage or
structure of goblet cells following HDM administration when representative PAS stained lung
tissue sections were compared (Figure 3.11b). In addition Ormdl3 deficiency did not result in
spontaneous goblet cell hyperplasia in sham treated controls (Figure 3.11a, b).

129

Figure 3.11 HDM-specific allergic airways disease induces mucus production at
comparable levels in both WT and Ormdl3 KO neonates. PAS stained tissue sections were
prepared from lung tissue harvested 18 h after the final i.n. allergen administration subsequent
to pulmonary function assessment. (a) A semi-quantitative assessment system was applied to
compare WT and Ormdl3 KO mucus production. A total of 13 airways were evaluated per
mouse. (b) Representative PAS stained tissue sections. Images were acquired by bright field
microscopy (200x magnification). Graphs show the mean and SEM. Two-way ANOVA statistic
tests were performed in combination with Bonferroni post-hoc analysis (N= 5-7 mice per
group).
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3.5.9 HDM administration to WT and Ormdl3 KO neonates induced leukocyte and
eosinophil infiltration of the pulmonary tissue and airways.
Previous studies highlighted that overexpression of ORMDL3 in mice resulted in a spontaneous
induction of peri-bronchiolar eosinophilia in adult mice, as well as further elevated levels of
eosinophilia following ovalbumin challenge (Miller et al., 2014). This report was supported by
studies focussing on ORMDL3 function in eosinophils revealing ORMDL3 production by bone
marrow derived eosinophils, as well as siRNA mediated Ormdl3 knock down induced
attenuations in bone marrow derived eosinophil recruitment, degranulation and adhesion (Ha
et al., 2013) (see also Chapter 1; Section 1.10.5).
To investigate whether Ormdl3 deficiency modulates leukocyte recruitment, cells and
chemokines were evaluated. HDM administration resulted in significantly elevated leukocyte
counts in the lung tissue (Figure 3.12a) and airway lumen (Figure 3.12b) in both WT and
Ormdl3 KO neonatal mice, with no difference being detectable between WT and Ormdl3
deficient neonates. In line with these findings, allergic airways disease induction resulted in
elevated H&E scores (Figure 3.12c and d), independent of Ormdl3 expression. Leukocyte
inflammatory foci were centred around the bronchi and vasculature (Figure 3.12d) irrespective
of ablated Ormdl3 gene expression in neonates. No induction of leukocyte recruitment was
noticeable in sham treated control groups (Figure 3.12a-c). To further define inflammatory
infiltrates in response to allergen treatment, myeloid cell subsets were enumerated in WT and
Ormdl3 KO neonates exposed to PBS or HDM. PBS administered control WT and Ormdl3 KO
neonates were characterised by high macrophage numbers in the lungs (Figure 3.13a), minimal
eosinophilia (Figure 3.13b) and an intermediate neutrophilic population (Figure 3.13c). In
contrast to pulmonary macrophages, which were found to be significantly decreased in both
strains following HDM application (Figure 3.13a), a significant induction in lung eosinophilia
was evident in both WT and Ormdl3 KO mice (Figure 3.13b). Additionally, increased levels of
eosinophils in response to allergen administration were significantly enhanced following
Ormdl3 deletion (Figure 3.13b). Neutrophilic inflammation was also assessed and a significant,
HDM-induced decrease in neutrophil numbers was recorded exclusively in the Ormdl3 KO mice
(Figure 3.13c). HDM-induced myeloid cell recruitment to the airway lumen (Figure 3.13d-f)
was considered as significantly eosinophilic in WT and Ormdl3 deficient mice (Figure 3.13e),
while neutrophil levels were found to be significantly increased in both strains and to a smaller
extent (Figure 3.13f). BALF macrophage counts remained unchanged following HDM treatment
independent of the genotype (Figure 3.13d) and no baseline differences in myeloid cell
infiltration of the airway lumen were detected at baseline or between WT and KO mice
administered allergen (Figure 3.13d-f).
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Both WT and Ormdl3 KO mice had significantly increased concentrations of the myeloid cellattracting chemokines CCL-24 (Eotaxin 2) in the lung tissue and BALF (Figure 3.13g-j) in
response to HDM administration. Elevated eosinophil percentages and numbers in Ormdl3
deficient lung tissue samples, harvested from mice with induced allergic airways disease, were
accompanied by significantly increased concentrations of the eosinophil-recruiting chemokine
CCL-24 (Eotaxin 2) in the lung (Figure 3.13g), and BALF (Figure 3.13h), when compared to WT
mice treated with HDM. The neutrophil-attracting chemokine CXCL-1 (KC) was also elevated in
both WT and Ormdl3 KO neonates following HDM exposure, while allergen-specific elevations
in CXCL-1 (KC) chemokine concentrations were not found to be significantly different between
strains in the lung or BALF (Figure 3.13i, j). No induction in chemokine production or secretion
was detected in Ormdl3 deficient PBS treated control groups.
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Figure 3.12 Lung and airway lumen inflammation in WT and Ormdl3 KO neonates
following i.n. HDM exposure. (a) Lung total cell counts (b) BALF total cell counts. (N= 16-21;
Graph represents data combined from 3 individually performed experiments) H&E stained
lung sections were prepared from WT and Ormdl3 KO neonatal mice. (c) H&E score in arbitrary
units. (N=10-14; Graph represents data combined from 2 individually performed experiments).
(d) Representative H&E stained tissue sections. Images were acquired by bright field
microscopy (200x magnification; the scale bar equals 100 μm). (a, c) Graphs show the mean
and SEM. (b) Graph shows the median and interquartile range. (a) Two-way ANOVA statistic
followed by Bonferroni post-hoc tests and (b) Kruskal-Wallis followed by Dunn’s post-hoc tests
were performed (*P<0.05 ***P<0.001).
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Figure 3.13 Granulocyte percentages and granulocyte-attracting chemokine levels in
neonatal WT and Ormdl3 KO mice with induced HDM-specific allergic airways disease.
Lung tissue and BALF was harvested 18 h following the ultimate i.n. HDM allergen
administration, after lung function measurement. Total cell numbers of macrophages (a;
CD68+), eosinophils (b; Siglec-F+ CD11c- CD68-) and neutrophils (c; Gr-1high CD11b+ CD68-) in
the lung, assessed by flow cytometry. Macrophage (d), eosinophil (e) and neutrophil (f) counts
in the BALF. Levels of CCL-24 (Eotaxin 2) in lung tissue (g) and BALF (h), and CXCL-1 (KC) in
lung tissue (i) and BALF (j) were measured by ELISA. N= 4-8 for graphs d-f; other graphs n= 814, combined from 2 individually performed experiments. Graphs show the mean and SEM.
Two-way ANOVA statistic and Bonferroni post-hoc tests were performed (*P<0.05 **P<0.01
***P<0.001).
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3.5.10 Influence of ORMDL3 on neonatal T-cell recruitment and innate lymphoid
cell inflammation following HDM administration.
To investigate whether Ormdl3 influences the recruitment or expansion of IL-13 producing
cells, percentages and numbers of IL-13 producing Th2 cells (Figure 3.14) and ILC2s (Figure
3.15) were analysed by flow cytometry. The percentage of CD4+ T-cells was not found to be
changed following allergen challenge and percentages were comparable between both strains
(Figure 3.14a; WT PBS: 53.7%; WT Alt: 52.4%; KO PBS: 55.3%; KO Alt: 60.3%). Consequently,
only a slight increase in the CD4+ T-cell population was detected in WT and Ormdl3 deficient
neonates with allergic airways disease, with no significance being determined comparing WT
and Ormdl3 KO sham and allergen treated experimental groups (Figure 3.14b). HDM
administration resulted in raised percentages of IL-13+ CD4+ T-cells (Th2) in both WT and
Ormdl3 KO neonates (Figure 3.14c; WT PBS: 0.9% vs. WT Alt: 5.1%; KO PBS: 0.6% vs. KO Alt:
4.5%). Increased Th2 cell percentages in allergen-administered experimental groups translated
into significantly raised Th2 cell numbers detected in the lungs of WT and Ormdl3 KO neonates
(Figure 3.14d). Ormdl3 deficiency did not significantly influence Th2 cell recruitment to the
lung following PBS or HDM challenges. Additionally, allergen administration did not alter the
percentage or number of IFNγ producing Th1 cells and IL-17A+ Th17 cells in the lung (Figure
3.14e-h). No significant differences between sham controls or between HDM treated WT and
Ormdl3 KO neonates in respect to effector T cell recruitment were observed.
Levels of the alarmin IL-33 were significantly increased following HDM administration in the
lungs of both WT and Ormdl3 KO neonates in comparison to samples harvested from PBS
treated controls. IL-33 concentrations however were not found to be different between WT and
Ormdl3 KO neonates. Release of IL-33 into the airway lumen was not observed 18h after the
final allergen administration in either of the experimental groups under investigation (Figure
3.15b). Concomitant with increased release of IL-33 into the lung tissue, ILC2 percentages were
elevated in allergen-administered WT and Ormdl3 deficient neonatal mice in the lung (Figure
3.15c; WT PBS: 0.0%; WT Alt: 0.1%; KO PBS: 0.0% KO Alt: 0.2%; % of total cells), and BALF
(Figure 3.15d; WT PBS: 0.0%; WT Alt: 0.2%; KO PBS: 0.0% KO Alt: 0.1%; % of total cells). ILC2
numbers were increased although not significantly (P=0.11) in the lungs of WT neonates in
comparison to PBS control neonates and significantly elevated in Ormdl3 KO neonates
following HDM administration in comparison to the respective PBS administered control group
(Figure 3.15e). Allergen administration also induced significantly enhanced ILC2 numbers in
the BALF of WT and Ormdl3 deficient neonatal mice (Figure 3.15f). No significant baseline
changes between PBS treated WT and Ormdl3 KO neonates or between allergen administered
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WT and Ormdl3 deficient groups were detected in respect to ILC2 inflammation (Figure 3.15e,
f)

Figure 3.14 Th cell infiltration of the neonatal lung tissue of WT and Ormdl3 KO mice with
induced allergic airways disease. Data was recorded by flow cytometry utilising fluorophorelabelled antibodies. CD4+ T cells were determined as CD4+ CD3+ cells and shown as
percentage of total CD3+ T cells (a) or total number (b). (c) Percentage of Th2 cells (IL-13+
CD4+ CD3+) of live CD3+ T cells. (d) Total Lung Th2 cells. (e) Percentage of Th1 cells (IFNγ+
CD4+ CD3+) of live CD3+ T cells. (f) Total Lung Th1 cells. (g) Percentage of Th17 cells (IL-17+
CD4+ CD3+) of live CD3+ T cells. (h) Total Lung Th17 cells. CD4+ T cells and Th2 cells were
recorded in 3 independently performed experiments (N=16-21) and Th1 and Th17 cells in 2
independently performed experiments (N= 10-15). Graphs show the median and error bars
represent the interquartile range. Kruskal-Wallis and Dunn’s post-hoc analyses were performed
(**P<0.01).
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Figure 3.15 Neonatal WT and Ormdl3 KO mice show increased pulmonary IL-33 levels and
elevated ILC2 inflammation of the airway lumen and lung tissue after i.n. HDM exposure.
IL-33 levels were measured by ELISA in lung tissue (a) and BALF (b) (N=8-14 mice per group;
data was combined from 2 individually performed experiments). Lung tissue and airway lumen
localised ILC2 (IL-13+ ICOS+ CD4- CD45+ lin-) cells were evaluated by flow cytometry with
cells labelled with fluorophore-conjugated antibodies. (c) Lung ILC2s as percentage of total
CD45+ live cells. (d) Percentage of ILC2s of total CD45+ cells in the BALF. (e) Total number of
lung ILC2s. (f) Total number of BALF ILC2s (N=4-8 mice per group). Graphs show the mean and
SEM. Two-way ANOVA statistic and Bonferroni post-hoc tests were performed (*P<0.05
***P<0.001).
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3.5.11 Ormdl3 deficiency did not affect type-2 cytokine levels after repeated HDM
exposure.
Elevated Th2 cell inflammation in the lungs, concomitant with increased ILC2 accumulation in
the lungs and ILC2 migration to the BALF (Figures 3.14 and 3.15) resulted in significantly
raised type-2 cytokine concentrations in the respective pulmonary compartments. Interleukin
4 levels were significantly increased in comparison to sham controls, in the lungs (Figure
3.16a) and BALF (Figure 3.16b) in both WT and Ormdl3 KO neonates in response to HDM
allergen exposure. No baseline difference in IL-4 cytokine levels was detected between PBS
exposed WT and Ormdl3 deficient mice, but HDM administration led to more pronounced
although not significant IL-4 production in the lungs (P=0.28) and BALF (P=0.08) of Ormdl3 KO
neonates in comparison to their allergen treated WT counterparts. HDM administration also
significantly triggered the induction of IL-13 in the lung tissue (Figure 3.16c) and BALF (Figure
3.16d) in both WT and Ormdl3 KO neonates, while no significant differences were determined
between sham treated controls or allergen administered WT and Ormdl3 deficient neonates.
Gene expression was induced in respect to Il4 and Il5 following HDM exposure in mice of both
genotypes, but were more elevated in Ormdl3 deficient neonates compared to WT mice
(Figures 3.16e and f).
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Figure 3.16 WT and Ormdl3 KO neonates show an increase in type-2 specific cytokine
expression after HDM-specific allergic airways disease induction. Levels of cytokines were
quantified by ELISA (a-d) and IL-4 and IL-5 specific gene expression changes were assessed by
quantitative real-time PCR. IL-4 levels in lung tissue (a) and BALF (b) (n=8-14 mice per group;
data was combined from 2 individually performed experiments). IL-13 levels in lung tissue (c)
and BALF (d) (n=16-21 mice per group; data was combined from 3 individually performed
experiments). IL-4 (e) and IL-5 (f) specific gene expression based on mRNA harvested from
lung tissue (N=4-8). (a-d) Graphs show the median and interquartile range. (e, f) Graphs show
means and SEM. (a-d) Kruskal-Wallis followed by Dunn’s post hoc analysis were performed and
(e, f) Two-way ANOVA followed by Bonferroni post-hoc analyses were performed
(*P<0.05**P<0.05 ***P<0.001).
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3.5.12 Results summarised
Table 3.1 Summarised findings of Chapter 3
ADULT MICE

NEONATES

5 weeks

3 weeks

Duration of HDM
exposure

Measures

KO PBS
vs.
WT PBS

WT Alt
vs.
WT PBS

KO Alt
vs.
KO PBS

KO Alt
vs.
WT Alt

KO PBS
vs.
WT PBS

WT Alt
vs.
WT PBS

KO Alt
vs.
KO PBS

KO Alt
vs.
WT Alt

-

↑
↑
↓

↑
↑
↓

-

-

↑
↓

↑
↓

-

-

↑
↑
↑
↑
↑
↑
↑

↑
↑
↑
↑
↑
↑
↑

-

-

↑

↑

-

-

-

-

-

-

↑

↑
↑

-

-

↑

↑

-

-

↑
↑

↑
↑

-

-

↑
↑
↓
↑
↑
↑
↑
↑
-

↑
↑
↓
↑
↓
↑
↑
↑
↑
↑
↑

↑
↑
↑
-

-

↑
-

↑
-

-

-

↑
↑

↑
↑
↑

-

-

↑
↑
↑
↑

↑
↑
↑
↑

↓
-

-

↑
↑

↑
↑

-

-

↑
↑
↑
-

↑
↑
↑
-

-

AHR
Resistance
Elastance
Compliance

Humoral Immunity
IgG1
HDM spec IgG1
HDM spec IgG2a
IgE
HDM spec IgE
IgA (Lung)
IgA (BALF)

Mucus
Mucus score

Inflammation
Lung leukocytes
BALF leukocytes
Macrophages (Lung)
Eosinophils (Lung )
Neutrophils (Lung)
Macrophages (BALF)
Eosinophils (BALF)
Neutrophils (BALF)
CCL-24 (Lung)
CCL-24 (BALF)
CXCL-1 (Lung)
CXCL-1 (BALF)

Effector cells
Th1 cells
Th2 cells
Th17 cells
ILC2s (Lung)
ILC2s (BALF)

Type-2 cytokines
IL-4 (Lung)
IL-4 (BALF)
IL-5 (Lung)
IL-5 (BALF)
IL-13 (Lung )
IL-13 (BALF)
IL-33 (Lung)
IL-33 (BALF)

Arrows indicate significant (↑) increases in the Alt groups vs. the PBS group or (↓) significant
decreases for each genotype
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The results of this chapter are summarised in Table 3.1. Induction of HDM specific allergic
airways was confirmed in adult WT and Ormdl3 KO mice by the observed induction of AHR
development, eosinophilia, Th2 inflammation, pulmonary type-2 cytokine production and
induced goblet cell hyperplasia. Ormdl3 specific effects on development of HDM-induced
allergic airways disease in adult mice were limited to significantly decreased IL-4 cytokine
secretion into the airway lumen.
Similarly, neonatal WT and Ormdl3 KO mice repeatedly exposed to HDM over 3 weeks, also
exhibited allergic airways disease immunopathology, characterised by AHR, eosinophilia, Th2
inflammation and type-2 cytokine production. Ormdl3 deficiency significantly potentiated
allergen induced recruitment of eosinophils to the lung, concomitant with significantly
enhanced concentrations of the eosinophil chemoattractant CCL-24, measured in the
pulmonary tissue and BALF, in comparison to WT neonates. HDM-induced eosinophilia in the
airway lumen was not found to differ between genotypes and also neutrophilia was
significantly induced in response to allergen exposure independently of Ormdl3 ablation.
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3.6 Discussion
The objective of this chapter was to identify asthma-associated in vivo functions of the gene
ORMDL3, a gene that has been linked with increased risk of asthma onset during childhood
(Moffatt et al., 2007, 2010). To achieve this, two different models of allergic airway disease
were applied to both WT and Ormdl3 KO mice: a 5 week HDM administration regimen aiming
to induce allergic airways disease in adult mice (Sections 3.5.2 - 3.5.6) and, in parallel, a 3
weeks HDM dosing regimen started 3 days following birth (Sections 3.5.7 – 3.5.11). Disease
parameters were assessed 18 h post final allergen challenge. Experimental setups of HDMinduced allergic airways disease are commonly used in vivo to model asthma disease associated
immunophysiological characteristics (Gregory et al., 2009; Johnson et al., 2004, 2007), as the
allergen is effective in inducing a strong type-2 immune response without previous, adjuvant
supported, antigen sensitisation steps, in comparison to OVA models. The use of HDM models
are also supported by the strong link between HDM sensitisation and asthma diagnosis in
patients (Nelson et al., 1996; Pearce et al., 1999).

3.6.1 Deletion of Ormdl3 had minimal impact on the allergic immune response to
inhaled HDM
Repetitive HDM exposure of adult and neonatal WT and Ormdl3 deficient mice resulted in the
induction of AHR in respect to significantly enhanced elastance, as well as decreased
compliance levels, while significant airway resistance only developed in adult mice. In
accordance with published data suggesting lung function changes to be largely dependent on
increased type-2 cytokine production, adult and neonatal mice exhibited significantly elevated
type-2 cytokine levels in the lung tissue and secretion of these into the airway lumen,
independent of genotype and age. The respective in in vivo and ex vivo studies, highlighted that
IL-5 directly induces smooth muscle contraction (Whelan et al., 2004), while deficient mice for
IL-4, IL-5 and IL-13 were incapable of mounting significant AHR in response to OVA or HDM
encounter in several independent research studies (Foster et al., 1996; Grünig et al., 1998;
Johnson et al., 2007; Wills-Karp et al., 1998). Notably, IL-4 secretion into the airway lumen was
significantly decreased following Ormdl3 deletion in adult mice, not biasing AHR induction.
This thesis did not provide evidence on the query why adult Ormdl3 KO mice displayed
significant reductions in HDM-induced airway lumen IL-4 secretion exclusively, but two
explanations are plausible. Firstly, the cellular source of reduced IL-4 secretion in adult Ormdl3
KO mice might not be present in neonates exposed to HDM, and/or these cells are recruited to
the respiratory tract at a later time point in between weeks 3 and 5 of allergen administration
regimens. In addition, cytokine levels were measured at a sub-optimal time point, as the
experiments were designed based on the primary parameter of interest, AHR, which peaks
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around 24 h post final challenge (Gregory et al., 2009). To be able to acquire both lung function
measurements and cytokine levels, which peak at 3-4 hours after the final allergen dose
(Gregory et al., 2009; Saglani et al., 2009), readouts were obtained 18 h after HDM application.
To exactly evaluate the effect of Ormdl3 expression on the allergen induced cytokine profile, an
additional set of experiments is needed with cytokines assessed at the time of maximum
production at 3-4 h after allergen administration.
Increased airway resistance indicates enhanced contraction of the smooth muscle layer
surrounding the airways, which is influenced either directly by allergen components or in
response to secreted cytokines from recruited immune cells (Amrani and Panettieri, 2003).
However, it can also result from increased airflow limitation potentially induced by increased
mucus secretion (Kaminsky, 2012). In adult mice, HDM exposure promoted significant goblet
cell hyperplasia in both adult WT and Ormdl3 KO as previously reported (Johnson et al., 2007),
identified by increased positive carbohydrate staining of the epithelial layer (Section 3.5.4).
These results were reflected by increased IL-13 concentrations in response to HDM
administration, independent of Ormdl3 deficiency, a mediator identified to promote this feature
of allergic airways disease via its ability to induce MUC5AC expression (Kanoh et al., 2011;
Kondo et al., 2002; Kuperman et al., 2002). In contrast to adult mice, goblet cell hyperplasia was
not induced in the neonatal experimental groups administered HDM (Section 3.5.8), likely
caused by the tempered type-2 immune response in C57BL/6 compared to BALB/c mice (Hsieh
et al., 1995) and the reduced period of allergen administration of 3 weeks. Other HDM-induced
tissue remodelling characteristics, e.g. collagen deposition and angiogenesis, were not assessed
during the course of these studies. Nonetheless deteriorated pulmonary elastance and
compliance measures, observed in both strains independent of age, indicate an elevated
magnitude of lung rigidity, indicative of enhanced fibrosis and angiogenesis (Mitzner et al.,
2000; Srivastava et al., 2008; Vanoirbeek et al., 2010), independent of global Ormdl3 gene
deletion. Allergen-induced lung remodelling has been previously reported to be entirely
abrogated in IL-4/Il-5/IL-9/IL-13 quadruple KO mice, underlining the dependency of
pulmonary structural changes on type-2 cytokine secretion (Nath et al., 2007).
The profile of lymphocytic inflammation was predominantly characterised by type-2
inflammation and not changed upon Ormdl3 deletion in adult mice and neonates (Sections 3.5.6
and 3.5.10). In addition, Th1 and Th17 cells were not induced in either WT or Ormdl3 KO mice
in response to HDM administration. Asthma patients with severe steroid resistant asthma
exhibit an increase in type-17 inflammation and neutrophilia (Al-Ramli et al., 2009; Green et al.,
2002; Jatakanon et al., 1999, 2000; Little et al., 2002). The impact of Ormld3 deficiency on
severe endotypes of asthma therefore should be further investigated in a neutrophilic model of
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allergic inflammation, for example the OVALPS model of pulmonary inflammation (Kim et al.,
2013b; Tsuchiya et al., 2012), as a SNP (rs4794820) in the GSDMB/ORMDL3 locus indeed shows
the highest association to severe asthma in patients (Wan et al., 2012). However, further
genomic studies are needed as patients in this study were categorised based on Global
Initiative for Asthma (GINA) criteria, not indicative of the granulocytic inflammatory profile
and thus the patient group is likely comprised of subjects with both uncontrolled eosinophilic
and severe neutrophilic subtypes (Wan et al., 2012).

3.6.2 Effects of Ormdl3 deficiency on HDM-induced allergic airways disease in
adult mice were limited to reduced IL-4 secretion into the airway lumen.
In adult mice, Ormdl3 deficiency did not affect main characteristics of asthma associated
immunopathology - AHR, eosinophilia, increased IgE class switching, Th2 inflammation or
remodelling, in respect to goblet cell hyperplasia - although an Ormdl3 ablation dependent
decrease in HDM-induced IL-4 secretion into the airway lumen was evident (Section 3.5.6).
Mechanistically, IL-4 drives key features of asthma immunopathology including expansion and
recruitment of ILC2s in rodents and humans, with ILC2s being a main source of secreted IL-4
(Bal et al., 2016; Pelly et al., 2016). IL-4 also promotes effective CD4+ T-cell polarisation
towards Th2 and their subsequent recruitment to sites of inflammation (Le Gros et al., 1990;
Kopf et al., 1993; Swain et al., 1990; Voehringer et al., 2006). In addition, the cytokine regulates
B-cell differentiation and IgE class switching (Coffman et al., 1986; Howard et al., 1982; Lebman
and Coffman, 1988). However, although IL-4 indisputably regulates these different immune
functions (Chapter 2: Section 1.2, Section 1.3.2, Section 1.3.5, Section 1.3.6), Ormdl3 deficiency
dependent reductions in allergen induced BALF IL-4 did not affect these parameters as
reflected by equal percentages and numbers of Th2 cells detected in the lung tissue (Section
3.5.6) and similar total and allergen specific IgE concentrations measured in the serum of WT
and Ormdl3 KO mice, accompanied by comparably increased pulmonary CD19+ B-cell
percentages detected in both genotypes following HDM administration (Section 3.5.3). A
similar level of B-cell accumulation in the lungs suggests that ORMDL3 did not regulate B-cell
proliferation in mucosa-associated lymphoid tissues. Additionally, comparable concentrations
of IgE/IgG1/IgA in both WT and Ormdl3 KO mice underline that allergen-induced antibody
class switching occurred successfully in both genotypes and was not affected by reduced IL-4
secretion into the airway lumen following Ormdl3 deletion. The observation that Th2
polarisation was not influenced by Ormdl3 deficiency is likely explainable by the restriction of
Ormdl3 ablation-induced IL-4 reductions to the airways, a pulmonary compartment not directly
linked to the lung draining lymph nodes, where Th2 polarisation occurs. In fact, IL-4 levels in

144

the lung tissue, connected to the vasculature and lymph capillaries with connection to local
pulmonary nodes were not biased by Ormdl3 expression.
The function of IL-4 secreted into the BALF was previously assessed via i.n. recombinant IL-4
application to naïve mice (Grünig et al., 1998), where IL-4 increased AHR, goblet cell
hyperplasia, as well as eosinophil and neutrophil recruitment. However, as the results
presented in this chapter were focused on analysing eosinophilic inflammation in the lung
tissue, it needs to be addressed in future experiments whether the lowered IL-4 level in the
BALF of Ormdl3 KO mice favours a milder extent of granulocytic inflammation in the airway
lumen after HDM administration. In the lung, it was revealed that, in response to allergen, both
innate and adaptive immune cells produce and secrete IL-4. Pulmonary expression was
documented for Th2 cells, eosinophils, basophils, mast cells and ILC2s (Gessner et al., 2005;
MacGlashan, 1995; MacGlashan et al., 1994; Mohrs et al., 2001; Moqbel et al., 1995; Okayama et
al., 1995; Paul, 1991; Plaut et al., 1989). Therefore it is important to identify the cellular source
of Ormdl3 deficiency-specific reductions in BALF IL-4 by flow cytometry performed on immune
cells isolated from the airway lumen.
In accordance with the suggestion that IL-4 and IL-13 derived from innate cells, mostly
eosinophils and basophils, localised in the pulmonary compartment contribute to the onset of
effector cell infiltration, while Th2 cell derived IL-4 and IL-13 contributes to AHR and lymph
node specific features like IgE secreting plasma cell development (Voehringer et al., 2006),
special emphasis should be placed on analysing the IL-4 production capacity of Ormdl3
deficient ILC2 cells, eosinophils and basophils.
Observations that ORMDL3 affects IL-4 exclusively during allergic inflammation were
previously reported in an OVA driven model of pulmonary inflammation, concomitant with
increased eosinophil counts and serum IgE concentrations in constitutively ORMDL3
overexpressing hORMDL3zp3-Cre mice (Miller et al., 2014), raising the question whether
ORMDL3-mediated regulation of sphingolipid biosynthesis or ER-stress (see also Chapter 1;
Sections 1.10.3, 1.10.4) modulates IL-4 production or secretion.

3.6.3 Continuous HDM administration to neonates on C57BL/6 background
resulted in allergic airways disease induction.
In accordance with previous reports (Saglani et al., 2009), HDM administration to neonatal
mice resulted in predominantly eosinophilic pulmonary inflammation (Section 3.5.9), as
observed in the majority of patients (Bousquet et al., 1990; Jatakanon et al., 2000; Louis et al.,
2000) and concomitant with observations in adult WT and Ormdl3 KO mice (Section 3.5.5).
Interestingly, while HDM-mediated eosinophil infiltration of the airway lumen was not
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regulated by ORMDL3, allergen-induced eosinophilia in the lung tissue was significantly more
pronounced in Ormdl3 KO neonates compared to WT neonates. ORMDL3 has previously been
shown to negatively regulate sphingolipid de novo synthesis (Breslow et al., 2010), allowing the
presumption that sphingolipid levels are raised in Ormdl3 KO mice and among them proinflammatory mediators such as S1P and C1P (Maceyka and Spiegel, 2014; Rivera et al., 2008).
Interestingly, administration of FTY-720, a non-immunogenic structural analog to S1P,
resulting in downregulation of S1P function, resulted in significantly declined eosinophilia in a
model of HDM-induced allergic airways disease, suggesting that S1P promotes eosinophil
recruitment (Oyeniran et al., 2015).
Indeed, it was previously shown that local administration of S1P induced eosinophil
recruitment, not only through S1PR1, but also via C-C chemokine receptor type 3 (CCR3), the
receptor for eosinophil-chemoattractants including eotaxin and RANTES (Roviezzo et al.,
2004). The study concluded that S1P did not signal directly through CCR3 but mediated upregulation of RANTES. Increased eotaxin expression was not observed in the study, though it
needs to be underlined that the eotaxin studies in this publication are based on CCL-11 (eotaxin
1) and not CCL-24 (eotaxin 2), which was measured in this thesis and found to be significantly
upregulated in the lungs and BALF of Ormdl3 KO neonates upon HDM stimulation, compared to
WT neonates. Therefore, it is necessary to assess CCL-11 and RANTES expression in future
experiments to provide insight as to whether Ormdl3 deletion promotes enhanced differential
expression of eosinophil-chemotaxis related cytokines. In addition, it would be beneficial to
quantify pulmonary sphingolipid metabolites in both the WT and Ormdl3 KO mice to finally
conclude whether ORMDL3 identifies as a negative regulator of sphingolipid biosynthesis in
vivo.
In summary, Ormdl3 deficiency had only a limited effect on HDM-induced immunopathology.
Therefore the question is why is there such a strong link between ORMDL3 and asthma in
human patients, when there is no obvious consequence of Ormdl3 deficiency in the murine
model of HDM-induced allergic airways disease. In this context, it is interesting to note that the
linkage between SNPs close to the ORMDL3 gene locus and asthma is potentially dependent on
previously encountered infections or exposure to environmental factors. Specifically, it was
revealed that both human rhinovirus infections and tobacco smoke exposure strongly correlate
with development of asthma in SNP affected patients (Bouzigon et al., 2008; Calışkan et al.,
2013; Marinho et al., 2012). Thus, whilst human rhinovirus infection and tobacco smoke
exposure appear to facilitate asthma onset in affected patients it is also conceivable that
individuals who experience asthma exacerbations in response to these stimuli, have an
146

increased probability of reporting their symptoms to a physician and participating in studies
investigating the contribution of gene variations to asthma onset. To address this issue, WT and
Ormdl3 KO mice and mice overexpressing Ormdl3 could be exposed to either rhinovirus or
tobacco smoke in combination with aerosolised OVA. In the absence of systemic sensitisation
with an adjuvant such as Alum aerosolised OVA results in mucosal tolerance rather than
allergic airways disease (McMenamin et al., 1994). However, it has previously been shown that
overexpression of smad2 in the airway epithelium can divert the pulmonary response to this
normally innocuous allergen resulting in airway remodelling (Gregory et al., 2013b). These
experiments would therefore allow us to evaluate whether tobacco smoke or rhinovirus
infection act as an adjuvant in animals with abnormal pulmonary Ormdl3 expression resulting
in disease inception. Alternatively, rhinovirus or tobacco smoke might be administered to mice
with established allergen induced allergic airways disease to evaluate their capacity to
exacerbate pulmonary immunopathology in the context of altered Ormdl3 expression.

3.6.4 Conclusions
In conclusion it was demonstrated that Ormdl3 deletion affected the development of HDMinduced allergic airway disease in adult and neonatal mice to a minor extent. In adult mice,
Ormdl3 deficiency resulted in limited secretion of IL-4 into the airway lumen in response to
HDM administration. This is an effect concomitant with published GWA studies, which connect
elevated ORMDL3 production with an enhanced chance to develop asthma during childhood.
Neonatal Ormdl3 KO mice instead showed increased HDM-induced eosinophilia and secretion
of the eosinophil-chemoattractant CCL-24 in comparison to their WT counterparts. The next
chapter will investigate whether Ormdl3 affects allergic airways disease induced by the fungus
Alternaria alternata, which was previously shown to directly induce Ormdl3 expression and to
be causal in triggering severe exacerbations in asthmatics.
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Chapter 4 - Results
Alternaria induced airway-hyperreactivity (AHR) is dependent on
epithelial Ormdl3 expression
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4.1 Introduction
In spite of a strong link between ORMDL3 and asthma diagnosis in children (Moffatt et al., 2007,
2010), Ormdl3 deficiency had limited effects on HDM induced immunopathology (Chapter 3).
Further association analyses of asthma related phenotypes found that the ORMDL3 specific
SNPs associated with asthma were not significantly associated with atopy (Bisgaard et al.,
2009; Moffatt et al., 2007). Significant gene upregulation in response to Der p 1 allergen
challenge of cord blood mononuclear cells (CBMC’s) originating from SNP carrying individuals
(Lluis et al., 2011) was however observed. This indicates that ORMDL3 functions are
segregated from allergen sensitisation (Ono et al., 2014), and instead allergen-induced gene
expression might regulate airway physiology directly (Ono et al., 2014; Worgall et al., 2013).
In vitro research has unravelled functional roles for ORMDL3, highlighting its function as a
negative regulator of sphingolipid de novo synthesis, the latter being responsible for ceramide
production (Breslow et al., 2010). Altered ceramide homeostasis, induced with the
pharmacological inhibitor myriocin, has been linked to the induction of severe AHR (Worgall et
al., 2013) and conversely improved lung function in two contradicting studies utilising a model
of HDM induced allergic airways disease (Oyeniran et al., 2015) (see also Chapter 1; Sections
1.10.4, 1.10.5).
ORMDL3 overexpression in mammalian cell lines has revealed a role for ORMDL3 dependent
induction of ER-stress (Cantero-Recasens et al., 2009), which subsequently resulted in
activation of the unfolded protein response (UPR) (Cantero-Recasens et al., 2009; Miller et al.,
2012). The UPR (Chapter 1; Section 1.8.1) is composed of three different pathways dependent
on initial induction, PERK or ATF6 or IRE-1, and facilitates cell survival by supporting protein
folding (Hetz, 2012). Whilst ORMDL3 overexpression in A549 cells led to exclusive induction of
the ATF6 pathway (Miller et al., 2012), other data has highlighted PERK induction following
ORMDL3 upregulation in HEK293 cells (Cantero-Recasens et al., 2009).
Observations that ORMDL3 is involved in ER-stress regulation are of particular importance in
Crohn’s disease, an autoimmune disease where ORMDL3 is associated with disease onset along
with the ER-stress marker protein XBP-1 (Hoefkens et al., 2013). The relationship between ERstress induction and asthma has yet to be studied extensively but initial data have highlighted
its importance. ER-stress regulatory protein upregulation, upstream of PERK, ATF6 and IRE-1,
of total cells in the BALF and PBMCs of asthmatic patients has been observed (Kim et al.,
2013b) whilst therapeutic effects of chemical chaperones, which facilitate and stabilise protein
folding, have been found in OVA induced murine lung pathology (Makhija et al., 2014).
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This chapter initially is focused on the study of ORMDL3 function in allergic airways disease
immunopathology induced by Alternaria alternata, a fungus shown to induce Ormdl3 gene
expression in airway epithelial cells following intranasal challenge (Miller et al., 2012). In
addition to the assessment of Alternaria-induced inflammation and AHR, evaluation of Ormdl3
specific effects on Alternaria induced ER-stress and cellular damage has been conducted.
Finally emphasis was placed on ORMDL3 functions exclusive to the airway epithelium, due to
the allergens capability to induce Ormdl3 expression in the epithelial barrier (Miller et al.,
2012). Ormdl3 expression was therefore induced solely in bronchial epithelial cells by
transfection of Ormdl3 deficient mice with an AAV harbouring a construct encoding an Ormdl3EGFP gene fusion.

4.2 Hypothesis
GWA studies associate enhanced ORMDL3 expression with increased likelihood of developing
asthma and Ormdl3 has been shown to be induced in epithelial cells following Alternaria
administration. Consequently it is hypothesised that ORMDL3 regulates allergic airways
disease pathophysiology induced by Alternaria and that epithelial Ormdl3 expression is pivotal
in the regulation of ORMDL3-regulated immunopathology.

4.3 Objective
The aim of this chapter was to develop an allergic airways disease induction protocol utilising
allergen extracts of the fungus Alternaria alternata in order to study ORMDL3 specific function
during the inception of disease pathology and lung physiology. Additionally, it was important to
address the impact of ORMDL3 on ER-stress regulation during fungus-induced allergic airways
disease. To address phenotypic effects of Ormdl3 expression in the bronchial epithelium,
Ormdl3 deficient mice were transfected with a genetically modified AAV resulting in expression
of an Ormdl3-EGFP gene fusion protein in epithelial cells prior to allergic airways disease
initiation and analyses.

4.4 Methods
Ten to 12 weeks old male WT and Ormdl3 KO mice received intranasal (i.n.) administrations of
20 µg Alternaria allergen extract in 25 µL PBS or vehicle, 3 times per week, for a period of 5
weeks (Figure 4.1a) (Chapter 2; Section 2.2.2.2, Section 2.3.1). To study the function of
ORMDL3 in the airway epithelium of mice, 5 days old neonates of different murine strains
received 1 x 1011 genome copies of either AAV EGFP (control) or AAV Ormdl3-EGFP in
combination with 50mU neuraminidase or vehicle (Figure 4.1b). At 6-8 weeks of age, epithelial
EGFP or Ormdl3-EGFP expressing mice were i.n. exposed to 10 µg of Alternaria extract in 25 µL
PBS or vehicle, 3 days a week, for a period of 5 weeks. Both protocols (Figure 4.1a, b) concluded
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with lung function assessments under surgical anaesthesia 18 h after the final allergen
administration. Mice were then exsanguinated under terminal anaesthesia and serum, BALF
and lung tissue was harvested and subsequently stored for further analysis.

Figure 4.1 Alternaria and combined AAV and Alternaria administration protocols. (a)
Schematic of Alternaria administration to adult mice. (b) Schematic of AAV administration to
neonatal mice and subsequent induction of allergic airways disease with Alternaria. 18 h post
final allergen challenge, lung function was assessed and serum, BALF and lung tissue were
collected for subsequent analyses.
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4.5 Results
4.5.1 Protective effects of Ormdl3 deficiency on AHR induced by Alternaria
alternata
To analyse Ormdl3 specific effects on fungus induced adaptive immunity, remodelling and
airway physiology, a chronic allergen administration regimen was used. WT and Ormdl3
deficient mice were administered Alternaria 3 x per week over a period of 5 weeks.
WT mice exposed to Alternaria developed AHR, characterised by significantly increased airway
resistance (Figure 4.2a-c) and airway elastance (Figure 4.2d-f), as well as significantly
decreased compliance values (Figure 4.2g-i), in comparison to PBS exposed animals. Airway
resistance and elastance levels were significantly elevated in Alternaria treated WT mice
compared to PBS treated controls at baseline (Figure 4.2b, e) and these differences were
further enhanced by incremental exposure to methacholine (Figure 4.2c, f). The inverse was
observed in respect to pulmonary compliance, where WT mice exhibited significantly
decreased values at baseline (Figure 4.2h) and in response to methacholine (Figure 4.2i).
Lack of Ormdl3 gene expression did not significantly affect lung function parameters in control
PBS treated mice (Figure 4.2a-i). Lung function analysis revealed however that Ormdl3
deficiency results in significantly ameliorated AHR in response to Alternaria administration,
verified by significantly reduced airway resistance (Figure 4.2 c) and elastance (Figure 4.2f)
and enhanced pulmonary compliance (Figure 4.2i) in comparison to allergen exposed WT mice.
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Figure 4.2 Lack of Ormdl3 gene expression in mice ameliorated enhanced lung function
measurements in comparison to WT mice exposed to Alternaria. (a) Dose response curve of
airway resistance in response to increasing concentrations of aerosolised methacholine (0 –
200 mg/mL). (b) Baseline resistance values of mice. (c) Airway resistance at 200 mg/mL
methacholine. (d) Airway elastance dose response curve. (e) Baseline elastance values. (f)
Elastance measurements at 200 mg/mL methacholine. (g) Compliance values in response to
challenge with increasing concentration of nebulised methacholine. (h) Baseline compliance
values. (i) Bronchial compliance at the methacholine concentration of 200 mg/mL. Graphs
show mean and SEM. Data was combined from 2 individually performed experiments, N=815/group. Two-way ANOVA and Bonferroni post-hoc statistical tests were performed (*P<0.05
**P<0.01 ***P<0.001).
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4.5.2 Ormdl3 deficiency significantly attenuates the contractility of tracheal
smooth muscle cells independent of Alternaria challenge.
Ormdl3 KO mice administered Alternaria were protected from severe AHR. To further uncover
mechanisms contributing towards the detected beneficial effect of Ormdl3 deficiency on AHR
development, the physiological role of Ormdl3 in smooth muscle and bronchial contraction was
assessed. Previous studies indicated an interaction between the sarco/endoplasmic reticulum
(SR/ER) membrane localised proteins ORMDL3 and SERCA2 (Cantero-Recasens et al., 2009).
SERCA2 is responsible for re-establishing Ca2+ homeostasis following smooth muscle
contraction (Mahn et al., 2010; Pozzan et al., 1994). Contraction is triggered by increasing
concentrations of cytosolic Ca2+, achieved by import across the plasma membrane and by the
depletion of intracellular SR Ca2+ stores via IP3 and the Ryanodine receptor (RyR) (Mahn et al.,
2010; Pozzan et al., 1994) (Figure 4.3a). Cytoplasmic Ca2+ binds and activates calmodulin,
which activates myosin light chain kinases which in turn phosphorylate myosin light chains,
enabling them to bind actin filaments (Webb, 2003). Reduction of cytosolic Ca2+ content is
achieved via export across the plasma membrane and by enriching the Ca2+ concentration
inside the SR via SERCA2 (Pozzan et al., 1994) (Figure 4.3a) (Chapter 1; Section 1.4.1, Section
1.10.3).

To assess the effect of ORMDL3 on contraction, tracheas containing smooth muscle were
isolated from WT and Ormdl3 deficient mice. The tracheas were vertically cut to generate
samples for two technical replicates and attached to force transducers of the organ bath
equipment (Figure 4.3b). Tracheas and transducers were transferred to baths containing
Kreb’s-Henseleit solution and challenged with increasing concentrations of methacholine. The
force applied to the transducers by tracheal tightening was digitalised and recorded (Figure
4.3c-f) (see Methods Chapter 2; Section 2.9.1).

Contraction of WT tracheal rings was more sensitive towards low methacholine concentrations
in comparison to Ormdl3 KO rings, irrespective of allergen challenge (Figure 4.3c). This
indicates that Ormdl3 deficiency impaired smooth muscle contraction at baseline. Reduced
contractility of Ormdl3 deficient tracheal rings was conserved when applied tension was
converted into percentage of maximum contraction (Figure 4.3d). Maximum contraction to
methacholine was not affected by lack of Ormdl3 gene expression since the maximum force
applied to the system was comparable between all experimental groups (Figure 4.3e).
However, a significant elevation in the methacholine concentration necessary to achieve 50%
tracheal contraction (EC50 value) was attributed to Ormdl3 KO tracheal rings in comparison to

154

their WT counterparts (Figure 4.3f). Thus, although treatment of mice in vivo with Alternaria
did not modulate tracheal tension in vitro in comparison to respective sham treated control
groups, significant differences in sensitivity to methacholine were detected between tracheal
rings of WT and Ormdl3 KO experimental groups.

Tracheal smooth muscle deficient for the gene Ormdl3 displayed attenuated contraction in
organ bath experiments. In order to assess the impact of ORMDL3 on bronchial contraction
under inflammatory conditions, precision cut lung slices were prepared from mice with
Alternaria induced allergic airways disease (Chapter 2 Section 2.9.2.1) (Figure 4.4). Due to the
complex methodology in combination with timing of allergen administration regimens,
readouts focussed on allergen administered experimental groups. Light microscopy images
showing contraction of airways towards increasing concentrations of methacholine did not
reveal visible differences between PBS administered WT mice and Alternaria exposed
experimental groups (Figure 4.4a representative images shown), underlined by comparable
levels of bronchial contraction (Figure 4.4b), bronchial contraction at 10 µM (Figure 4.4c) and
EC50 methacholine concentrations (Figure 4.4d). Similarly when the data was analysed in
respect to lumen area change, no differences were observed when normalised to maximum
lumen area (Figure 4.4e, f) and the methacholine concentration needed to achieve 50% lumen
area change (Figure 4.4g). Thus, ORMDL3 expression has no impact on pharmacologically
induced bronchial contraction ex vivo.
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Figure 4.3 Ormdl3 deficiency affects the contractility of murine tracheal rings. Tracheas
were harvested 18 h after the final allergen challenge and kept in Krebs-Henseleit buffer under
constant oxygen and CO2 diffusion until analysis. (a) Schematic depicting hypothesised
implication of ORMDL3 in smooth muscle contraction. (b) Organ bath method used to measure
contraction of WT and Ormdl3 KO tracheal rings. (c) Change in tension in response to
increasing methacholine concentrations. (d) Tracheal contraction shown as % of maximum
contraction. (e) Maximum force applied to the force transducers following methacholine
challenge. (f) EC50 values indicating methacholine concentrations needed to induce 50%
contraction. Graphs c, d show mean and SEM, graphs e, f show medians and interquartile
ranges, N=5/group. Data was compared by Kruskal-Wallis tests followed by Dunn’s post hoc
tests (**P<0.01).
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Figure 4.4 Bronchial contraction is not modulated by Alternaria induced allergic airways
disease or Ormdl3 deletion. Bronchial contraction was measured by time-lapse microscopy
(200x magnification) under constant perfusion with HBSS buffer containing increasing
concentrations of methacholine, using precision-cut lung slices. (a) Representative lightmicroscopy images of bronchi challenged with increasing concentrations of methacholine,
harvested from WT mice treated with PBS and Alternaria and Ormdl3 KO mice exposed to
Alternaria. (b) Bronchial contraction presented as percent contraction normalised to lumen
area. (c) Percent contraction normalised to lumen area at the methacholine concentration of 10
µM. (d) EC50 values of percent contraction. (e) Lumen area reductions as % of max. lumen area.
(f) Lumen area change at 10 µM methacholine. (g) EC50 values of lumen area change. Dotted
lines indicate mean/median value of 2 WT PBS treated mice. Graphs b and e show means and
SEM, while others show medians and interquartile ranges, N=3-4/group. WT Alt and KO Alt
groups were compared by Mann-Whitney statistical tests (*P<0.05).
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4.5.3 ORMDL3 does not regulate class-switching of Immunoglobulins in response
to repeated intranasal Alternaria allergen challenge
Repeated Alternaria administration for a duration of 5 weeks induced a significant rise in
serum total IgG1 (Figure 4.5a), Alternaria specific IgG1 (Figure 4.5b), total IgE (Figure 4.5c) and
Alternaria specific IgE (Figure 4.5d) concentrations in both WT and Ormdl3 KO mice when
compared to PBS exposed experimental control groups. Furthermore, Ormdl3 deficiency did
not induce spontaneous antibody class switching, as there was no difference in baseline
immunoglobulin levels between Ormdl3 KO to WT animals. This data reflects the findings from
the earlier investigation of HDM induced allergic airways disease (Chapter 3) where similarly
no difference was seen with respect to total serum IgG1, HDM specific IgG1, total IgE and HDM
specific IgE (Chapter 3 Figure 3.4). However for the Alternaria model, a slight but significant
reduction of Alternaria specific IgE levels in Ormdl3 deficient mice was observed (Figure 4.5d).
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Figure 4.5 Immunoglobulin production and class switching in WT and Ormdl3 KO mice
with Alternaria induced allergic airways disease. Concentrations of total and Alternaria
specific serum IgG1 and IgE were measured by ELISA. (a) IgG1 serum concentration. (b) Serum
Alternaria specific IgG1 levels. (c) Serum IgE concentration. (d) Serum Alternaria specific IgE
levels. N (graphs a, b)= 5-10/group; data shown in graphs c, d was pooled from 2 separately
performed experiments (N=8-17/group). Graphs show the mean and SEM. Two-way ANOVA
statistical analyses were performed followed by Bonferroni post-hoc test (*P<0.05 **P<0.01
***P<0.001).
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4.5.4 Impact of ORMDL3 on leukocyte recruitment and mucus production during
Alternaria induced allergic airways disease.
Alternaria administration to mice led to a significant recruitment of total leukocytes to the lung
(Figure 4.6a) in WT mice exclusively, whereas severe and significant eosinophilia (Figure 4.6c)
was observed regardless of the genotype. Pulmonary macrophage and neutrophil counts were
not affected by allergen exposure (Figure 4.6b, d). In the airway lumen, Alternaria exposure
resulted in a significant increase in total leukocytes, macrophages and eosinophils in both WT
and Ormdl3 KO mice (BALF Figure 4.6e-g).

In contrast neutrophils were found to be

significantly elevated only in Ormdl3 KO mice (Figure 4.6h).
Although significantly elevated in the lungs of both WT and Ormdl3 KO mice administered
allergen, comparative analysis revealed a significant reduction in eosinophilic inflammation in
both compartments of Ormdl3 deficient mice (lung Figure 4.6 c). Lower eosinophil numbers in
the BALF (Figure 4.6 g) of Ormdl3 KO mice were compensated by a significant rise in
neutrophilic infiltration in the airway lumen in comparison to Alternaria administered WT
mice (Figure 4.6h). Baseline differences between PBS treated WT and Ormdl3 KO mice were not
detected (Figure 4.6a-h)
Observations made concerning pulmonary leukocyte infiltration (Figure 4.6a, e) were
supported by histopathological analyses of pulmonary inflammation (Figure 4.7). Inflammation
scores assigned to H&E stained lung sections were significantly elevated to a similar magnitude
in both WT and Ormdl3 KO mice administered Alternaria (Figure 4.7a). No substantial cellular
infiltrates were recorded in PBS exposed WT or Ormdl3 KO mice (Figure 4.7a, c). Alternaria
induced pulmonary infiltrates were concentrated around the bronchioles and vasculature with
low level parenchymal inflammation observed irrespective of genotype (Figure 4.7c).
Goblet cell hyperplasia was found to be significantly induced in both WT and Ormdl3 KO mice
administered Alternaria (Figure 4.7b, d).
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Figure 4.6 Alternaria induced pulmonary inflammation in WT and Ormdl3 KO mice. Total
leukocytes were counted in collagenase D/DNaseI digested lung tissue (a) of mice i.n.
administered PBS or Alternaria over the duration of 5 weeks. Total lung tissue macrophages
(b), eosinophils (c) and neutrophils (d) were recorded by flow cytometry. (e) Total BALF cells,
(f) BALF macrophages, (g) BALF eosinophils, (h) BALF neutrophils. Lung and BALF
macrophages were defined as live CD68+ cells, eosinophils as CD68-, Siglec-F+, CD11c+ cells
and neutrophils as CD68-, Gr-1high, CD11b+. Graphs a-e represent combined data from 2
individually performed experiments (N=8-20/group; N=5-10/group for graphs f-h). All graphs
show the mean and SEM. Two-way ANOVA statistical test were performed followed by
Bonferroni multiple-comparison analyses (*P<0.05 **P<0.01 ***P<0.001).
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Figure 4.7 Histological analyses of pulmonary inflammation and goblet-cell-hyperplasia in
WT and Ormdl3 deficient mice following repeated i.n. Alternaria challenges. Haematoxylin
& eosin (H&E) and periodic acid-Schiff (PAS) stained lung tissue sections were prepared from
WT and Ormdl3 KO mice administered PBS or Alternaria. (a) Lung airway inflammation
assessed in H&E stained lung sections, expressed as H&E score. (b) Mucus score assigned to
PAS stained lung sections. Representative H&E (c) and PAS (d) stained lung sections. Images
were acquired by bright field microscopy (200x magnification; scale bar equals 100 µM).
Graphs represent data combined from 2 individually performed experiments (N=6-16/group)
and show the mean and SEM. Data was analysed by Two-way ANOVA statistics and Bonferroni
multiple-comparison tests (*P<0.05 **P<0.01 ***P<0.001).
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4.5.5 Ormdl3 deficiency minimally affected Alternaria induced type 2 cytokine
production.
Repeated Alternaria challenges in KO mice resulted in minimal lung function changes combined
with reduced lung and airway eosinophilia and a mild decrease in serum Alternaria specific IgE
compared to WT mice. To further investigate mechanisms mediating the phenotypical
differences, type-2 cytokines were measured along with Th2 cells and innate lymphoid type-2
cells (ILC2s) (Figure 4.8) the cells being major producers of IL-4, IL-5 and IL-13 (Paul and Zhu,
2010; Sonnenberg and Artis, 2015).
Ormdl3 KO mice responded to Alternaria administration with a significant increase in IL-4
levels in the lung in contrast to WT mice (Figure 4.8a). Allergen administration resulted in a
significant elevation in airway lumen IL-4 in both WT and Ormdl3 KO mice (Figure 4.8b). Levels
of IL-5 were significantly elevated in both pulmonary compartments in response to Alternaria
exposure irrespective of Ormdl3 expression and similar observations were made for IL-13
(Figure 4.8 e, f). Ormdl3 deficiency provoked slight reductions in the pulmonary and BALF
concentrations of all assessed type-2 cytokines. This highlights the possibility of an indirect
link between ORMDL3 function and cytokine production or secretion during allergic responses.
To determine whether the observed marginal reductions in type-2 cytokine levels in the
Ormdl3 KO mice correlated with Th2 or ILC2 cell numbers, flow cytometry analysis was
performed with enumeration of both IL13+ CD4+ CD3+ (Th2) and IL13+ ICOS+ CD45+ lineage(ILC2s). Both Th2 and ILC2 cells (Figure 4.8g, h) were significantly induced upon Alternaria
administration and no significant differences were detected between cell numbers in WT and
Ormdl3 deficient mice. Similarly, Alternaria treatment induced the ILC2 stimulating cytokine IL33 independently of Ormdl3 expression (Figure 4.8i). No baseline differences with regard to
cytokine expression or type-2 inflammation were detected between WT and Ormdl3 KO mice.
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Figure 4.8 Type-2 cytokine profile and established Th2 and ILC2 inflammation following
Alternaria specific allergic airways disease induction. IL-4, IL-5 and IL-13 concentrations
were assessed by ELISA in homogenised lung tissue (a, c, e) and BALF (b, d, f). (g) Th2 cells,
defined as IL-13+ CD4+ CD3+ cells, were analysed by flow-cytometry. (h) Lung IL-33 levels. (i)
ILC2s present in the lung tissue, measured by flow cytometry (IL-13+ ICOS+ CD45+ lineagecells). Graphs a-g represent data combined from 2 individually performed experiments (N=719/group; graphs h, i: N=5-9/group) and show the median and interquartile range. KruskalWallis tests and Dunn’s post hoc analyses were performed (*P<0.05 **P<0.01 ***P<0.001).
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4.5.6 Cellular stress is reduced in Ormdl3 KO mice exposed to Alternaria
Based on literature reporting that ORMDL3 promotes ER-stress and induction of the UPR
(Cantero-Recasens et al., 2009; Miller et al., 2012, 2014) (Chapter 1; Section 1.10.3), specific
interest was focused on the putative protective effects of ORMDL3 deficiency on allergen
induced cellular stress.
Alongside ORMDL3 (Hjelmqvist et al., 2002), as previously highlighted (Chapter 1 Section
1.8.1)three proteins, PERK , ATF6 and IRE-1, that are key to the induction of the UPR reside in
the ER-membrane, (Harding et al., 1999; Haze et al., 1999; Shi et al., 1998). Each of these UPR
regulator proteins constitutes an initiation point of individual arms of the UPR. Their
activation, by dissociation of the chaperone BiP (Bertolotti et al., 2000; Shen et al., 2002), is
dependent on the depletion of ER Ca2+ stores the latter resulting in the accumulation of
misfolded proteins a process called ER-stress (Schröder and Kaufman, 2005). Initiation of
PERK, ATF6 and IRE-1 dependent parallel UPR pathways is followed by transcription factor
activation that promotes the production of facilitator proteins to enhance protein folding and
cell survival or to induce apoptosis (Hetz, 2012). Activation of PERK and IRE-1 is dimerization
and auto-phosphorylation dependent (Bertolotti et al., 2000), while ATF6 is processed by
proteases prior to its translocation to the nucleus (Todd et al., 2008) (Figure 4.9a). Following
its activation, PERK phosphorylates elongation factor 2 alpha (elF2α), initiating a shift in mRNA
translation towards products important to conquer cell damaging effects of ER-stress (De Haro
et al., 1996; Hetz, 2012).
Alternaria administration to mice of both genotypes led to PERK induction shown by elF2a
phosphorylation although this was not dependent on Ormdl3 expression (Figure 4.9b).
Increased elF2a phosphorylation leads to selective translation of Atf4 mRNA, a transcription
factor capable of inducing Ddit3 gene expression. Ddit3 encodes a further ER-stress specific
transcription factor, CCAAT/enhancer-binding protein-homologous protein (CHOP). Even
though Alternaria treatment resulted in elF2a phosphorylation, following Alternaria challenge
Ddit3 gene induction was not detected or modulated by Ormdl3 deletion (Figure 4.9c).
Once activated, cleaved ATF6 induces expression of Xbp-1 (Figure 4.9a), which was observed in
Alternaria exposed WT mice, exhibiting significantly enhanced Xbp-1 gene expression levels
(Figure 4.9d). Ormdl3 KO mice showed marginal but not significant Alternaria induced upregulation of Xbp-1. This was significantly diminished in comparison to allergen administered
WT mice (Figure 4.9d). To investigate if the observed ATF6 induction and protective effects of
Ormdl3 deficiency on the generation of AHR were fungal allergen specific, RNA was isolated
from lung tissue of adult HDM administered WT and Ormdl3 deficient mice (presented in
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Chapter 3). In contrast to WT and KO mice exposed to Alternaria, administration of HDM for a
period of 5 weeks resulted in significant ATF6 induction as assessed by Xbp-1 gene expression
(Figure 4.9d) but there was no difference in the magnitude of induction between Ormdl3 KO
mice in comparison to their WT counterparts.
Xbp-1 mRNA, regulated by ATF6, is also involved in the IRE-1 UPR pathway (Chapter 1; Section
1.8.1). IRE-1 splices Xbp-1 mRNA to allow the production of a functional XBP-1 transcription
factor. However, IRE-1 mediated splicing of Xbp-1 and consequently the IRE-1 UPR pathway
were not activated following Alternaria challenge or Ormdl3 deletion (Figure 4.9e).
Since allergen induced protective functions of ORMDL3 were associated with ATF6 pathway
induction, further analysis was concentrated on ATF6 targets at gene and protein level. Besides
Xbp-1 gene induction, ATF6 also regulates the production of inflammatory cytokines, including
IL-6 via transcription factor binding to respective cAMP response elements (Shi et al., 2009).
IL-6 production was significantly up-regulated following Alternaria exposure in WT mice
exclusively, with IL-6 protein levels being significantly diminished in Alternaria challenged
Ormdl3 KO mice (Figure 4.9f).
ATF6 and IRE-1 induced UPR pathways share a common repertoire of target genes, amongst
others endoplasmic reticulum-associated degradation (ERAD) pathway associated genes
(Doherty et al., 2012; Hetz, 2012), which facilitate the clearance of misfolded proteins. EDEM1
(alpha-mannosidase 1–like protein) is an essential component of the ERAD machinery, as it
removes misfolded glycoproteins from the calnexin cycle (Molinari et al., 2003). Additionally, it
binds non-native proteins to direct them to the ERAD ubiquitination complex SEL1L (Cormier
et al., 2009). Edem-1’s transcription is regulated by both ATF6 and IRE-1 (Shoulders et al.,
2013). Similar to Xbp-1 (Figure 4.9d), Edem-1 gene expression was induced by Alternaria
treatment of mice (Figure 4.9g). Interestingly, Ormdl3 deficiency resulted in significant
attenuation of the Alternaria-induced expression of Edem-1 and the ATF6-regulated gene Xbp1.
To follow up the allergen specificity of the observed effects of ORMDL3 UPR gene expression
after 5 weeks of HDM administration was measured. The results mirrored those observed
following Alternaria exposure. HDM application up-regulated Edem-1 expression in both
genotypes, but the allergen induced increase was significantly tempered in the Ormdl3 KO
group. Abrogation of ATF6 induced Xbp-1 gene expression in mice lacking Ormdl3, highlights a
putative, ER-stress induction dependent regulatory function of ORMDL3 on ATF6, dependent
on the allergen type administered. Furthermore, ORDML3 controlled activation of the ERAD
pathway independently of the administered allergen, as Edem-1 gene expression was
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significantly reduced in Ormdl3 KO mice following either Alternaria or HDM challenge. It has
previously been shown in mice constitutively overexpressing ORMDL3 that the protein
regulates SERCA2b expression (Miller et al., 2014). In this present study however Ormdl3
deficiency did not influence SERCA2 protein production at baseline or following Alternaria
administration (Figure 4.9h).
ER-stress has also been reported to result in activation of the NLRP3 inflammasome in an UPR
independent manner (Menu et al., 2012). WT and Ormdl3 KO mice administered Alternaria
released significant amounts of the damage associated pattern (DAMP) uric acid into the
airway lumen (Figure 4.10a). In accordance with previous results which showed that Ormdl3
deficiency diminished induction of the UPR, Ormdl3 deletion also supported significantly
tempered Alternaria induced cellular stress levels as indicated by reduced uric acid
concentrations in the BALF in comparison to WT mice. Interestingly, this observation was
specific to Alternaria since HDM administration significantly induced uric acid release at a
comparable level in both genotypes. BALF uric acid concentrations were approximately 10-fold
higher in mice exposed to Alternaria compared to HDM (Figure 4.10a). This suggests that
Alternaria is more potent in cellular stress induction.
Regulatory functions of ORMDL3 were ER-stress specific as release of the ER-stress
independent marker of cellular damage lactate dehydrogenase (LDH) into the airway lumen
was equally induced in both WT and Ormdl3 KO mice after Alternaria challenge (Figure 4.10b).
Ormdl3 deficiency was additionally associated with improved integrity and barrier function of
the airway epithelium at baseline and following Alternaria exposure (Figure 4.10c) as shown
by a significant decrease in BALF albumin concentrations in the Alternaria treated Ormdl3
deficient experimental group compared to respective WT animals. However, there was still a
significant elevation in BALF albumin in the Alternaria treated Ormdl3 KO mice when
compared to the sham treated controls.
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Figure 4.9 ORMDL3 effects on induction of the unfolded protein response (UPR) in response
to allergen challenge. (a) Schematic depicting the 3 pivotal pathways of the UPR, activated by
ER-stress. PERK specific phosphorylation of elF2a, cleavage of ATF6 and IRE-1 mediated
splicing of Xbp-1 ultimately concludes in the transcription of ER-stress induced genes. (b) elF2α
phosphorylation shown by Western blot. (c) Ddit3 (CHOP) gene expression. (d) Alternaria and
HDM induced Xbp-1 expression. (e) Xbp1 and spliced Xbp-1 assessed by PCR. (f) Lung IL-6
levels. (g) Edem-1 gene expression in the lungs of mice challenged with Alternaria or HDM. (h)
SERCA2 western blot and quantification. Gene expression was assessed by qRT-PCR and
presented as log2 (fold change) in respect to the WT PBS group. The IL-6 graph represents data
pooled from 2 individually performed experiments (N=8-14/group, other graphs N=510/group). Mean and SEM is shown. Two-way ANOVA analyses were performed followed by
Bonferroni post hoc tests (*P<0.05 **P<0.01 ***P<0.001).
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Figure 4.10 Alternaria induced mucosal damage and barrier dysfunction is significantly
attenuated in Ormdl3 deficient mice. (a) Levels of uric acid in the BALF of Alternaria and
HDM administered mice. (b) BALF lactate dehydrogenase levels following Alternaria treatment.
(c) Albumin concentration in the BALF of Alternaria challenged mice. Data involving Alternaria
treated mice was pooled from 2 individually performed experiments (N=6-15; HDM uric acid:
N= 5-10). Mean and SEM is shown. Data was analysed by Two-way ANOVA and Bonferroni
post-hoc test.
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4.5.7 Ormdl3 overexpression in bronchial epithelial cells results in increased
Alternaria induced AHR
In order to investigate the particular contribution of bronchial epithelial ORMDL3 to Alternaria
specific AHR development a construct containing an Ormdl3-EGFP gene fusion was delivered i.n
to BalbC mice in vivo. Preliminary studies performed in the Section of Inflammation, Repair and
Development compared different AAV serotypes (1, 2, 5, 6, 7, 8, 9 and rh10) and their efficiency
to transfect airway epithelial cells with an EGFP encoding construct. AAV9 administered i.n. in
combination with neuraminidase during the first week of life was found to be the most effective
in epithelial cell transfection with EGFP was stably expressed into adulthood (Gregory et al.,
unpublished) (Limberis and Wilson, 2006).
Either PBS, AAV EGFP or AAV Ormdl3-EGFP were administered i.n. in combination with 50 mU
neuraminidase to neonates on the fifth day of life (Figure 4.11a). To allow optimal levels of
gene expression to develop, allergen administration only commenced at 8 weeks of age. Unlike
adenoviral gene transfer vectors, which reach maximal gene expression 48 hours after gene
delivery, expression from AAV vectors is much slower. Before transgene expression can occur,
the single stranded rAAV DNA needs to be converted into a transcriptionally functional doublestranded template. Although the AAV9 serotype is known to result in high level gene
expression with rapid onset kinetics compared to other AAV serotypes it has been shown that
although marker gene expression is detectable at 7 days post administration, maximal
expression is reached 100 days post-delivery (Zincarelli et al., 2008). The administered
allergen concentration was reduced to 10 µg Alternaria extract in 25 µL PBS, but the dosing
regimen was not changed, as 3 allergen or PBS administrations were performed weekly for a
period of 5 weeks followed by pulmonary function analysis and organ harvest 18 h after the
final allergen exposure. A lowered concentration of allergen (10 µg Alternaria extract in 25 µL
PBS) was utilised in this model in order to comply with the concept of refinement in laboratory
animal research, as mice with enhanced Ormdl3 expression levels were predicted to develop a
more severe immunopathology in combination with allergen administration (Miller et al.,
2014).
Intranasal AAV delivery on day 5 of life resulted in robust levels of EGFP and ORMDL3-EGFP
expression in bronchial epithelial cells during adulthood, shown by fluorescence microscopy
performed on anti-EGFP stained lung sections (Figure 4.11b).
Alternaria administration to BalbC mice induced significantly elevated levels of airway
resistance in epithelial EGFP or Ormdl3-EGFP expressing experimental groups with the PBS
administered control group characterised by a comparable increase in AHR (Figure 4.11c, d).
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Furthermore, at 30 mg/mL methacholine, bronchial Ormdl3-EGFP expression in mice exposed
to Alternaria significantly amplified the induced AHR response in comparison to mice exposed
to the EGFP control virus (Figure 4.11d). No significant baseline changes were observed
between repeatedly administered PBS experimental groups, independent of EGFP or Ormdl3EGFP expression (Figure 4.11d). Importantly, bronchial epithelial cell specific EGFP
overexpression by mice did not induce any significant changes in AHR following long-term PBS
or Alternaria administration in comparison to mice administered PBS at day 5 of life (Figure
4.11c, d).
The bronchial epithelium is the barrier between the airway lumen and pulmonary tissue.
Therefore, further analyses of ORMDL3 specific inflammatory effects in airway epithelial cells
were focussed on the airway compartment (BALF Figure 4.11 e, f). Construct delivery by AAV9
to BalbC mice did not induce recruitment of either total leukocytes (Figure 4.11e) or
eosinophils (Figure 4.11f) to the airways of PBS treated mice. Alternaria administration
resulted in a significant influx of total leukocytes specifically into the airway lumen in all
groups, regardless of EGFP or Ormdl3-EGFP expression. Airway lumen eosinophilia was
induced in Alternaria treated sham and EGFP expressing groups, while only a slight but not
significant increase was observed in mice overexpressing Ormdl3-EGFP. Surprisingly,
Alternaria induced eosinophilia was significantly reduced in both EGFP and Ormdl3-EGFP
overexpressing experimental groups.
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Figure 4.11 Epithelial overexpression of Ormdl3 enhances Alternaria induced AHR. (a)
BalbC mice were administered PBS, AAV EGFP or AAV Ormdl3-EGFP i.n in combination with
neuraminidase on day 5 of life. Allergen administration commenced during the 9th week of life.
PBS or 10 µg Alternaria extract were i.n. delivered 3 days per week for a total of 5 weeks. (b)
EGFP expression, revealed by immunohistochemistry, in mice administered AAV EGFP or AAV
Ormdl3-EGFP 18 h after the concluding allergen exposure. Fluorescence-microscopy was
performed and representative images were obtained at 200x magnification. (c) Concentrationresponse curve of tracheotomised mice challenged with increasing concentrations of
aerosolised methacholine. (d) Airway resistance values at the methacholine concentration of
30 mg/mL. (e) BALF total cell counts. (f) BALF eosinophils were counted on Wright-Giemsa
stained lung sections and expressed as total BALF eosinophils. Graphs represent data from 3
individually performed experiments (N=4-15) and mean and SEM. Experimental groups were
statistically compared by two-way ANOVA and Bonferroni multiple-comparison analyses
(*P<0.05 **P<0.01 ***P<0.001).
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4.5.8 AAV9 specifially infects bronchial epithelial cells
AAV Ormdl3-EGFP application on day 5 of life to BalbC mice resulted in ORMDL3-EGFP
overexpression in bronchial epithelial cells and a concomitant increase in AHR. Thus, it was
postulated that loss of epithelial ORMDL3 expression is a main contributor towards protection
of Ormdl3 KO mice against the induction of AHR. To investigate if this hypothesis was valid,
experiments were designed, where Ormdl3-EGFP was delivered to bronchial epithelial cells of
Ormdl3 KO mice to assess the contribution of epithelial derived ORMDL3 to the induction of
AHR.
To check the cellular specificity of AAV9, total lung cells were isolated from AAV EGFP and AAV
Ormdl3-EGFP infected mice and sorted based on EpCam and CD45 expression followed by
comparative qRT-PCR analyses of EGFP expression. Naïve WT and Ormdl3 KO mice displayed
three defined cellular populations: EpCam+ CD45- epithelial cells, EpCam- CD45+
hematopoietic cells and an EpCam+ CD45+ population, the latter population not being widely
described in the literature (Figure 4.12a). Interestingly, gene expression profiling of APCs has
previously revealed EpCam gene expression by Siglec-F+ CD11c+ pulmonary macrophages
(Gautier et al., 2012). Further analysis aimed at identifying the cellular origin of the EpCam+
CD45+ population (Figure 4.12b) characterised these cells to be mainly CD11c and CD11b
negative. They also did not express Ly6G, a common marker for neutrophils (Daley et al., 2008),
but a proportion of the cells were F4/80+, an indicator of macrophage subpopulations (Leenen
et al., 1994) and most were also Siglec-F+. As Siglec-F is expressed by both eosinophils and
alveolar macrophages (Hussell and Bell, 2014; Zhang et al., 2007), parallel expression of both
F4/80 and Siglec-F was assessed (Figure 4.12b). This revealed Siglec-F expression only in
F4/80+ cells, indicating that a major proportion of the EpCam+ CD45+ pulmonary cells were
indeed macrophages of an alveolar subclass.
Subsequent to the initial characterisation of EpCam+ CD45+ pulmonary cells, all three
populations of EpCam+ CD45-, EpCam- CD45+ and EpCam+ CD45+ lung cells were sorted 4
weeks after PBS, AAV EGFP and AAV Ormdl3-EGFP administration at day 5 of life (Figure 4.12c).
The density of the most important EpCam+ CD45- population decreased in comparison to the
preliminary experiments (Figure 4.12a), most likely due to the complex experimental design of
multiple sorting events throughout the day including a large number of mice. Nonetheless a
sufficient number of cells in all investigated populations were harvested to profile gene
expression (Figure 4.12d-f). In WT mice, Ormdl3 was equally expressed in both epithelial
EpCam+ CD45- cells and EpCam- CD45+ leukocytes, with significantly lower levels measured in
the EpCam+ CD45+ population (Figure 4.12d). AAV EGFP (Figure 4.12e) and AAV Ormdl3-EGFP
(Figure 4.12f) administration to Ormdl3 KO mice resulted in significant EGFP expression almost
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exclusively in EpCam+ CD45- epithelial cells, with a small number of EpCam+ CD45+ cells
transfected.

Figure 4.12 Intranasal application of AAV9 viral vectors results in gene delivery almost
exclusively to airway epithelial cells. AAV EGFP or AAV Ormdl3-EGFP was administered to WT
and Ormdl3 KO mice at day 5 of life. These mice were culled at 5 weeks of age to assess AAV
expression in different cell types. (a) Total lung cells isolated from naïve WT (blue) and Ormdl3
KO (red) mice and separated by flow cytometry using anti-EpCam and anti-CD45 antibodies
show a defined EpCam+ CD45+ cell population. (b) Further analysis of pulmonary EpCam+
CD45+ cells by flow cytometry. CD11b+, CD11c+, Ly6G+, F4/80+, Siglec-F+ and alveolar
macrophage (F4/80+ Siglec-F+) percentages were calculated in respect to the parent
population of EpCam+ CD45+ cells (Blue: WT; Red: Ormdl3 KO; Grey: FMO control). (c) EpCam+
CD45- cells, EpCam+ CD45+ cells and EpCam- CD45+ cells were sorted by FACS from mice
administered PBS, AAV EGFP or AAV Ormdl3-EGFP. A representative dot plot is shown from a
WT mouse administered PBS. (d) Ormdl3 expression in WT PBS EpCam+ CD45-, EpCam+
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CD45+ and EpCam- CD45+ lung cell populations was investigated by qRT-PCR. (e) EGFP
expression in all three sorted pulmonary populations of Ormdl3 KO mice administered AAV
EGFP at day 5 of life. (f) EGFP expression in sorted pulmonary cell populations of Ormdl3 KO
mice exposed to AAV Ormdl3-EGFP at day 5 of life. Percentages shown in (a) and (b) are
representative for N= 1 of the WT and Ormdl3 KO mouse population. Graphs d-f show the
median and interquartile range (N=3-5/group). Graphs show the mean and SEM. One-way
ANOVA and Bonferroni multiple-comparison analyses were performed (**P<0.01 ***P<0.001).
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4.5.9 Epithelial Ormdl3 expression is crucial in the induction of severe AHR
To further delineate the contribution of epithelial derived ORMDL3 to development of AHR in
response to Alternaria challenge, Ormdl3 KO mice were transfected with AAV Ormdl3-EGFP i.n.
to induce expression of Ormdl3 exclusively in the cells of the conducting airways. AAV was
administered on day 5 of life, followed by repeated i.n. challenges with Alternaria allergen
extract or PBS starting during week 9 of life and continuing for 5 weeks as in prior experiments
(Figure 4.13a). At the end of the Alternaria administration regimen, robust production of EGFP
and ORMDL3-EGFP was detected in bronchial epithelial cells of mice exposed to AAV at day 5 of
life, revealed by immunohistochemistry staining and fluorescence microscopy utilizing an antiEGFP antibody (Figure 4.13b).
Alternaria administration resulted in AHR induction in all experimental groups (Figure 4.14af). Congruent with previous analysis (Figure 4.2), Ormdl3 KO mice were characterised by a
reduction in AHR following Alternaria challenge (Figure 4.14) compared to WT mice,
characterised by reduced airway resistance levels (Figure 4.14a, b), significantly decreased
airway elastance (Figure 4.14c, d) and significantly elevated compliance values (Figure 4.14e,
f). Remarkably, restoration of ORMDL3 expression exclusively in bronchial epithelial cells
reinstated the Alternaria induced increase in airway resistance at levels comparable to those in
WT mice (Figure 4.14a, b). Similarly, elastance (Figure 4.14c, d) and compliance (Figure 4.14e,
f) values obtained from Ormdl3 KO mice expressing epithelial Ormdl3-EGFP were
indistinguishable from WT mice administered allergen. These data indicate that bronchiolar
expression of ORMDL3 is crucial for the development of severe Alternaria induced AHR and
that ORMDL3 expression in other immune and structural cell types do not contribute to the
observed phenotype.
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Figure 4.13 Alternaria induced allergic airways disease was initiated in WT and Ormdl3
KO mice expressing epithelial EGFP or Ormdl3-EGFP. (a) Administration regimen of AAV
exposure in combination with Alternaria delivery. WT or Ormdl3 KO mice i.n. received 1 x 1011
genome copies of either AAV EGFP or AAV Ormdl3-EGFP combined with 50 mU neuraminidase
on day 5 of life. After 8 weeks PBS or 10 µg of Alternaria extract were i.n. administered to the
mice. Alternaria administration continued at 3 times per week for a total of 5 weeks.
Pulmonary function was measured 18 h following the concluding allergen exposure. (b) EGFP
and Omrdl3-EGFP expression in the lungs of mice at the end of allergen administration,
following lung function measurement assessed by fluorescence microscopy performed on antiEGFP stained lung sections. Fluorescence microscopy images were acquired at 200x
magnification.
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Figure 4.14 Bronchial epithelial ORMDL3 expression mediates AHR development in Ormdl3
KO mice. (a) Concentration response curve depicting airway resistance in response to
increasing concentration of aerosolised methacholine. (b) Airway resistance at 100 mg/mL. (c)
Pulmonary elastance dose response curve. (d) Elastance at 100 mg/mL methacholine. (e)
Airway compliance in response to i.n. applied increasing methacholine concentrations. (f)
Compliance at 100 mg/mL methacholine. Graphs show the mean and SEM (N=5-8/group).
Two-way ANOVA tests and Bonferroni multiple-comparison tests were performed (*P<0.05
**P<0.01 ***P<0.001). Abbreviations: GFP = AAV EGFP; Orm3: AAV Ormdl3-EGFP
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4.5.10 Bronchial Ormdl3 expression promotes increased type-2 inflammation.
Ormdl3-EGFP expression exclusively in airway epithelial cells resulted in restoration of AHR,
comparable to WT mice, in response to repeated i.n. Alternaria challenges (Figure 4.14). To
investigate in more detail the implications of epithelial ORMDL3 expression in fungal allergic
airways disease, influences on type-2 cell recruitment to the airway lumen (Figure 4.15) and
allergen induced damage to the epithelial barrier (Figure 4.16) were explored.
As observed previously, Alternaria administration resulted in a significant increase in BALF
leukocytes (Figure 4.15a) compared to sham treated controls. Recruitment of total leukocytes
and Th2 cells (Figure 4.15b) in response to Alternaria was slightly, but not significantly
diminished in Ormdl3 deficient mice compared to WT mice (Figures 4.15a, b). Restoration of
epithelial Ormdl3 expression in the KO mice however significantly increased Alternaria induced
airway total leukocyte recruitment and Th2 cell infiltration to levels comparable with WT mice.
No baseline differences were detected between PBS administered experimental groups.
To further analyse the contribution of epithelial ORMDL3 to Th2 inflammation in Alternaria
induced allergic airways disease, type-2 cytokines were assessed (Figure 4.15c, d). In line with
previous observations, IL-13 was significantly induced in both control virus administered WT
and Ormdl3 KO mice upon Alternaria challenge. A slight but significant reduction in IL-13 levels
was again recognisable in the Ormdl3 KO mice and this decreased IL-13 production was not
observed in the KO mice expressing epithelial Ormdl3 and exposed to Alternaria (Figure 4.15c).
BALF IL-4 was induced in the WT mice in response to Alternaria but no significant secretion
was measured in the Ormdl3 KO group (Figure 4.15d). Expression of epithelial ORMDL3 slightly
increased Alternaria induced secretion of IL-4 levels (Figure 4.15d). Furthermore, BALF
eosinophilia and serum IgE was observed in all allergen administered experimental groups
(Figure 4.15e, f). Epithelial Ormdl3 reconstitution in Ormdl3 KO mice significantly enhanced the
measured eosinophil counts in the allergen administered mice in comparison to KO mice.
In accordance results presented in this thesis examining the effects of Ormdl3 on high-dose
induced Alternaria dependent allergic airways disease (Section 4.5.6), application of 10 µg
Alternaria for the duration of 5 weeks was sufficient to induce significant cellular damage
(Figure 4.16a, b). Ormdl3 deficiency again resulted in a significant reduction in the cellular
stress marker uric acid (Figure 4.16a) in comparison to WT mice, an impact that was restored
by epithelial ORMDL3 production. As previously observed (Section 4.5.6) LDH was not changed
by Ormdl3 deletion, and was also not modified by epithelial ORMDL3 expression (Figure
4.16b). Even though induced in all allergen-administered groups, significantly reduced BALF
albumin (Figure 4.16a) concentrations were measured in Ormdl3 KO mice compared to both
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WT control and Ormdl3 deficient epithelial ORMDL3 expressing mice.

This implies that

epithelial ORMDL3 expression is involved in epithelial integrity following allergen encounter.
ORMDL3 reconstitution in the bronchial epithelium also resulted in enhanced baseline BALF
uric acid and albumin levels (Figure 4.16a, c).
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Figure 4.15 Bronchial Ormdl3 gene expression mediates Alternaria induced type-2
inflammation. (a) BALF total cells. (b) Th2 cells defined as IL13+ CD4+ CD3+ assessed by flow
cytometry. BALF IL-13 (c) and IL-4 (d) levels were measured by ELISA. (e) Siglec-F+ CD11cCD68- BALF Eosinophils. (f) Serum IgE levels. Graphs, apart from (d), represent pooled data
from 2 individually performed experiments (N=7-13; graph d: N=3-6). Graphs show the mean
and SEM. Two-way ANOVA and Bonferroni post-hoc analyses were performed (*P<0.05
**P<0.01 ***P<0.001).
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Figure 4.16 Restoration of Ormdl3 expression in airway epithelial cells results in elevated
cellular stress and decreased epithelial barrier function following Alternaria challenges.
(a) BALF Uric acid concentration. (b) BALF Lactate dehydrogenase levels. (c) BALF albumin
concentration. Data was pooled from 2 individually performed experiments (N=7-13/group).
Mean and SEM is shown. Statistical analyses were performed by Two-way ANOVA comparisons
and Bonferroni post-hoc tests (*P<0.05 **P<0.01 ***P<0.001).
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4.5.11 Impact of ORMDL3 on Alternaria induced AHR is not IL-13 independent.
Ormdl3 KO mice show reduced Alternaria induced AHR, an effect reversible by Ormdl3
reconstitution in the airway epithelium. The reduction in AHR was partly attributed to reduced
contractility of Ormdl3 deficient smooth muscle cells towards methacholine, however
significant reductions in lung function have been associated with reduced IL-13 levels
(Humbles et al., 2004). Indeed, a substantial, but not significant reduction in BALF IL-13 was
noticeable in KO mice administered the high-dose concentration of 20 µg Alternaria (Figure
4.8f), and low-dose 10 µg concentration (Figure 4.15c). The reduction in IL-13 levels was
associated with a significant reduction in BALF Th2 cells (Figure 4.15b). As Ormdl3 deficiency
does completely abrogate AHR, subtle reductions in IL-13 might present a plausible reason for
the observed phenotype.
To investigate whether epithelial ORMDL3 is capable of eliciting AHR in response to Alternaria
independent of IL-13, Ormdl3-EGFP was delivered to the airways of IL-13 KO mice. As in
previous protocols, AAV EGFP or AAV Ormdl3-EGFP was administered i.n. on day 5 of life and
administration of PBS or 10 µg Alternaria commenced during the 9th week of life and was
continued for 5 weeks (Figure 4.17a). There was no induction of AHR in any experimental
groups in response to Alternaria administration, including IL-13 KO mice overexpressing
epithelial Ormdl3 (Figure 4.17b-d). Thus IL-13 is essential for the development of AHR in
response to allergen challenge and expression of epithelial ORMDL3 is not sufficient to mount
allergen induced lung function independent of IL-13 release. Alternaria mediated BALF
leukocyte infiltration (Figure 4.17e) was reduced approximately 4 fold in IL-13 deficient mice
compared to WT mice (previously presented in Figure 4.11f).
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Figure 4.17 IL13 is an essential cofactor for epithelial ORMDL3 specific AHR induction. (a)
IL13 KO mice were i.n. administered PBS, AAV EGFP or AAV Ormdl3-EGFP in combination with
neuraminidase at day 5 of life. Concentration response curves for airway resistance (b),
elastance (c) and compliance (d) in response to increase concentrations of nebulised
methacholine. (e) BALF cells. (N=3-5/group). Mann-Whitney statistical comparisons were
performed (*P<0.05 **P<0.01 ***P<0.001).
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4.6 Discussion
Multiple GWA studies proposed a link between SNPs located in close proximity to the gene
ORMDL3 on chromosome 17 and an increased likelihood of asthma development in children. In
vitro studies identified the encoded protein ORMDL3 as a negative regulator of sphingolipid
biosynthesis and ER-stress (Breslow et al., 2010; Cantero-Recasens et al., 2009). First in vivo
studies on ORMDL3 overexpressing hORMDL3zp3-Cre mice outlined baseline elevations in
pulmonary type-2 cytokine levels and increased eosinophilia, IgE class switching and IL-4
production following OVA challenge, directly linking ORMDL3 protein function with type-2
immunity. Surprisingly, elimination of Ormdl3 expression in adult mice only mildly affected
HDM induced allergic airways disease pathology with AHR, HDM specific IgE, eosinophilia and
Th2 cells induced at comparable levels to WT mice, although airway lumen IL-4 secretion was
significantly impaired (Chapter 3). It was concluded that influences of ORMDL3 on allergic
airways disease pathophysiology might depend on the allergen directly activating Ormdl3
expression. Induction of Ormdl3 gene expression has been shown in response to OVA and
Alternaria exposure in rodents (Miller et al., 2012) and Der p 1 in human rs7216389 carriers
(Lluis et al., 2011). Therefore, the key objective of this chapter was to design and apply a
chronic Alternaria administration regimen to WT and Ormdl3 KO mice to test whether ORMDL3
regulates fungal induced allergic airways disease parameters.

4.6.1 Ormdl3 deficiency results in significantly improved lung function following
Alternaria administration.
Alternaria administration resulted in the development of similar pathological features as HDM.
WT mice i.n. exposed to Alternaria over a period of 5 weeks developed severe AHR and
significantly increased levels of type-2 effector cells, in line with elevated pulmonary
production of type-2 cytokines, while granulocytic inflammation was predominantly
characterised by increased eosinophil counts. In contrast to HDM (Chapter 3), Alternaria did
not induce significant goblet cell hyperplasia. It is possible that prolonged Alternaria
administration is needed for a change of the epithelium to a mucous secreting phenotype.
However, PAR2 receptor signalling, the main receptor for Alternaria sensing and key to the
inception of Alternaria induced immunopathology (Snelgrove et al., 2014), does not mediate
goblet cell hyperplasia in models of HDM induced allergic airways disease (de Boer et al.,
2013). It has however also been reported that methacholine stimulation induces epithelial
mucus secretion (Barsigian and Barbieri, 1990) and therefore it is possible that epithelial cells
did not stain positive for mucus due to its release into the airway lumen during the assessment
of pulmonary function. Additional experiments are needed without prior lung function tests, to
conclude if Alternaria administration has no effect on mucus production.
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Absence of Ormdl3 gene expression in mice did not affect type-2 inflammation in regard to
Alternaria mediated Th2 cell recruitment to the lung, similar to previous observations in KO
mice treated with HDM (Chapter 3) and OVA induced pulmonary inflammation in ORMDL3
overexpressing hORMDL3zp3-Cre mice. Likewise, expansion/recruitment of the ILC2 population
in response to Alternaria administration was comparable in mice of both genotypes,
concomitant with commensurate levels of lung IL-33, an innate cytokine, induced upon
Alternaria stimulation and a potent inducer of ILC2 activation (Doherty et al., 2012; Neill et al.,
2010). Ormdl3 deletion resulted in slight but not significant reductions in the production of the
type-2 cytokines IL-4, IL-5 and IL-13 following Alternaria exposure when compared to WT
mice. This once more supports a potential indirect regulation of type-2 cytokine production by
ORMDL3. Alternaria induced secretion of IL-4 into the airway lumen was not found to be
reduced in Ormdl3 KO mice when exposed to high dose Alternaria. In response to low dose
Alternaria reduced airway concentrations of IL-4 were however seen. These data confirm the
reported stimulatory effect of increased ORMDL3 expression on IL-4 production in the lung
tissue (Miller et al., 2014). In this thesis differences in Alternaria induced IL-4 secretion were
found however to be limited to the airway lumen. Levels of allergen specific IgE were also
reduced in mice deficient for ORMDL3 when repeatedly exposed to Alternaria.
In accordance with reported observations that ORMDL3 regulates eosinophil trafficking,
recruitment and degranulation (Ha et al., 2013), Ormdl3 KO mice were characterised by a
significantly decreased Alternaria induced lung eosinophilia. This result is consistent with data
published on ORMDL3 overexpressing hORMDL3zp3-Cre mice undergoing OVA induced
pulmonary inflammation were increased tissue eosinophilia was observed compared to the WT
counterpart (Miller et al., 2014).
Furthermore, Ormdl3 deficiency protected mice from the inception of Alternaria induced
increased airway resistance, with decreased smooth muscle contractility in response to
Alternaria stimulation compared to WT mice (Sections 4.5.1, 4.5.9). The reduction in Alternaria
induced changes to airway elastance and compliance values further underline that ORMDL3 is
pivotal for AHR induction in response to Alternaria. Interestingly, Alternaria mediated effects
on pulmonary immunopathology are highly dependent on the allergen’s serine protease
activity and PAR2 receptor signalling inducing a rapid release of IL-33 into the airway lumen
(Snelgrove et al., 2014). Alternaria sensitisation is associated with the development of severe
forms of asthma and fungal allergens have been linked to life-threatening asthma exacerbations
(Dales et al., 2000; O’Driscoll et al., 2005) (discussed in more detail Chapter 1; Section 1.7.1).
Intriguingly, SNPs in the chromosome 17q21 region in addition to being reproducibly
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associated with asthma have also been linked to asthma exacerbations requiring
hospitalisation and/or oral steroids.
While it is established that induction of AHR is dependent on the production of type-2
cytokines, especially IL-4, IL-5 and IL-13, it was reported that the Aspergillus fumigatus serine
protease Asp f 13, also known as alkaline protease 1 (Alp 1), induces contraction of airway
smooth muscle directly (Balenga et al., 2015). Serine protease mediated contraction of airway
smooth muscle is initiated via two different mechanisms: G-protein coupled receptor mediated
increases in cytosolic Ca2+ promoting AHR and extracellular matrix modification, as the serine
protease cleaves integrin-mediated extracellular matrix attachments of airway smooth muscle
cells (Balenga et al., 2015). Interestingly, extracts prepared from Alternaria alternata similarly
have the potential to disrupt cell-cell interactions (Leino et al., 2013; Snelgrove et al., 2014). It
is conceivable that lack of Ormdl3 expression and the accompanied loss of SERCA2 regulation
by ORMDL3 enabled Ormdl3 KO mice to immediately buffer enhanced serine protease
mediated cytosolic Ca2+ via enhanced uptake into ER calcium stores. The inhibitory effect of
ORMDL3 on the function of the Ca2+ pump was reported to likely depend on direct interactions
between these two ER-membrane proteins (Cantero-Recasens et al., 2009; Carreras-Sureda et
al., 2013). It is therefore possible that the reduced contractility of isolated Ormdl3 deficient
tracheal rings (Section 4.5.2) is a result of an improved buffering function of the ER through
increased Ca2+ re-uptake as a result of increased SERCA2 activity, following agonist induced
Ca2+ release into the cytosol. Interestingly, reduced activity of SERCA in airway smooth muscle
cell is associated with airway remodelling in moderate/severe asthmatics (Mahn et al., 2009).
In addition, ORMDL3 overexpressing hORMDL3zp3-Cre mice have previously been shown to have
elevated levels of SERCA2b which transports calcium from the cytosol to the ER (Miller et al.,
2012, 2014). However, expression of SERCA2b does not depend exclusively on ORMDL3, as
SERCA2 expression was not found to differ in Ormdl3 KO mice from WT mice and also
Alternaria treatment did not affect SERCA2 expression (Section 4.5.6, Figure 4.9h).

4.6.2 Alternaria induced AHR is dependent on epithelial Ormdl3 expression
Both OVA and Alternaria administration to mice has been reported to up-regulate ORMDL3
gene expression in lung epithelial cells, suggesting that the primary function of the gene in
asthma disease pathology is epithelial cell specific (Miller et al., 2012). This is concomitant with
the observation that many of the recently identified asthma susceptibility genes are expressed
in epithelial cells (Miller et al., 2012; Moffatt et al., 2007, 2010). Yet it is not known how
Alternaria induces Ormdl3 expression, although Alternariol, a mycotoxin produced by
Alternaria, was reported to increase CREB binding to CREs the latter being present in the
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Ormdl3 promoter region and that may potentially activate Ormdl3 expression (Zhao et al.,
2012).
To test whether epithelial ORMDL3 is responsible for the observed Ormdl3 specific effects on
Alternaria induced allergic airways disease, an Ormdl3-EGFP construct was delivered to
epithelial cells of Ormdl3 KO mice (Section 4.5.9). AAV mediated expression of Ormdl3 in
airway epithelial cells restored Alternaria induced AHR in constitutive Ormdl3 KO mice,
highlighting that ORMDL3 not only mediates AHR via intrinsic effects in smooth muscle cells
but additionally via its function in epithelial cells. In line with the observation that Ormdl3
deficiency dampens the Alternaria induced release of the DAMP uric acid into the airway lumen
(Section 4.5.6), reconstituted epithelial Ormdl3 expression resulted in enhanced BALF uric acid
levels comparable to WT mice. This indicates that ORMDL3 is an essential mediator of
epithelial DAMP release. It has been previously reported that uric acid, which is actively
secreted by epithelial cells across their basal membrane (Gold et al., 2016), is increased in the
BALF of asthmatic patients after allergen challenge and that uricase treatment of mice
challenged with HDM improves lung function (Kool et al., 2011). As a result of the correlation
between asthma exacerbation severity and increased serum uric acid, the DAMP was proposed
as a biomarker for the magnitude of asthma exacerbation (Li et al., 2014). Epithelial ORMDL3
may regulate AHR via its capability to modulate smooth muscle contraction, as increased uric
acid stimulation of cells leads to increased intracellular Ca2+ concentrations, which could
promote increased contractility (Albertoni and Schor, 2014).
Decreased epithelial integrity is thought to promote the induction of asthma, as it allows
antigen to cross the epithelial barrier potentially promoting enhanced allergen sensitisation
(Holgate, 2011). Indeed, ORMDL3 additionally regulated this important function of provision of
an intact epithelial barrier, as Ormdl3 KO mice administered Alternaria were characterised by
significantly decreased albumin levels in the BALF compared to WT mice (Section 4.5.6, Section
4.5.10), while conversely epithelial Ormdl3 reconstitution potentiated the Alternaria induced
decline in integrity of the epithelial layer (Section 4.5.10). Interestingly, in comparison to
Alternaria, HDM administration led to marginally increased luminal albumin which was not
affected by Ormdl3 ablation, suggesting that Alternaria allergen extract with its more potent
protease activity cleaves epithelial tight junctions. Thus, ORMDL3 may regulate increased
severity of asthma-associated immunopathology if allergens with strong protease activity are
encountered.
Uric acid release indicates increased cellular stress although ORMDL3 has also been shown to
regulate another cellular stress pathway, the ER-stress pathway and thereby the adjacent UPR
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(Cantero-Recasens et al., 2009; Miller et al., 2012, 2014). Inception of ER stress has been shown
to result in the induction of UPR regulatory proteins such as BiP and CHOP, which were found
to be increased in PBMCs and BALF of asthmatic patients and also in an allergic airways disease
model of neutrophilic, steroid resistant disease induced by LPS/OVA in mice (see also Chapter
1; Section 1.8.2). Interestingly, AHR induced by LPS/OVA application was significantly reduced
by therapeutic administration of the chemical chaperone 4-phenylbutyric acid, in conjunction
with decreased levels of the ER stress markers BiP, CHOP and ATF6, indicating that ER stress,
which is associated with ORMDL3 function in asthma, regulates decreased lung function (Kim
et al., 2013b). In accordance with previous publications, it was evident that ORMDL3
specifically regulates the induction of the ATF6 pathway of the UPR following Alternaria
administration, as mediators associated to asthma pathology and regulated by ATF6 (Adachi et
al., 2008; Rao et al., 2014; Yoshida et al., 2001), including Edem-1, Xbp-1 and IL-6 were
significantly down-regulated in Ormdl3 KO mice administered Alternaria compared to Ormdl3
sufficient mice (Section 4.5.6). EDEM-1 represents a component of the ERAD machinery
reducing the ER load of unfolded protein (Cormier et al., 2009), while IL-6 has been shown to
induce AHR, type-2 immunity as well as eosinophilia in mice with OVA induced pulmonary
inflammation (Wang et al., 2000a). An association between increased ER-stress, UPR induction
and elevated eosinophilic inflammation is compelling, as in this present study Xbp-1 was found
to be associated with the regulation of eosinophilia, concomitant with reduced pulmonary
eosinophil counts, Xbp-1 levels and IL-6 in Ormdl3 KO mice subject to Alternaria
administration. This observation was reversed by epithelial reconstitution of Ormdl3
expression. Xbp-1 deletion inhibits eosinophil maturation in the bone marrow, hence XBP-1
represents an essential transcription factor for the development of this granulocytic cell
population (Bettigole et al., 2015). However, increased Xbp-1 expression did not result in
enhanced Xbp-1 splicing and the active transcription factor Xbp-1s. It should however be
emphasised that the analysis were carried out 18 h after the final allergen challenge and Xbp-1
activation may potentially have occurred at an earlier time-point for example directly after
allergen administration. Interestingly, ORMDL3 differentially regulated the induction of the
UPR following Alternaria and HDM administration. While both Edem-1 and Xbp-1 were
significantly downregulated compared to WT mice after Alternaria administration, HDM
exposure only resulted in significantly down-regulated Edem-1. This is an interesting
observation as eosinophilia, which is associated with Xbp-1 expression (Bettigole et al., 2015),
was not found to be affect in Ormdl3 KO mice following HDM administration but was after
repeated Alternaria encounter .
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The data generated from the experiments in this chapter have demonstrated that epithelial
ORMDL3 regulates Alternaria induced immunopathology, including AHR, eosinophilia,
epithelial DAMP release and epithelial barrier function. Surprisingly, changes in AHR and
eosinophilia were not due to a regulatory effect of ORMDL3 on lung Th2 cell recruitment, as
mice deficient for Ormdl3 were characterised by pulmonary Th2 cell number comparable to
WT mice. However, a diminished magnitude in type-2 cytokine production was consistently
detectable, thus it may be that ORMDL3 regulates type-2 immunity via secondary pathways.
Interestingly and in accordance with Chapter 3, BALF IL-4 and IL-13 levels were significantly
reduced in Ormdl3 deficient mice compared to WT animals when the lower concentration of
Alternaria was administered to mice, again indicating that ORMDL3 regulates secretion of IL-4
and IL-13 into the airway lumen. This suggests that administration of Alternaria at the highdose of 20 μg prompted too potent an inflammatory response, which masked the differences in
BALF cytokine expression. It was also evident that Ormdl3 reconstitution in the epithelium
induced a significant increase in Alternaria mediated recruitment of Th2 cells to the airway
lumen, which represents a likely source for reduced cytokine secretion in the BALF of Ormdl3
KO mice. These results highlight that epithelial ORMDL3 potentially regulates recruitment of
Th2 cells to the BALF and in conjunction type-2 cytokine secretion in this compartment
following allergen stimulation. Additional experiments utilising a low dose allergen
administration regimen are however required to further investigate these observations. In
addition, this chapter shows that differences in AHR mediated by Ormdl3 deficiency are
dependent on the presence of IL-13, as IL-13 KO mice were incapable of mounting significant
levels of AHR in response to allergen even following epithelial ORMDL3 overexpression.
Asthma therapies of patients with severe asthma and who are sensitised to fungi often include
increased application of oral steroids, concomitant with an earlier onset of disease and an
enhanced number of asthma exacerbations (Castanhinha et al., 2015; Downs et al., 2001; Tham
et al., 2014). In future GWA studies it would be important to consider determining whether
SNPs influencing ORMDL3 gene expression are associated with fungal sensitised asthma
patients, especially as ORMDL3 has been found to be associated with severe cases of asthma
immunopathology (Wan et al., 2012).
In conclusion ORMDL3 regulates smooth muscle contractility and AHR. Effects on AHR are
likely regulated via ORMDL3’s capacity to modulate ER stress pathways, the UPR and uric acid
release. Since, ORMDL3 has been shown in vitro to regulate sphingolipid biosynthesis (Breslow
et al., 2010), and sphingolipid dysregulation has been previously associated with increased
AHR (Oyeniran et al., 2015; Worgall et al., 2013) the next chapter of this thesis will therefore
focus on the regulation of de novo sphingolipid synthesis by ORMDL3 at baseline and following
Alternaria administration.
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Chapter 5 - Results
ORMDL3 regulates the de novo sphingolipid synthesis pathway in vivo

193

5.1 Introduction
SNPs close to the genetic locus of ORMDL3 have been shown to be associated with an increased
likelihood of developing asthma early in life in previous GWA studies (Moffatt et al., 2007,
2010). In subsequent publications ORMDL3 was also found to be associated with regulation of
type-2 immunity, eosinophil recruitment and degranulation, mast cell function, as well as
enhanced allergen sensitisation signified by elevated IgE antibody class switching (Bugajev et
al., 2016; Ha et al., 2013; Miller et al., 2012, 2014). Indeed, this thesis supports data reported in
the literature, as Ormdl3 KO mice, when exposed to the fungal allergen Alternaria, were
characterised by a reduction in AHR, lung eosinophilia, antigen specific IgE development and
dose dependent reductions in levels of type-2 cytokines secreted into the airway lumen
(Chapter 4).
In addition to the reported involvement of ORMDL3 in regulating ER-stress and cellular
functions of multiple immune cells, functionality was connected to a second pathway, which is
partly executed at the ER: sphingolipid biosynthesis. In vitro, it was revealed that ORMDL3
binds and negatively regulates SPTLC, an enzyme complex which regulates the first step of the
sphingolipid biosynthesis pathway, a condensation reaction of palmitoyl-CoA and serine, giving
rise to 3-keto-sphinganine, an initial building block for more complex sphingolipids including
ceramides (Figure 5.1) (Breslow et al., 2010). Ceramides and dihydroceramides are
synthesised from sphinganine by (dihydro-) ceramidesynthases with different specificities for
carbon chain lengths and saturation states of fatty acid-CoAs, consequently coupled with
sphinganine (Figure 5.1). This provides multiple (dihydro-) ceramide species with different
fatty acid chain lengths fused to the sphingoid backbone (Gault et al., 2010) (see also Chapter 1;
Section 1.9).
Although ORMDL3 was connected to sphingolipid synthesis and its negative regulation, this
establishes a paradox, linked to the results of the GWA studies and published sphingolipid
research. GWA studies suggested that increased ORMDL3 expression is associated with
enhanced asthma onset (Moffatt et al., 2007, 2010), which indicates enhanced inhibition of de
novo sphingolipid synthesis, through increased levels of multiple sphingolipid metabolites, and
both S1P and C1P are linked with disease progression (Maceyka and Spiegel, 2014). Further
insights into in vitro regulation of the sphingolipid pathway by ORMDL3 provided an initial
potential solution to the conundrum connecting GWA studies with ORMDL3-mediated
sphingolipid synthesis (Oyeniran et al., 2015). Using an overexpression system, the authors
revealed that when ORMDL3 massively overexpressed (above usual overexpression limits), its
inhibitory function on sphingolipid biosynthesis at homeostatic levels switches to a stimulatory
impact on the pathway. Whether these expression levels correlate with expression levels in
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patients still needs to be investigated. These studies are complemented by data demonstrating
that enhanced inhibition of sphingolipid metabolite functions by pharmacological inhibitors
such as myriocin and FTY720, improves disease parameters of HDM induced allergic airways
disease including AHR and pulmonary immune cell infiltration (Oyeniran et al., 2015) (see also
Chapter 1; Section 1.10.4).

5.2 Hypothesis
ORMDL3 regulates sphingolipid biosynthesis in vivo and dysregulated sphingolipid metabolite
production contributes to the attenuated allergic airways disease parameters induced by
Alternaria.

5.3 Aim
The aim of this chapter was to verify if ORMDL3 regulates sphingolipid biosynthesis in living
mammalian organisms. An additional objective was to analyse if Ormdl3 deficiency during
Alternaria-induced allergic airways disease results in dysregulated sphingolipid metabolite
concentrations, potentially contributing to the protective effect of Ormdl3 deletion on allergic
airways disease induction observed in Chapter 4.

5.4 Methods
Ten to 12 weeks old male WT and Ormdl3 KO mice received i.n. administrations of 20 µg
Alternaria allergen extract in 25 µL PBS or vehicle, 3 times per week, for a period of 5 weeks.
The protocol concluded with lung function assessments under surgical anaesthesia 18 h after
the final allergen administration. Mice were then exsanguinated under terminal anaesthesia
and serum, BALF and lung tissue was harvested (Methods Chapter 2; Section 2.2.2.2). For
sphingolipid quantifications, the right middle lobe of the lung was flash frozen in a cryotube
and stored at -80 ̊C prior to analysis.
The concentrations of sphingolipids were measured at METABOLON®, a company specialised
in lipid diagnostics. TRUMASSTM CERAMIDE PANEL analyses were purchased, and the
harvested right middle lung lobe was sent to the company on dry ice. At METABOLON
deuterium labelled internal standards were added to the tissue samples, which were then
solubilised in methanol prior to crash extraction. Potassium chloride in water was added, the
organic layer removed and concentrated under nitrogen. The spin filtered extract was split into
two fractions (ceramides and sphingosines) and processed with an Agilent C8 column
connected to an Agilent 1290 Infinity LC and ABI 4000 QTRAP, used in tandem MS mode.
Metabolites were ionized by positive electrospray. Absolute concentrations were determined
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by comparing peaks to the peaks of relevant internal standards.8 (see also Chapter 2: Section
2.8.6)

Figure 5.1 Ceramide is synthesised by two different pathways, the de-novo sphingolipid
synthesis pathway and the salvage pathway. Sphingolipids are critical components of key
biological processes in mammalian organisms comprising different species of molecules
important for membrane stability, cell-signalling pathways and immunological functions. (a)
The de novo biosynthesis pathways initial reaction, a condensation reaction of palmitoyl-CoA
and serine catalysed by the enzyme SPTLC is regulated by ORMDL3. This first reaction step
results in the formation of 3-keto-sphinganine, which is further processed into sphinganine. (b)
Different ceramide synthases (CerS1-CerS6) catalyse the acetylation of sphinganine with longchain fatty acids of different carbon chain lengths and saturation states (Levy and Futerman,
2010). The central molecule of the synthesis pathway is ceramide, which is enzymatically
modified to produce important immune-regulatory molecules, including sphingosine- and
ceramide-1-phosphate, glucocerebrosides, that are important for cell-signalling and production
of sphingomyelin. Ceramide can also be produced via the salvage pathway by hydrolysis of
sphingomyelin by sphingomyelinases (see Chapter 1; Sections 1.9.1, 1.9.4 and 1.10.4).

8

TRUEMASSTM CERAMIDES PANEL leaflet, www.metabolon.com, accessed 04.09.16
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5.5 Results
5.5.1 Ormdl3 deficiency promotes elevated sphinganine levels independent of
Alternaria challenge.
As discussed earlier (Section 5.1) ORMDL3 has been described as a negative regulator of
sphingolipid biosynthesis at immune homeostasis but the protein has been also shown to
promote sphinogolipid production when expressed at high levels. Therefore, to investigate
whether ORMDL3 regulates sphingolipid biosynthesis in vivo, WT and Ormdl3 KO mice
administered PBS or Alternaria were analysed for their pulmonary sphingolipid content. In
vitro studies have shown ORMDL3 to inhibit SPTLC, the enzyme complex regulating the initial
reaction of the pathway resulting in the synthesis of 3-ketosphinganine (Breslow et al., 2010).
Three-ketosphinganine is further processed into sphinganine by 3-ketosphinganine-reductase
(Figure 5.2a) (Gault et al., 2010).
Three-ketosphinganine levels were not affected by ablation of ORMDL3 at baseline.
Surprisingly in the lungs of mice administered Alternaria, Ormdl3 deficiency also did not affect
the production of 3-ketosphinganine. The latter was significantly induced at equal magnitude
independent of Ormdl3 expression (Figure 5.2b).
In addition the metabolomics analysis revealed 3-ketosphinganine to be a metabolite with a
short half-life, being immediately metabolised to sphinganine at immune homeostasis, as
measurable amounts of sphinganine were also detected in PBS treated groups (Figure 5.2c). In
contrast, allergen exposure did not significantly affect lung sphinganine synthesis, with only
modest increases in metabolite levels being observed. ORMDL3 did however, indeed regulate
sphinganine production both at baseline and in response to Alternaria. Ormdl3 ablation led to
significantly increased lung sphinganine levels when PBS and Alternaria exposed experimental
groups were compared (Figure 5.2c).
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Figure 5.2 ORMDL3 affects sphinganine synthesis. (a) Schematic showing the de novo
synthesis pathway of ceramide. ORMDL3 inhibits the production of 3-keto-sphinganine, which
is further processed into sphinganine. Concentrations of sphingolipid mediators were
measured by LC-tandem MS. (b) 3-keto-sphinganine and (c) sphinganine concentrations in the
lung. Graphs show the median and interquartile range. N= 6-7 mice per group. Experimental
groups were statistically evaluated by Kruskal-Wallis tests in combination with Dunn’s post-hoc
analysis (*P<0.05 **P<0.01).
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5.5.2 ORMDL3-specific regulation of sphingolipid synthesis also affects
dihydroceramide production
Following its production, sphinganine is further processed into dihydroceramide by
dihydroceramide-synthases with different specificities for fatty acid-CoA chains of different
lengths and degrees of saturation. The coupling of different fatty acid chains to sphinganine
gives rise to various dihydroceramide species (Figure 5.3a) (Gault et al., 2010).
Several dihydroceramide species were below the limit of detection including C14:0, C18:1,
C20:1 and C22:1 dihydroceramide (Figure 5.3b). C16:0 dihydroceramide was measurable in all
experimental groups although no differences were detected following Alternaria treatment and
Ormdl3 deletion also did not affect measured levels (Figure 5.3b). Interestingly, significantly
elevated levels of multiple dihydroceramide species were recorded in Ormdl3 KO mice when
compared to WT mice at baseline. The species included C18:0, C20:0, C22:0, C24:0, C24:1 and
the less represented long chain dihydroceramides C26:0 and C26:1. For C24:0 and C26:1
dihydroceramide species, these differences were conserved following Alternaria treatment.
Overall, allergen alone did not result in any significant changes in dihydroceramides when the
respective experimental groups were compared to PBS administered animals (Figure 5.3b).
When mole percentages were compared, it was evident that C24:0 dihydroceramide was the
most prominent dihydroceramide amongst most experimental groups, with only C24:1 being
slightly more pronounced in Alternaria treated WT mice (Figure 5.3c). At baseline, the lung
sphingolipid constitution of WT and Ormdl3 KO mice was similar, with only C20:0
dihydroceramide showing a relevant increase of 6% when Ormdl3 was genetically deleted.
Following allergen administration to WT mice C24:0 dihydroceramide levels were decreased
by 6%, whereas C16:0 and C24:1 dihydroceramide were increased by 4% and 6%, respectively.
Interestingly, Alternaria administration to Ormdl3 KO mice resulted in a decrease in C20:0
ceramide by 11%, while the sphingolipid percentage of C24:0 and C24:1 was increased. The
most striking difference between WT and Ormdl3 KO mice administered Alternaria was a 10%
increase in C24:0 dihydroceramide when Ormdl3 was deleted (Figure 5.3c).
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Figure 5.3 Ormdl3 deficiency increased baseline levels of the most abundant
dihydroceramide species. (a) Schematic showing the proposed regulatory mechanism of
ORMDL3 on the sphingolipid biosynthesis pathway. (b) Concentrations of dihydroceramide
species measured in lung tissue (c) Mole percentages of measured dihydroceramides, stating
the percentage each dihydroceramide species contributes to 1 mol of total dihydroceramide.
Concentrations of sphingolipid mediators were measured by LC-tandem MS. Graphs show the
median and interquartile range. n= 6-7 mice per group. Experimental groups were statistically
evaluated by Kruskal-Wallis tests in combination with Dunn’s post-hoc analysis (*p<0.05
**p<0.01).
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5.5.3 Ceramide production is induced in response to Alternaria exposure
Dihydroceramide is the final sphingolipid metabolite exclusively produced by the de novo
synthesis pathway, while ceramide can be produced via both, the de novo pathway and via the
salvage pathway from sphingomyelin which is broken down by sphingomyelinases (Oyeniran
et al., 2015)(Figure 5.4a).
Several pulmonary ceramide species were recorded at very low concentrations and were not
changed following Alternaria administration or Ormdl3 deletion, including C14:0, C18:1 and
C22:1 ceramide (Figure 5.4b). C16:0, C18:0, C20:0, C20:1, C22:0 and C26:0 ceramides were
consistently detected in the lung and neither allergen administration, nor ablated Ormdl3
expression significantly altered the concentrations of these sphingolipids. The most abundant
ceramide species was identified as C24:0 ceramide, which was significantly induced after
Alternaria administration in both WT and Ormdl3 KO mice, although Ormdl3 expression did not
significantly affect C24:0 ceramide production at baseline or in response to allergen. In
addition, both C24:1 and C26:1 ceramide were significantly induced in WT mice administered
Alternaria, whereas no induction of these unsaturated ceramides was observed in the absence
of Ormdl3 (Figure 5.4b).
The most abundant ceramide was C24:0 ceramide in all experimental groups, with a
percentage of above 50% of all ceramides (Figure 5.4c). Additionally, the C24:0 percentage in
the lung among ceramides increased following allergen encounter and the percentage of C24:0
ceramide was 6% higher in the Ormdl3 KO group compared to WT mice with allergic airways
disease. The increase in C24:0 in Alternaria administered Ormdl3 deficient mice resulted in a
decrease in C24:1 by 4% in comparison to the respective WT group. Interestingly, Alternaria
treatment mediated a decline in the long fatty acid chain C16:0 ceramide content independent
of Ormdl3 expression.
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Figure 5.4 Alternaria-induced allergic airways disease concludes in augmented
concentrations of ceramides, key molecules of the sphingolipid pathway. (a) Schematic of
ceramide biosynthesis. (b) Concentrations of ceramides assessed in lung tissue. (c) Mole
percentages of measured ceramides, stating the percentage each ceramide species contributes
to 1 mol of total ceramide. Concentrations of sphingolipid mediators were measured by LCtandem MS. N= 6-7 mice per group. Experimental groups were statistically compared by
Kruskal-Wallis tests in combination with Dunn’s post-hoc analysis (*P<0.05 **P<0.01).
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5.5.4 Multiple hexosylceramide derivatives are induced upon Alternaria
challenge
ORMDL3 negatively regulated sphingolipid biosynthesis in mice, as Ormdl3 KO mice exhibited
increased levels of sphinganine and dihydroceramide. Metabolites produced by the de novo
synthesis pathway are converted to ceramides, the building blocks of more complex
sphingolipids, for example hexosylceramides, glucose- or galactose coupled ceramides, also
called cerebrosides (Figure 5.5a) (Gault et al., 2010).
Interestingly, several hexosylceramide species were induced upon Alternaria challenge,
suggesting that this sphingolipid is an important modulator of allergic airways disease (Figure
5.5b). It was evident however that ORMDL3 did not regulate levels of hexosylceramide, as
specific metabolite concentrations were similar between WT and Ormdl3 KO mice following
Alternaria stimulation. In WT mice, Alternaria administration resulted in a significant elevation
in C14:0, C16:0, C18:0, C22:0, C24:1 and C26:1 hexosylceramide in comparison to the
respective PBS treated control group. In parallel, i.n. allergen administration to Ormdl3 KO mice
led to significant increases in C16:0, C22:0 and C24:1 hexosylceramide. No significant
differences in hexosylceramide production between WT and Ormdl3 KO mice were detected at
baseline or after allergen treatment (Figure 5.5b).
In addition, the constitution of the hexosylceramide content of the lung was mostly
characterised by the presence of the C24:0 fatty acid linked metabolite, although interestingly,
C24:0 hexosylceramide decreased following Alternaria administration by 9% in WT mice and
6% in Ormdl3 KO mice (Figure 5.5c). Declines in the mole percentage of the C24:0 derivatives
were accompanied by a raised C24:1 hexosylceramide content of 10% and 8% in WT and
Ormdl3 KO mice respectively. Additionally, C16:0 hexosylceramide constituted a slightly
greater proportion of all hexosylceramide species after allergen challenge in both WT and
Ormdl3 KO mice.
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Figure 5.5 Concentrations of the hexosylceramides are increased following the induction of
Alternaria-specific allergic airway disease. (a) Hexosylceramide (cerebroside) production is
catalysed by glycosyl-transferases coupling glucose or galactose to ceramides. (b)
Concentrations of hexosylceramides in lung tissue (c) Mole percentages of measured
hexosylceramides, stating the percentage each hexosylceramide species contributes to 1 mol of
total hexosylceramide. Concentrations of sphingolipid mediators were measured by LC-tandem
MS in homogenised lung tissue. Graphs show the median and interquartile range. N= 6-7 mice
per group. Experimental groups were statistically compared by Kruskal-Wallis tests in
combination with Dunn’s post-hoc analysis (*P<0.05 **P<0.01 ***P<0.01).
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5.5.5 Ormdl3 deficiency does not influence sphingomyelin concentrations
Sphingomyelins represent important structural components of cell membranes and are
produced via de novo sphingolipid synthesis. Sphingomyelins can also supply the cell, if
demanded, with ceramide through sphingomyelin degradation by sphingomyelinases (Figure
5.5a). This by-pass, resulting in elevated ceramide levels independent of the sphingolipid
biosynthesis pathway is known as the salvage pathway (Figure 5.6a) (Oyeniran et al., 2015).
While allergen administration affected sphingomyelin levels to a minor extent, Ormdl3 deletion
had no influence on the concentrations of different sphingomyelin species in the lung tissue
(Figure 5.6b). Alternaria administration to WT mice resulted in significantly elevated levels of
C16:0, C24:1 and C26:1 sphingomyelin whereas C20:0 sphingomyelin was significantly reduced
compared to PBS administered animals. Enhanced concentrations of C16:0 and C24:1
sphingomyelin were found, although not statistically significant, in Alternaria treated Ormdl3
KO mice compared to vehicle treated mice. Levels of C14:0, C18:0, C18:1, C20:1, C22:0, C22:1,
C24:0 and C26:0 sphingomyelin were not influenced by either allergen administration or
Ormdl3 expression (Figure 5.6b).
Induction of Alternaria-induced allergic airways disease influenced the constitution of the
sphingomyelin lipid family only to a limited extent (Figure 5.6c). An increase in C16:0
sphingomyelin of 8% in WT and 5% in Ormdl3 deficient mice treated with Alternaria was
observed compared to sham treated control mice. Enhanced expression of this sphingomyelin
was accompanied by a decrease in the percentages of C20:0 by 7% in WT and 3% in Ormdl3 KO
mice. The compositions of sphingomyelins were generally comparable between WT and
Ormdl3 KO mice although a 5% decrease in C16:0 sphingomyelin was recorded when Ormdl3
KO mice were dosed with Alternaria compared to the respective allergen treated WT group
(Figure 5.6b, c).
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Figure 5.6 Lung sphingomyelin levels of WT and Ormdl3 KO mice administered Alternaria
extract over a period of 5 weeks. (a) Schematic of sphingmyelin synthesis. (b) Concentrations
of sphingomyelins in the lung tissue. (c) Mole percentages of measured sphingomyelins, stating
the percentage each sphingomyelin species contributes to 1 mol of total sphingomyelin.
Concentrations of sphingolipid mediators were measured by LC-MS/MS in homogenised lung
tissue. Graphs show the median and interquartile range. N= 6-7 mice per group. Experimental
groups were statistically compared by Kruskal-Wallis tests in combination with Dunn’s post
hoc analysis (*P<0.05 **P<0.01).
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5.5.6 Alternaria, but not Ormdl3 expression, provokes a significant rise in
pulmonary C1P
Ceramide serves as the initial metabolite in the synthesis of C1P and S1P – mediators which
have been shown to promote disease progression (Figure 5.7a) (Maceyka and Spiegel, 2014)
and thus are important to assess in this thesis.
With regard to C1P; both C16:0 and C18:0 C1P were detectable in lung tissue, although their
levels were neither influenced by allergen treatment nor by Ormdl3 deletion (Figure 5.7b).
Interestingly, a significant increase in lung C20:0 C1P was recorded following repeated
Alternaria challenge independently of genotype (Figure 5.7b). Concentrations of C20:0 C1P
were not affected by Ormdl3 ablation at baseline or when allergen was administered.
The increased concentration of C20:0 C1P also affected the constitution of total C1P since the
overall proportion of C20:0 C1P increased by 16% in WT and 9% in Ormdl3 KO mice compared
to PBS administered animals. Conversely the percentage of both C16:0 and C18:0 decreased
(Figure 5.7c). There was also evident an elevated C1P proportion (5%) in Ormdl3 KO mice at
baseline when compared to WT mice (Figure 5.7c).
S1P is produced from sphingosine by SphK1 or SphK2, which are produced from ceramide by
ceramidase (Figure 5.7a) (Maceyka and Spiegel, 2014). Sphingosine was significantly induced
after Alternaria challenge in WT mice (Figure 5.7d). Furthermore, an increase, although not
statistically significant, in sphingosine after allergen challenge was noticeable; in Ormdl3 KO
mice compared to PBS control mice. This observation was accompanied by slight but not
significant increases in sphingosine detected in Ormdl3 KO mice at baseline and after allergen
challenge when concentrations were compared to respective WT values (Figure 5.7d).
S1P was not found to be induced following allergen challenge or Ormdl3 deletion in the
experimental groups under investigation (Figure 5.7e).
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Figure 5.7 Concentrations of ceramide-1-phosphate, but not sphingosine-1-phosphate are
significantly augmented in both WT and Ormdl3 KO mice after Alternaria-specific allergic
airways disease induction. (a) Ceramide-1-phosphate and sphingosine-1-phosphate synthesis
pathways. (b) Concentrations of ceramide-1-phosphates in the lung tissue. (c) Mole
percentages of measured ceramide-1-phosphates, stating the percentage each ceramide-1phosphate species contributes to 1 mol of total ceramide-1-phosphate. Concentration of
sphingosine (d) and sphingosine-1-phosphate (e) in the lung tissue of WT and Ormdl3 KO mice.
Concentrations of sphingolipid mediators were measured by LC-MS/MS in homogenised lung
tissue. Graphs show the median and interquartile range. N= 6-7 mice per group. Experimental
groups were statistically compared by Kruskal-Wallis tests in combination with Dunn’s posthoc analysis (*P<0.05 **P<0.01).
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5.5.7 ORMDL3 mediated regulation of sphingolipid synthesis affects lung
sphinganine and dihydroceramide levels.
When all assessed sphingolipid metabolites were considered per family, it was possible to
assess how ORMDL3 regulation and allergen stimulation changed the sphingolipid metabolism
in the mice (Figure 5.8). It was evident that allergen stimulation boosted de novo sphingolipid
synthesis, revealed by significantly elevated levels of 3-ketosphinganine, the initial synthesised
metabolite of the pathway, in both WT and Ormdl3 KO mice. Interestingly, it was shown that
the levels of the two immediate downstream metabolites of the de novo synthesis pathway,
sphinganine and dihydroceramide were affected by Ormdl3 deletion. Levels of sphinganine in
Ormdl3 KO mice were significantly increased both at baseline and following Alternaria
challenge, when compared to the relevant WT experimental groups, while dihydroceramide
levels were significantly enhanced exclusively at baseline. It may be concluded that ORMDL3
does indeed inhibit sphingolipid biosynthesis. Ceramide, C1P, sphingosine, hexosylceramide
and sphingomyelin concentrations were significantly enhanced in WT mice after Alternaria
challenge and thus perform important functions during allergic airways disease, however these
metabolite concentrations were not affected by Ormdl3 ablation at baseline or following
allergen stimulation. Although elevated in response to Alternaria in Ormdl3 KO mice compared
to sham treated controls, the increase in levels of ceramide, sphingosine, hexosylceramide and
sphingomyelin were not statistically significant. S1P was not induced 18 h after Alternaria
challenge or at baseline in all experimental groups.
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Figure 5.8 Total concentrations of lung sphingolipids in WT and Ormdl3 deficient mice
after induction of Alternaria-specific allergic airways disease. Concentrations of
sphingolipid mediators were measured by LC-tandem MS in lung tissue 18 h following the final
allergen exposure. Graphs show the median and interquartile range. N= 6-7 mice per group.
Experimental groups were statistically compared by Kruskal-Wallis tests in combination with
Dunn’s post-hoc analysis (*P<0.05 **P<0.01).

210

5.5.8 Univariate analyses underline negative regulation of sphingolipid
biosynthesis by ORMDL3.
Univariate analyses represents a simplified path to analysing data by multiple student t-tests,
with the caveat that it only allows two experimental groups to be assessed at one time. In this
section, P-values of multiple t-tests were plotted against fold induction to provide a second
dimension to the analysed data. Metabolites induced or decreased more than 2 fold and
exceeding a P-value of 0.05 were marked in black and designated as significantly different. To
decrease the likelihood of committing Type-I statistical errors promoted by multiple statistical
comparisons, a Bonferroni correction based on a significance level of α ≤ 0.0009 was calculated
and any metabolites passing the Bonferroni corrected P-value and more than 2 fold increased
or decreased, were shown in blue (Figure 5.9a-d).
Sham treated Ormdl3 KO mice were compared to PBS treated WT mice, and it was evident that
only metabolites of the de novo sphingolipid pathway were more than 2 fold induced in mice
lacking Ormdl3 (Figure 5.9a). These molecules of the sphingolipid pathway included the
dihydroceramides C16:0, C20:0, C22:0, C24:0, C24:1, C26:0 and C26:1 as well as sphinganine.
C22:0 and C24:0 dihydroceramides passed the Bonferroni corrected P-value for multiple
comparisons of α ≤ 0.0009. These data underline that in vivo, ORMDL3 is a negative regulator of
sphingolipid biosynthesis at baseline.
Allergen administration induced a variety of more complex sphingolipids of the
hexosylceramide family when Alternaria-exposed WT mice were compared to the control
group (Figure 5.9b). Hexosylceramide C14:0, C16:0, C18:0, C22:0, C24:1 and C26:1, as well as
ceramide 24:1, C26:1, dihydroceramide 16:0, sphingosine, 3-ketosphinganine, sphinganine,
sphingosine and C1P were all induced in response to Alternaria. Hexosylceramide C14:0, C16:0,
C22:0, C24:1 and C26:1, C1P, sphingosine and ceramide C24:1 remained statistically
significantly different when P values were Bonferroni corrected in combination with a
threshold of a 2 fold increase.
When allergen-induced differences in sphingolipid metabolism were analysed in Ormdl3 KO
mice, compared to Ormdl3 deficient mice administered PBS, it was evident that less metabolites
were induced upon Alternaria exposure than in WT mice (Figure 5.9c). Allergen stimulation of
Ormdl3 KO mice significantly induced the hexosylceramides C14:0, C16:0 and C24:1, in addition
to 3-ketosphinganine and C1P. Dihydroceramide C20:0 was more than 2 fold decreased in
Ormdl3 deficient mice administered allergen compared to the respective control group.
Bonferroni correction in combination with the >2 fold induction threshold was passed by
hexosylceramide species C24:1 and C16:0, 3-ketosphinganine and C1P.
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Both allergen-treated groups differed to only a minor extent in their sphingolipid metabolism
profiles. Mice deficient in Ormdl3 only upregulated metabolites of the sphingolipid biosynthesis
pathway, including sphinganine and dihydroceramide C24:0, C26:0 and C26:1, with
sphinganine exceeding the P-value correction for multiple comparisons (Figure 5.9d), when
compared to WT mice with chronic Alternaria-induced allergic airways disease.
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Figure 5.9 Ormdl3 and Alternaria specific alternations of pulmonary sphingolipid
metabolism. Volcano plots showing changes in assessed sphingolipids in Ormdl3 deficient mice
in comparison to WT mice (a), WT mice with induced allergic airways disease in comparison to
WT mice i.n. exposed to vehicle (b), Ormdl3 deficient mice with induced allergic airways
disease in comparison to KO mice administered with vehicle (c) and KO mice with induced
allergic airways disease compared to WT mice with induced allergic airways disease (d). Data
points shown in blue are more than 2-fold induced or decreased and exceed the Bonferronicorrected p value of α=0.0009, while data points shown in black are more than 2-fold induced
or decreased and exceed the P value of P=0.05. Fold changes and p-values were computed
using the online tool Metaboanalyst 3.0 and volcano plots were generated using GraphPad
Prism 6.0. Concentrations of sphingolipid mediators measured by LC-tandem MS were log
transformed prior to analyses. The student t-test was used to calculate P-values.
Abbreviations: 3SA – 3-ketosphinganine; C1P – ceramide-1-phosphate; CER – ceramide; DHC –
dihydroceramide; hexCER – hexosylceramide; SP – sphingosine.
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5.5.9 Sham treated Ormdl3 KO cluster closer to Alternaria administered
experimental groups.
Multivariate and cluster analysis provide the means to analyse a multifaceted data set in
multiple dimensions, allowing both, statistical analysis and optical visualisation of the data,
thereby permitting facilitated absorption of multifaceted analysis. Examples are principle
component analysis (PCA) and hierarchical clustering.
In PCA, the complexity of the data is reduced, whereas most of the variation between measured
parameters remains constant. The data is usually visualised in a 2D plot, where the x- and the
y-axis each represent one principal component. Principal components (PC) are the directions
along which the data variation is maximal (Ringnér, 2008).
PCA (Figure 5.10a) showed that each of the four experimental groups clustered together when
separated by PC1 and PC2. In accordance with the data thus far presented, most overlap
between experimental groups was recorded for WT Alternaria and Ormdl3 KO Alternaria
datasets supporting that in response to allergen ORMDL3 has a very limited effect on
sphingolipid synthesis. Interestingly, a slight separation between both PBS administered
groups was observed, verifying that negative regulation of de novo sphingolipid synthesis is
limited to situations of immune homeostasis. Furthermore, it was evident that there was a level
of separation between PBS and Alternaria administered groups revealing that sphingolipid
metabolism is alternatively regulated during allergic airways disease with multiple metabolites
likely serving as pro- or anti-inflammatory mediators. Additionally 4 out of the 6 mice of the
Ormdl3 KO PBS group clustered in closer proximity to the datasets from Alternaria
administered mice. Therefore in the absence of Ormdl3 the sphingolipid profile of the lung of
mice during immune homeostasis is closer associated to the sphingolipid status during allergic
airways disease than the one identified in WT mice treated with PBS (Figure 5.10a).
Loadings plots are helpful to identify how the datasets are separated by PCA. In loadings plots,
different sensors, which contribute to data separation in the PC1 and PC2 direction can be
visualised. In this case, the sensors are the different sphingolipid metabolites (Figure 5.10b). It
was observed that hexosylceramides, 3-ketosphinganine, C1P, ceramide (C22:0, C24:1, C26:1)
and the sphingomyelins (C16:0, C18:1, C24:0, C24:1, C26:1) were responsible for the clustering
of both Alternaria administered groups across the negative values of PC1 and PC2 (Figure
5.10a, b). Furthermore, it was evident that both Ormdl3 deficient groups clustered towards the
positive direction of PC2, which was mainly characterised by differential dihydroceramide
regulation, dihydroceramide being a metabolite of the de novo sphingolipid synthesis pathway,
which is regulated by ORMDL3 (Figure 5.10a, b).
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In order to visualise the differential regulation of sphingolipids across the different
experimental mice groups the datasets were hierarchically clustered (Figure 5.11). The
heatmap demonstrates that both Alternaria administered experimental groups cluster
together, while the sphingolipid profile of Ormdl3 KO mice administered PBS was more closely
associated with the allergic airways disease sphingolipid composition than to WT PBS mice.
This signifies a change in immune homeostasis in the KO mice even before allergen challenge.
At the top of the heatmap, sphingolipids which primarily separate the Ormdl3 KO PBS, WT
Alternaria and Ormdl3 KO Alternaria animals from the WT PBS group are detailed (Cluster 1).
Metabolites identified as upregulated in Alternaria administered mice and slightly induced in
Ormdl3 KO mice treated with PBS were sphinganine, sphingosine, different sphingomyelins
(C24:0, C24:1) and multiple ceramides as well as C1P (C16:0 and C18:0). A second cluster
(Cluster 2) followed separating the Alternaria administered mice from both PBS groups. This
cluster is largely characterised by a strong increase in multiple hexosylceramides, C1P (C20:0),
3-ketosphinganine and sphingomyelin (C16:0, C26:1). The next cluster (Cluster 3) separated
PBS administered WT and Ormdl3 KO mice, thereby providing insight regarding sphingolipid
synthesis production regulated by ORMDL3. However some of the relevant sphingolipids of
this cluster were also induced in several Alternaria administered mice of both genotypes. It was
evident again that ORMDL3 negatively regulates de novo sphingolipid synthesis at baseline,
since multiple dihydroceramides were found to be induced in Ormdl3 KO mice given PBS in
comparison to the respective WT control group. This cluster was followed by sphingolipids
diversely produced across the different experimental groups.
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Figure 5.10 Multivariate analysis of the sphingolipid specific metabolomics assay. (a)
Principal component analysis (PCA) showing a score plot of selected principal components. (b)
Loadings plot for the selected principal components. PCA was performed and graphs were
produced using Metaboanalyst 3.0. Abbreviations: 3SA – 3-keto-sphinganine; C1P – ceramide1-phosphate; CER – ceramide; DHC – dihydro-ceramide; hexCER – hexosyl-ceramide; S1P –
sphingosine-1-phosphate; SA – sphinganine; SM – sphingomyelin; SP – sphingosine.
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Figure 5.11 Hierarchical cluster-analysis of the performed targeted-metabolomics study
showing alterations in sphingolipid metabolism in all experimental groups. Lung tissue
was harvested from WT and Ormdl3 KO mice i.n. administered with 20 µg Alternaria or vehicle
3 times per week for a total of 5 weeks, 18 h after the final allergen administration.
Concentrations of sphingolipid mediators were measured by LC-tandem MS at METABOLON®
and the data was log transformed and auto-scaled prior to hierarchical cluster analysis. The
clusters were computed using Metaboanalyst 3.0, under Euclidean distance measure and Ward
clustering algorithm. Abbreviations: 3SA – 3-keto-sphinganine; C1P – ceramide-1-phosphate;
CER – ceramide; DHC – dihydro-ceramide; hexCER – hexosyl-ceramide; S1P – sphingosine-1phosphate; SA – sphinganine; SM – sphingomyelin; SP – sphingosine.
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5.5.10 Enhanced C1P levels during Alternaria-induced allergic airways disease
are associated with the induction of the eicosanoid synthesis pathway
Repeated Alternaria exposure of WT and Ormdl3 KO mice led to a significant rise in pulmonary
C1P. Increased C1P is capable of activating eicosanoid synthesis via PLA2 (Lamour et al., 2009),
with

multiple

eicosanoids

identified

as

important

regulators

of

asthma

specific

pathophysiology (Maceyka and Spiegel, 2014) (Figure 5.12a). Due to the regulatory effect of
ORMDL3 on the sphingolipid biosynthesis pathway, it was important to determine whether
ORMDL3 was additionally involved in the regulation of eicosanoid production (see Methods
Chapter 2, Section 2.8.5).
It was evident that increased C1P in both WT and Ormdl3 KO mice led to enhanced production
of 5-Hydroxyicosatetraenoic acid (HETE), 8-HETE, 11-HETE, 12-HETE, 15-HETE and
prostaglandin E2 (PGE2) in the lung tissue. These differences were statistically significant in WT
mice for 5-HETE, 8-HETE and 15-HETE and in Ormdl3 deficient mice for 12-HETE (Figure
5.12b-f, h). Levels of all assessed eicosanoids were comparable between WT and Ormdl3 KO
mice, suggesting an unlikely regulatory function of ORMDL3 with respect to eicosanoid
synthesis. PGD2 concentrations were not changed upon allergen stimuli or Ormdl3 deletion
(Figure 5.12g).
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Figure 5.12 Increased production of ceramide-1-phosphate in allergic airways disease is
associated with enhanced eicosanoid synthesis. (a) Schematic showing the link between
sphingolipid biosynthesis and eicosanoid production. Concentrations of 5-HETE (b), 8-HETE
(c) 11-HETE (d), 12-HETE (e), 15-HETE (f), prostaglandin D2 (PGD2) (g) and (h) prostaglandin
E2 (PGE2), were kindly measured in Prof Valerie O’Donnell’s laboratory by LC-tandem MS. Lung
tissue was harvested after lung function measurement from WT and Ormdl3 KO mice
administered with 20 µg Alternaria or vehicle 3 times per week for 5 weeks. Graphs show the
median, interquartile range. N= 3-5 mice per group. Experimental groups were statistically
compared by Kruskal-Wallis tests in combination with Dunn’s post-hoc analysis (*P<0.05).
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5.6 Discussion
GWA studies linked increased ORMDL3 expression in individuals carrying specific genetic
polymorphisms to an elevated chance of developing asthma early in life (Moffatt et al., 2007,
2010). In vitro studies, completed prior to this thesis, identified ORMDL3 as an integral
membrane protein of the ER (Cantero-Recasens et al., 2009; Hjelmqvist et al., 2002), where its
regulatory functions affect pivotal ER resident cell biology pathways. ORMDL3 was shown to be
an effective inducer of ER stress and the subsequently up-regulated UPR (Cantero-Recasens et
al., 2009; Carreras-Sureda et al., 2013; Miller et al., 2012, 2014), but conversely ORMDL3 has
also been described as a negative regulator of the de novo sphingolipid synthesis pathway
(Breslow et al., 2010; Oyeniran et al., 2015). Observations that ORMDL3 affects the production
of sphingolipids are exciting, since multiple sphingolipid metabolites, first and foremost S1P
and C1P were identified as potent pro-inflammatory effector molecules (Maceyka and Spiegel,
2014). Although ORMDL3 is potentially involved in the regulation of this pathway giving rise to
multiple mediators promoting disease progression, this is connected to an under-investigated
paradox: How does enhanced expression of a sphingolipid biosynthesis inhibitory molecule,
potentially leading to decreased levels of sphingolipid metabolites, promote enhanced asthma
onset in patients? This question was first addressed in vitro by Oyeniran et al., who
demonstrated that when ORMDL3 is overexpressed, then instead of inhibiting de novo
sphingolipid biosynthesis ORMDL3 in fact enhanced sphingolipid synthesis (Oyeniran et al.,
2015). The mechanisms by which the negative regulatory function of ORMDL3 is overturned
into pathway induction are unknown. However, phosphorylation sites are present in the yeast
orthologs Orm1/2 (Breslow et al., 2010) and it is therefore possible that ORMDL3 is
phosphorylated and inactivated, once a certain threshold of ORMDL3 production is achieved,
ultimately resulting in the induction of sphingolipid production. Since it is not fully understood
how overexpression of ORMDL3 and consequently dysregulated sphingolipid synthesis leads to
enhanced asthma disease onset, this chapter focused on the analysis of the pulmonary
sphingolipid composition of WT and Ormdl3 deficient mice undergoing a chronic Alternaria
challenge protocol in order to gain insight into how ORMDL3 regulates sphingolipid
biosynthesis in vivo in allergic airways disease.
The chapter provides the first evidence that ORMDL3 is a negative regulator of the sphingolipid
biosynthesis pathway in a mammalian organism.
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5.6.1 ORDML3 is a negative regulator of sphingolipid biosynthesis during
immune homeostasis
Utilising HEK293 cells, it has previously been shown that ORMDL3 engages and inhibits the
SPTLC enzyme complex (Breslow et al., 2010), which catalyses the initial reaction of the
sphingolipid

biosynthesis

pathway,

converting

palmitoyl-CoA

and

serine

into

3-

ketosphinganine (Braun and Snell, 1967; Weiss and Stoffel, 1997) (see also Chapter 1; Sections
1.9, 1.10.4). Surprisingly, in vivo deletion of Ormdl3 did not affect levels of 3-ketosphinganine at
baseline or following Alternaria challenge, suggesting that ORMDL3 does not regulate this
enzymatic step (Section 5.5.1). Increased levels of the subsequent metabolites sphinganine and
dihydroceramides (Sections 5.5.1, 5.5.2) were however detected both at baseline and after
Alternaria challenge in Ormdl3 deficient mice. This suggests that ORMDL3 indeed negatively
regulates sphingolipid biosynthesis. It is possible that ORMDL3, in accordance with previously
reported studies (Breslow et al., 2010), initially regulates 3-ketosphinganine production, where
3-ketosphinganine is rapidly metabolised to sphinganine by 3-ketosphinganine reductase.
Increased 3-ketosphinganine reductase activity was previously shown (Kihara and Igarashi,
2004). This theory was supported by very low pulmonary 3-ketosphinganine levels, with
medians recorded below 0.5 pmol/mg, even following Alternaria stimulation, whereas
sphinganine and dihydroceramide (C24:0, C24:1) levels were consistently detected above 1
pmol/mg across all experimental groups. In addition, this data correlates with reported data
using SPTLC2 heterozygous mice and myriocin (SPTLC inhibitor) administered animals, where
partial SPTLC elimination or inhibition induced a significant decrease in sphinganine and
ceramides (Worgall et al., 2013).
Collectively, the data presented here confirm ORMDL3 as a negative regulator of sphingolipid
biosynthesis in vivo, taking into account the elevated sphinganine and different
dihydroceramides (C20:0, C24:0, C24:1, C26:0, C26:1) concentrations in Ormdl3 KO mice,
independent of allergen administration. Ormdl3 deficiency in mice correlated with improved
Alternaria-induced disease progression, signified by reduced AHR, eosinophilia, IgE class
switching and BALF IL-4 and IL-13 levels (Chapter 4). Interestingly, reduced serum
sphinganine levels were previously correlated with enhanced OVA induced pulmonary
inflammation (Yu et al., 2016) and decreased pulmonary levels of sphinganine have also been
associated with increased baseline airway resistance and contraction of isolated tracheal rings
(Worgall et al., 2013). In contrast to sphinganine, dihydroceramides were mostly associated
with enhanced disease progression, as it was shown during HDM-induced allergic airways
disease that C22:0 and C24:1 dihydroceramide levels were significantly increased (Oyeniran et
al., 2015). In this present study however, ORMDL3 dependent pathway inhibition mainly
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affected dihydroceramide levels at baseline. Only concentrations of C24:0 and the minimally
expressed C26:0 and C26:1 dihydroceraminde species were significantly induced in response
to Alternaria in Ormdl3 KO mice compared to WT (Section 5.5.2). Following univariate analysis
of both allergen administered experimental groups it was evident that only sphinganine passed
the Bonferroni corrected P-value (Section 5.5.9), indicating that ORMDL3 primarily affects
sphinganine synthesis during allergic airways disease. Interestingly, ORMDL3 did not affect the
levels of downstream sphingolipid metabolites such as ceramide, hexosylceramide,
sphingomyelin, sphingosine, or S1P and C1P which have been reported to promote asthma
related disease pathophysiology on multiple occasions (Maceyka and Spiegel, 2014). In this
context it needs to be emphasised that ceramide, sphingosine and more complex sphingolipids
are not exclusively produced de novo, but from sphingomyelin, which is degraded to ceramide
by sphingomyelinases and therefore these metabolites are not necessarily affected by ORMDL3
regulation (Gault et al., 2010; Maceyka and Spiegel, 2014; Oyeniran et al., 2015). This suggests
that in the chronic model of Alternaria-induced allergic airways disease, amelioration of
allergen-induced pathophysiology in Ormdl3 KO mice was mostly not attributed to the
dysregulation in sphingolipid de novo synthesis.
ORMDL3 mediated regulation of sphingolipid biosynthesis did not regulate chronic allergic
airways disease progression. This does not mean however that the protein is not involved in
promoting the onset of allergic airways disease, as a change in baseline sphingolipid
concentrations following Ormdl3 deletion was detected and this might either increase or
decrease the chance to develop allergic diseases. In this respect it was interesting to observe
from the hierarchical cluster analysis that several PBS administered Ormdl3 KO mice clustered
closer to experimental groups with developed allergic airways disease than to PBS
administered WT mice (Section 5.5.9).

5.6.2 Hexosylceramide is a potential modulator of allergic airways disease
The most consistently upregulated sphingolipids in response to Alternaria were the
hexosylceramides (also called cerebrosides). Hexosylceramides are common constituents of
the myelin lipid bilayer of nerves, where they ensure optimal transmission of action potentials
(Min et al., 2009). In accordance, diseases connected with enhanced hexosylceramide
accumulation are commonly neuropathic, including Gaucher’s and Krabbe disease. Mild forms
of Gaucher’s disease are marked by accumulation of glucosphingolipids in spleen and liver,
without signs of neural disorder (Escolar et al., 2005; Grabowski, 2008). With respect to studies
investigating asthma-related pathology, i.n. administration of galactosylceramide significantly
induced natural killer T cells and ILC2 activation resulting in AHR (Kim et al., 2012). These
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results were supported by researchers investigating effects of a glucosylceramide synthase
inhibitor, which significantly ameliorated OVA induced AHR when the inhibitor was
administered prophylactically (Karman et al., 2010). In addition it was shown that
hexosylceramides are overrepresented in exosomes (Raposo and Stoorvogel, 2013), vesicles
secreted by structural and effector cells including epithelial cells and B-cells that are relevant
in asthma pathology (Kulshreshtha et al., 2013; Wubbolts et al., 2003). The results presented
within this chapter enhance the notion that hexosylceramides are involved in asthma disease
regulation and underline that further studies are needed to gain more insight into the functions
of sphingolipids in allergy.
Ceramide is another sphingolipid increased upon Alternaria stimulation and it is the central
building block for the synthesis of more complex sphingolipids and sphingosine. The function
of ceramide during inflammation is not yet fully understood, although it has been shown that
TLR4 signalling (induced by bacterial endotoxins) induces ceramide (Sims et al., 2010). In
addition, it was revealed that both ceramide and sphingosine promote apoptosis under cellular
stress, when sphingomyelinase activation results in high levels of stress-induced metabolites
(Woodcock, 2006; Yabu et al., 2015). The main pro-inflammatory function of ceramide was
attributed to its phosphorylated form, C1P. Alternaria induces robust increases in C1P levels
(Section 5.5.6). C1P is capable of activating PLA2 which induces arachidonic acid release and
thereby promotes eicosanoid production (Simanshu et al., 2013). Prominent metabolites of the
eicosanoid pathway are HETE and PGD2 and PGE2. The HETE metabolites and PGE2 were found
to be induced in response to Alternaria administration although they were not regulated by
ORMDL3 (Section 5.5.10). In respect to asthma related immunopathology, 5-HETE and 15HETE have been identified as inducers of smooth muscle contraction (Copas et al., 1982). In
addition, 12-HETE has been shown to be induced during OVA induced pulmonary inflammation
(Morgan et al., 2009) and levels of 5-HETE were elevated in a model of HDM induced allergic
airways disease (Gregory et al., 2009) suggesting that HETEs promote type-2 inflammation. In
contrast, PGE2 has been shown to have primarily anti-inflammatory actions (Kunikata et al.,
2005; MacKenzie et al., 2013).
S1P was not induced in the lung tissue following Alternaria exposure, nor were levels
modulated by Ormdl3 deletion (Section 5.5.6). S1P is a potent pro-inflammatory mediator,
facilitating the recruitment of various effector cells to sites of inflammation (Maceyka and
Spiegel, 2014). In future experiments it will be necessary to evaluate S1P levels at an earlier
time point than 18 h post final allergen exposure, to investigate if S1P is produced rapidly and
secreted into airway lumen. In addition, it would be interesting to determine whether Ormdl3
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KO mice exhibit increased serum levels of S1P, since S1P has been shown to promote T cell
egress from the thymus (Takada et al., 2011).
In comparison to WT mice, a reduced level of induction of sphingolipid metabolites was evident
in Ormdl3 KO mice administered Alternaria (Section 5.5.8), which was a function of the higher
baseline production of lipid metabolites in the Ormdl3 deficient control mice. The PCA and
hierarchical cluster analyses (Section 5.5.9) however revealed that the metabolomics of
Alternaria-treated WT and Ormdl3 KO mice clustered together and separated from vehicle
treated mice, suggesting very limited influence of ORMDL3 on sphingolipid metabolite
concentrations during allergic airways disease .
In addition, relative abundance plots showed that the composition of different sphingolipid
metabolite families changes following Alternaria administration, but also by Ormdl3 deletion.
Overall, it was evident that mostly long chain sphingolipids (C16:0) and very-long chain
sphingolipid derivatives (C24:0, C24:1) were elevated in percentage after Alternaria
administration regardless of the genotype, while C24:0 and C24:1 metabolite percentage
increments were more pronounced in Ormdl3 KO mice during allergic airways disease.
Interestingly, it has been shown that Ceramide Synthase 2 CerS2 KO mice, which are
predominantly characterised by a C16:0 dominated sphingolipid metabolome profile, exhibit
significantly induced baseline airflow resistance and lung compliance, in conjunction with a
significant increase in total airway lumen lymphocytes (Petrache et al., 2013). Thus, the
relative increase in very-long chain sphingolipids in Ormdl3 KO mice with induced allergic
airways disease compared to the respective WT group might contribute to the observed
protective phenotype of Ormdl3 deficiency in respect to Alternaria induced AHR development,
reported in Chapter 4.

5.6.3 Conclusions
ORMDL3 was previously reported to be a negative regulator of de novo sphingolipid synthesis
in vitro (Breslow et al., 2010; Oyeniran et al., 2015). This chapter has detailed the first in vivo
evidence that ORMDL3 inhibits the sphingolipid biosynthesis pathway in a mammalian
organism. At immune homeostasis, Ormdl3 deficiency increased the levels of sphinganine and
dihydroceramide, intermediate metabolites of the de novo sphingolipid synthesis pathway. This
suggests that the regulatory function of ORMDL3 is located upstream of sphinganine
production, thus a previously suggested potential engagement and inhibition of the SPTLC
enzyme complex (Breslow et al., 2010) catalysing the initial reaction of the sphingolipid
biosynthesis pathway is likely. Alternaria-induced allergic airways disease resulted in the
induction of multiple sphingolipid metabolites in WT mice, especially hexosylceramides.
226

Future work would be to investigate the role of hexosylceramides in asthma immunopathology.
Following the induction of allergic airways disease, only minor differences in the sphingolipid
profile were detected between WT and Ormdl3 deficient mice. Only metabolites of the de novo
sphingolipid synthesis pathway were significantly elevated whilst metabolites consistently
shown to regulate asthma in humans were unaffected by the lack of ORMDL3. This suggests
that dysregulated sphingolipid metabolism contributes only to a minor extent to the protective
effect of Ormdl3 deletion on the development of Alternaria induced allergic airways induction
in mice (Chapter 4).
Interestingly, hierarchical cluster analysis identified the sphingolipid profile of several PBS
treated Ormdl3 KO mice to be more closely related to that found in Alternaria challenged mice
then WT PBS mice. Increased sphingolipid levels correlate with enhanced disease progression
(Oyeniran et al., 2015). Consequently it would be interesting to test whether these mice are
more susceptible to disease induction in acute models of fungal allergen administration and
this will be the focus of the next chapter.
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Chapter 6 - Results
Ormdl3 deficiency promotes “early” type-2 cytokine production
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6.1 Introduction
In Chapter 5 it was revealed that Ormdl3 deficiency resulted in a significant baseline increase in
sphingolipid metabolites specific to the de novo ceramide synthesis pathway. The sphingolipid
metabolome during chronic Alternaria-induced allergic airways disease was however largely
unaffected by Ormdl3 deletion. PCA and hierarchical clustering analyses grouped several
Ormdl3 KO PBS treated animals closer to Alternaria administered groups than PBS WT mice
(Chapter 5; Section 5.5.9). Since increased levels of several sphingolipid metabolites have been
associated with allergic airway disease progression (Maceyka and Spiegel, 2014; Oyeniran et
al., 2015), an important avenue of investigation is whether the sphingolipid profile of naïve
Ormdl3 KO mice results in them being more susceptible to inception of allergic airways disease
than WT mice.
To examine therefore whether Ormdl3 KO mice showed enhanced immunopathology during
the initial period of allergen administration, short term Alternaria application regimens were
utilised. Previously it has been shown that Alternaria induces a rapid, serine protease
dependent release of IL-33 into the airway lumen within 1 h (Snelgrove et al., 2014). Increased
IL-33 levels were found to result in elevated type-2 cytokine secretion and recruitment of
eosinophils (Doherty et al., 2012). Interestingly, elevations of type-2 cytokine levels were
revealed to be contingent upon IL-33 release but not with the subsequent establishment of
adaptive immunity (Bartemes et al., 2012). Instead type-2 cytokines were found to be produced
by ILC2s (Bartemes et al., 2012; Neill et al., 2010). Alternaria allergen was also shown to
promote sensitisation when co-administered with OVA during the sensitisation phase of an
OVA-induced pulmonary inflammation model (McSorley et al., 2014) and to exacerbate lung
function when mice with HDM-induced allergic airways disease were challenged with a single
dose of Alternaria (Snelgrove et al., 2014) (see also Chapter 1; Section 1.7.3)
In accordance with observations made in in vivo research, Alternaria sensitisation in patients is
associated with severe asthma exacerbation invariably requiring hospitalisation (Downs et al.,
2001; Neukirch et al., 1999; O’Driscoll et al., 2005). Furthermore, hospital admission of
Alternaria sensitised patients, reporting with asthma symptoms, correlates with seasons of
enhanced Alternaria spore production. This suggests that Alternaria inhalation is indeed
responsible for the declined aetiology that is observed in affected individuals (Castanhinha et
al., 2015; O’Driscoll et al., 2005; O’Hollaren et al., 1991).
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6.2 Hypothesis
Alterations in pulmonary sphingolipids render Ormdl3 KO mice more susceptible to Alternariainduced allergic airways disease during the acute phase of allergen induced pulmonary
inflammation.

6.3 Aim
The aim of this final results chapter was to initially determine whether Ormdl3 regulates innate
immunity during the inception of Alternaria-induced inflammation. Preliminary results on
regulatory influences of ORMDL3 on innate immune cells should serve as a foundation for
future research on effects of ORMDL3 on innate immune mechanisms and the initial
development of allergic inflammation.

6.4 Methods
A single administration of 20 μg Alternaria or HDM allergen extract was i.n. applied to adult
male WT and Ormdl3 KO mice (Figure 6.1a). Alternatively, 20 μg Alternaria was administered 3
times every 48 h (Figure 6.1b). Control mice received PBS. One hour after the final exposure,
mice were sacrificed and lung tissue and BALF collected for further analysis (see also Methods
Chapter 2; Section 2.2.2.3). To remove blood contamination from the pulmonary tissue to
ensure an enhanced resolution of the potential future genomic or metabolomic studies, the
mice were transcardially perfused with ice cold PBS following BALF collection and prior to lung
tissue harvest.
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Figure 6.1 Acute Alternaria administration protocols. (a) A single Alternaria or HDM dose
was applied to WT and Ormdl3 KO mice. (b) Acute Alternaria administration protocol
comprising 3 i.n. Alternaria applications over 5 days. Mice were sacrificed 1 h after the final
allergen application and lung tissue and BALF harvested for consecutive analyses.
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6.5 Results
6.5.1 A single exposure to Alternaria results in IL-33 release in Ormdl3 KO mice.
Initially, WT and Ormdl3 KO mice were administered a single i.n. dose of 20 µg Alternaria or 20
µg HDM extract (Figure 6.1a). Analyses of pulmonary tissue inflammation (Figure 6.2a)
revealed that 1 h after administration there was no change in the total number of leukocytes in
the lungs in response to either Alternaria or HDM and leukocyte recruitment to the airway
lumen was not different between the experimental groups (Figure 6.2b). Interestingly, only
Ormdl3 KO mice and not WT mice responded to Alternaria administration with increased
amounts of IL-33 secreted into the airway lumen (Figure 6.2c). HDM application had no effect
on airway lumen IL-33 levels in both WT and Ormdl3 KO mice (Figure 6.2c).
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Figure 6.2 Ormdl3 deficiency mediated a slight increase in BALF IL-33 following a single
administration of Alternaria. Mice were administered a single dose of 20 µg HDM or
Alternaria. Disease parameters were assessed 1 h following the i.n. application. (a) Total lung
cells. (b) Total cells located in the airway lumen. (c) BALF IL-33 levels measured by ELISA.
Graphs show the median and interquartile range. N= 5 mice per group. Graphs show the results
of one performed experiment. Experimental groups were statistically evaluated by KruskalWallis tests in combination with Dunn’s post-hoc analyses (*P<0.05).
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6.5.2 Ormdl3 KO mice exhibit enhanced eosinophilia during the initial
development of innate inflammation.
To analyse whether Ormdl3 deficiency affects the initiation of innate inflammation in response
to Alternaria administration, it was essential to first induce an initial low level of allergeninduced cell recruitment. Thus, Alternaria was i.n. applied to WT and Ormdl3 KO mice three
times over 96 h, and cells were recovered from airways and lung 1 h after the concluding
allergen inoculation (Figure 6.1b). Three applications of Alternaria resulted in a slight, although
not statistically significant, increase in total leukocytes recruited to the lung tissue in WT mice
(Figure 6.3a). In contrast, there was a significant increase in the number of leukocytes
recovered from the airways in both WT and Ormdl3 KO mice, compared to PBS control mice
(Figure 6.3b). In line with previous observations (Chapters 3 and 4), baseline differences in
leukocyte numbers between vehicle-administered mice were not detected in the lung tissue or
the airway lumen (Figure 6.3).
Although no significant increase in total leukocytes was detected in the lungs following three
exposures to Alternaria extract, the proportion of myeloid cell populations potentially might be
influenced by Ormdl3 deletion during acute Alternaria induced inflammation. Consequently the
contribution of macrophages, eosinophils and neutrophils to the total cell number were
analysed by flow cytometry. Alternaria administration led to a decrease in the percentage of
macrophages present in the lung tissue (Figure 6.4a), although this was not reflected in a
decrease in the actual number of macrophages (Figure 6.4b). Alternaria administration
resulted in a striking increase in the percentage of lung eosinophils in both allergen-inoculated
experimental groups being most prominent in the mice lacking Ormdl3 (Figure 6.4c). The
elevated lung eosinophil percentage measured in Ormdl3 deficient mice translated into
significantly increased eosinophil numbers in comparison to the PBS treated control group
(Figure 6.4d). In accordance with an increased percentage of eosinophils in the lung tissue of
Ormdl3 deficient mice following allergen challenge, a decrease in the percentage of neutrophils
was evident in these animals compared to PBS administered control mice (Figure 6.4e).
Nonetheless, total numbers of neutrophils were comparable between all experimental groups
(Figure 6.4f).
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Figure 6.3 Ormdl3 deficiency did not influence lung or BALF total leukocyte recruitment
during acute Alternaria induced inflammation. Mice were administered 3 doses of 20 µg
Alternaria. Disease parameters were assessed 1 h after the final i.n. application. (a) Total lung
cells. (b) Total cells located in the airway lumen. N= 10-13 mice per group. Data was pooled
from 2 individually performed experiments. Graphs show mean and SEM. Experimental groups
were statistically evaluated by Two-way ANOVA in combination with Bonferroni post-hoc
analyses (*P<0.05 **P<0.01).
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Figure 6.4 Ormdl3 deficiency led to increased pulmonary eosinophilia during acute
Alternaria induced inflammation. Mice were administered 3 doses of 20 µg Alternaria.
Disease parameters were assessed 1 h after the final i.n. application. (a) % Macrophages of total
lung myeloid cells. (b) Total lung macrophages. (c) % Eosinophils of total lung myeloid cells. (d)
Total lung eosinophils. (e) % Neutrophils of total lung myeloid cells. (f) Total lung neutrophils.
N= 10-13 mice per group. Data was combined from 2 individually performed experiments.
Graphs show mean and SEM. Experimental groups were statistically evaluated by Two-way
ANOVA in combination with Bonferroni post-hoc analyses (**P<0.01).
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6.5.3 Ormdl3 KO mice produced elevated levels of type-2 cytokines during the
establishment of acute inflammation.
In WT mice, type-2 cytokine production was slightly, but not significantly elevated 1 h after the
concluding administration of a short term Alternaria administration regimen (Figure 6.5a-f). In
contrast, lung and airway lumen IL-4 (Figure 6.5a,b), lung IL-5 (Figure 6.5c) and airway lumen
IL-13 (Figure 6.5f) concentrations were significantly raised in Ormdl3 KO mice after Alternaria
challenge compared to the respective PBS administered control group. Interestingly, the
Alternaria induced augmentation of type 2 cytokine concentrations was significantly greater in
Ormdl3 KO mice compared to WT mice (Figure 6.5a-c, f).
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Figure 6.5 Alternaria induced Type-2 cytokine production is elevated in Ormdl3 KO mice in
an acute model of lung inflammation. Mice were administered 3 doses of 20 µg Alternaria.
Disease parameters were assessed 1 h after the final i.n. application. Concentrations of lung IL4 (a), BALF IL-4 (b), lung IL-5 (c), BALF IL-5 (d), lung IL-13 (e) and BALF IL-13 (f) were
assessed by ELISA. N= 5-8 mice per group. Data is representative for 2 individually performed
experiments. Graphs show mean and SEM. Experimental groups were statistically evaluated by
Two-way ANOVA in combination with Bonferroni post-hoc analyses (*P<0.05, **P<0.01,
***P<0.001).
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6.5.4 During acute Alternaria induced pulmonary inflammation, Ormdl3 deficient
mice have elevated IL-33 production.
Notably, Ormdl3 KO mice displayed an enhanced type-2 cytokine profile in an acute model of
Alternaria induced inflammation. It was therefore interesting to investigate whether the
elevated levels of pulmonary type-2 cytokines in the Ormdl3 deficient mice were mediated by
augmented numbers of type-2 effector cells.
Before adaptive immunity is established, ILC2s comprise a major innate type-2 cytokine
producing effector cell population, stimulated by allergen-induced IL-33 release (Barlow et al.,
2013; Neill et al., 2010). It was evident that IL-33 was significantly elevated in response to
Alternaria stimulation exclusively in Ormdl3 KO mice in both the lung tissue and airway lumen
(Figure 6.6a, b). Although Alternaria-induced IL-33 concentrations were more pronounced in
Ormdl3 KO mice, this did not however translate into significantly increased proportions or
numbers of ILCs or ILC2s compared to WT mice treated with Alternaria although there was a
trend (Figure 6.6c-f). The percentage and total number of pulmonary Th2 cells were increased
in response to Alternaria in WT mice and to minor extent Ormdl3 KO mice (Figure 6.6g-h).
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Figure 6.6 Ormdl3 deficiency promotes enhanced IL-33 secretion in an acute model of
Alternaria induced lung inflammation. Concentrations of (a) lung and (b) BALF IL-33 were
assessed by ELISA. (c) % Total ILCs of CD45+ cells. (d) Total lung ILCs. (e) % IL-13% ILCs of
total CD45+ cells. (f) Total lung ILC2s. (g) % Th2 cells of total CD3+ T cells. (h) Total lung Th2
cells. Graphs a, b: Data is representative for 2 individually performed experiments (N=5-8)
Graphs c-h: Data was combined from 2 individually performed experiments (N=10-13). Graphs
show mean and SEM, apart from d, f which show median and interquartile range. Experimental
groups were statistically evaluated by Two-way ANOVA in combination with Bonferroni posthoc analyses, while graphs d, f were statistically evaluated using Kruskal-Wallis and Dunn’s
post-hoc tests (*P<0.05, **P<0.01, ***P<0.001).
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6.6 Discussion
To test whether ORMDL3 is involved in the onset of allergic airways disease, acute models of
Alternaria exposure were utilised (Figure 6.1). Short periods of allergen administration were
found to stimulate the innate immune system (Bartemes et al., 2012; Doherty et al., 2012;
Snelgrove et al., 2014).

6.6.1 Ormdl3 deficiency leads to enhanced IL-33 and type-2 cytokine production
in acute Alternaria-induced pulmonary inflammation.
The proportion of eosinophils was increased in WT and Ormdl3 KO mice after three Alternaria
applications (Section 6.5.2). This observation was consistent with previous observations in
acute models of HDM administration (Gregory et al., 2009). Interestingly, in mice lacking
Ormdl3 the lung eosinophil percentage was increased compared to allergen-exposed WT mice
and this translated into significantly increased Alternaria induced eosinophil numbers in the
Ormdl3 KO mice. Thus, in contrast to the data obtained in the chronic allergen exposure model
(Chapter 4; Section 4.5.4), ablation of Ormdl3 potentiates eosinophil recruitment to the lung in
acute allergen exposure models.
The cytokines IL-5, CCL11 (eotaxin 1) and CCL-24 (eotaxin 2) are chemoattractants for
eosinophils (Jose et al., 1994; Mould et al., 2000; White et al., 1997). Recruitment of eosinophils,
which comprises part of the initial response to allergen exposure has been shown to be
completely independent of the adaptive immune compartment in RAG1 deficient mice with
ILC2s providing the early IL-5 signal responsible for the recruitment of eosinophils (Bartemes
et al., 2012). The findings of Bartemes et al. support the results of this chapter were it has been
found that short term Alternaria exposure resulted in significant pulmonary ILC and ILC2
accumulation. Expression of Ormdl3 did not alter the expansion of the ILC2 cell population after
Alternaria stimulation, although ORMDL3 may affect type-2 cytokine production by innate cells.
Interestingly, Ormdl3 KO mice exhibited a dominant type-2 cytokine profile in the lung tissue
and airways in comparison to allergen administered WT mice (Section 6.5.3). This suggests
that Ormdl3 deficiency either promotes cellular type-2 cytokine production or secretion. It is
unknown whether ORMDL3 affects cytokine secretion, although it has been shown in an OVAinduced model of lung inflammation, that ORMDL3 overexpression in mice results in increased
pulmonary IL-4 production (Miller et al., 2012). In addition to the enhanced physiological
effects of Ormdl3 sufficiency during chronic Alternaria-induced allergic airways disease
(Chapter 4; Sections 4.5.1, 4.5.2), the findings made in this chapter allow the interpretation that
during innate immune reactions Ormdl3 deletion promotes disease onset and that this is
potentially connected with baseline elevations in sphingolipids (Chapter 5). However, following
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allergen sensitisation and the establishment of adaptive immunity the lack of ORMDL3 is
protective (Chapter 4).
This conclusion is further supported by observations that Ormdl3 KO mice secrete greater
quantities of the innate alarmin IL-33 than WT mice following Alternaria administration
(Sections 6.5.1, 6.5.4), although this did not lead to an imbalance in ILC2 accumulation (Section
6.5.4). Additionally, it was evident that HDM did not induce IL-33 secretion regardless of
Ormdl3 expression. Previous reports have shown that Alternaria, in contrast to HDM, is a
potent inducer of IL-33 release into the airway lumen owing to the presence of a serine
protease, specific to the Alternaria extract, which stimulates PAR-2 receptors on the pulmonary
epithelial cell surface (Boitano et al., 2011; Snelgrove et al., 2014).
IL-33 is a potent inducer of ILC2 accumulation (Barlow et al., 2013; Neill et al., 2010) although
equal numbers of ILC2s were recorded in Ormdl3 KO and WT mice following Alternaria
stimulation of mice. However it needs emphasising that disease parameters in this chapter
were measured 1h after the final allergen administration which has been shown to be optimal
for detection of IL-33 secretion (Snelgrove et al., 2014) but may not be the ideal time point for
detecting differences in cell recruitment. This highlights the preliminary character of these
studies, as it is plausible that although Ormdl3 deficient mice initially produce cytokines more
potently than WT mice, this could be due to a time dependent effect, such that peak cytokine
production in Ormdl3 sufficient mice merely having delayed kinetics. Therefore ultimately the
levels of inflammation in the two strains may be equivalent. This highlights the need for timecourse experiments, terminating at different time points following the concluding allergen
exposure in order to compare the cytokine production kinetics of WT and Ormdl3 KO mice.
This chapter revealed that ORMDL3 might differentially regulate Alternaria-induced
pathophysiology during different stages of disease progression. Ormdl3 deficiency led to an
immediate release of IL-33 and type-2 cytokines prior to the induction of adaptive immunity,
while protein deletion ameliorated AHR and cellular stress after the onset of acquired
immunity (Chapter 4). How do these findings relate to patients and fit in with the reported
results of GWA studies? First, it is known that SNPs in close proximity to the ORMDL3 gene
locus induce upregulated gene expression, connected with an increased chance to receive an
asthma diagnosis (Moffatt et al., 2007). It is important to note however that as yet it has not
been determined whether the increased likelihood to develop asthma is connected with
facilitated allergen sensitisation and disease onset, or with intensified disease exacerbation,
following ORMDL3 gene induction. Results of this thesis proposed a functional role of ORMDL3
during

both

disease

stages,

however,

Ormdl3
242

deficiency

resulted

in

opposing

pathophysiological outcomes: Disease progression during the innate phase of Alternariainduced pulmonary inflammation and allergic airways disease amelioration, when the adaptive
immune response had developed. Due to the basic characterisation of SNP carrying children
(Moffatt et al., 2007, 2010), it is complex to evaluate if both phenotypes of Ormdl3 deficiency
are projectable on ORMDL3-mediated disease regulation in human patients.
Further, it is too simplistic to reason that Ormdl3 deficiency should result in improved allergic
airways disease pathophysiology, first and foremost due to the complex involvement of Ormdl3
in sphingolipid biosynthesis. The sphingolipid profile of patients carrying SNPs to date has not
been fully investigated and therefore it is unclear which of the two murine sphingolipid
profiles, the Ormdl3 sufficient or deficient, reflects that characteristic for asthmatics, positive
for ORMDL3 related SNPs. It is known that increased sphingolipid metabolite concentrations
are measurable in exhaled breath condensates of asthmatic patients (Oyeniran et al., 2015) and
in the airway lumen of ragweed sensitised patients, administered allergen (Ammit et al., 2001),
in accordance with in vivo results showing that sphingolipid synthesis inhibition ameliorates
HDM-induced allergic airways disease (Oyeniran et al., 2015). Thus, it is possible that Ormdl3
KO mice, characterised by mildly increased baseline sphingolipid levels concomitant with
enhanced type-2 cytokine secretion during an innate immune response to allergen encounter,
could potentially provide insight into the mechanism of why SNP carrying patients are more
susceptible to disease onset.
Nonetheless it could be hypothesised that a more potent innate type-2 cytokine response
ultimately results in increased allergen sensitisation and class switching to IgE production
(Shimoda et al., 1996). However, it was reported that asthma associated SNPs in close
proximity to the ORMDL3 gene are not linked with elevated IgE levels in these patients (Liang
et al., 2015; Moffatt et al., 2010).
In addition, it is not known whether SNPs close to ORMDL3 associate with enhanced
eosinophilia in patients following initial exposure to allergens, as suggested by results of this
chapter. Interestingly though, it was revealed that ORMDL3 expression regulating SNPs were
capable to increase IL-4 and IL-13 production by PBMCs isolated from patients, following
phytohemagglutinin or Der p 1 stimulation, suggesting that dysregulated ORMDL3 levels might
induce type-2 cytokine production in patients (Schedel et al., 2015).
These data underline the importance for an improved immunological characterisation of
patients with SNPs in the 17q21 genetic locus with respect to their inflammatory and
sphingolipid profiles.
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6.6.2 Conclusion
In conclusion, this chapter has shown that ORMDL3 differentially regulates pulmonary
immunopathology during innate and adaptive immune responses to Alternaria exposure. While
ORMDL3 promotes allergic airways disease in chronic allergen exposure models (Chapter 4), in
acute models of disease Ormdl3 sufficiency is protective and dampens the immediate IL-33
response and ensuing release of type 2 cytokines. The initial pro-inflammatory profile of mice
lacking Ormdl3 may be connected to the baseline increase in several sphingolipid species,
however further studies need to be conducted to test this hypothesis. It is also still unclear
whether Ormdl3 deficiency mediates a more rapid release of immune mediators and whether
WT mice are capable of producing equivalent concentrations of cytokine but with slower
kinetics.

244

Chapter 7 – Final Discussion
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7.1 Final discussion
7.1.1 Goals of this thesis
In 2007, working with their collaborators, researchers (led by Professors Cookson and Moffatt)
at Imperial College London discovered that multiple SNPs in the chromosomal locus 17q21
were associated with childhood asthma in a GWA study comprising three different patient
cohorts, MRC-A, UK-C and MAGICS (Moffatt et al., 2007). The SNPs showing the highest
association with asthma onset were identified to be in a region containing two genes
Gasdermin B (GSDMB) and ORMDL3. The same SNPs, that showed association with childhood
asthma, were also found to be correlated with enhanced ORMDL3 expression in EBV
transformed lymphoblastoid cell lines from the MRC-A children (Moffatt et al., 2007). To build
on this pioneering study, an Ormdl3 deficient mouse line was genetically engineered by Dr
Youming Zhang and Dr Charlotte Dean at the MRC Mammalian Genetics Unit to further
delineate how ORMDL3 promotes asthma development in in vivo models of allergen-induced
pulmonary inflammation. Independently, an industrial collaborator, MERCK, also created an
Ormdl3 KO mouse line.
The key objective of this thesis was to provide the first evidence of ORMDL3 function in an
experimental in vivo setup of allergic inflammation. The project work started with chronic
administration of the perennial allergen HDM or the fungus Alternaria, which has been
associated with severe asthma exacerbations (O’Driscoll et al., 2005), to mice (WT and Ormdl3
KO) for a duration of 5 weeks. Investigated disease parameters included lung function,
immunoglobulin production, effector cell recruitment to pulmonary compartments and
cytokine production. It was also investigated, whether ORMDL3 affects the inception of
pulmonary inflammation in acute models of Alternaria challenge. In light of the genetic
association of the ORMDL3 gene with childhood onset asthma (as opposed to later onset
asthma) (Moffatt et al., 2007, 2010), age specific effects on immunopathology were assessed
using a model of HDM-induced allergic airways disease in neonates. In addition, based on
previous reports that ORMDL3 regulates essential pathways in the ER, including sphingolipid
biosynthesis and ER-stress (Breslow et al., 2010; Cantero-Recasens et al., 2009; CarrerasSureda et al., 2013; Miller et al., 2012), special emphasis was placed on investigating whether
dysregulation of these pathways contributed to observed immunopathological phenotypes
induced by Ormdl3 deficiency. Finally, as several GWA study proposed asthma susceptibility
genes including ORMDL3 (Miller et al., 2012) to be expressed in the airway epithelium (Moffatt
et al., 2010), it was of interest to determine whether epithelial ORMDL3 function contributes
towards allergic airways disease immunopathology by reconstituting Ormdl3 expression in the
bronchial epithelium of Ormdl3 deficient mice.
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7.1.2 Genetic deletion of Ormdl3 has only minimal impact on HDM-induced
allergic airways disease
It was hypothesised that ablation of Ormdl3 gene expression in mice would result in
ameliorated allergen-induced immunopathology in both adults and neonates. Surprisingly
however, following repeated HDM administrations, both adult and neonatal Ormdl3 deficient
mice responded like the WT controls with significant inception of AHR, immune cell
recruitment to the pulmonary environment, eosinophilia and type-2 cytokine production
(Chapter 3). Due to the prolonged allergen application regimen of 5 weeks, adult WT and
Ormdl3 KO mice also developed significant goblet cell hyperplasia (Chapter 3, Section 3.5.8)
and switching of immunoglobulin classes from IgM to IgE, IgG1 and IgA occurred (Chapter 3,
Section 3.5.3). Overall, the data indicates that ORMDL3 did not modulate HDM-induced allergic
airways disease pathology. This however contradicts previous observations in mice
constitutively overexpressing ORMDL3 and exhibiting spontaneous AHR, type-2 cytokine
secretion, eosinophilia and serum IgE at baseline (Miller et al., 2014).
There are a number of potential explanations for why Ormdl3 deletion did not influence HDMinduced allergic airways disease parameters. First, it is possible that a general regulatory
function of ORMDL3, affecting allergen-induced immunopathology, is only induced upon gene
overexpression, as the two other members of the ORMDL protein family, ORMDL1 and
ORMDL2, might compensate for the loss of ORMDL3. All three proteins have been reported to
show a high level of amino acid homology (Hjelmqvist et al., 2002) and in vitro only the
cumulative knock down of the whole gene family is known to induce a significant increase in
ceramide levels (Breslow et al., 2010; Oyeniran et al., 2015). This suggests that the proteins
share the same regulatory activity on sphingolipid synthesis and that compensatory effects are
to be expected. Data provided in this thesis (Chapter 3, Section 3.5.1) suggested that expression
of other Ormdl gene family members is not increased following Ormdl3 deletion at baseline
although it is possible that the expression status of Ormdl1 and Ormdl2 changes in the course of
allergen encounter. Time-course experiments aimed at elucidating the gene expression
patterns of all Ormdl genes following allergen challenge would therefore provide valuable
insights as to whether the influence of Ormdl3 deletion on pulmonary immunopathology was
masked by increased gene expression of Ormdl1 and Ormdl2.
The plausible suggestion that human ORMDL3, which was overexpressed in the mice displaying
deteriorated immunopathology at baseline (Miller et al., 2014), is functionally different from its
murine ortholog can mostly be excluded for multiple reasons. ORMDL3 proteins are highly
conserved in between different species (96% homology between human and murine ORMDL3)
(Hjelmqvist et al., 2002). Additionally, the gene has been duplicated during evolution and its
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presence and function in microorganisms (Breslow et al., 2010; Hjelmqvist et al., 2002)
highlights the essential role of the protein family in regulating metabolic processes throughout
the eukaryotic branch of the phylogenetic tree. This therefore makes a loss of function of
ORMDL3 in a species unlikely. This conclusion is supported by results of this thesis (Chapter 5)
that have revealed that murine ORMDL3, in addition to yeast and human cell line derived
ORMDL3 (Breslow et al., 2010; Oyeniran et al., 2015), is a functional negative regulator of
sphingolipid de novo synthesis.
Additionally, ORMDL3 could have been either misidentified in encoding a potential regulator of
asthma onset and another gene within the linkage disequilibrium region of the 17q21 locus
could account for the increased susceptibility to developing asthma, or it is interplay of altered
gene expression of multiple genes throughout the 17q21 locus, which accounts for the
association with asthma. Evidence however for ORMDL3 being associated with asthma onset is
very strong as the linkage has been verified in multiple reports (Acevedo et al., 2015; Berce et
al., 2012; Bisgaard et al., 2009; Bouzigon et al., 2008; Ferreira et al., 2011; Galanter et al., 2008;
Halapi et al., 2010; Hirota et al., 2008; Kavalar et al., 2012; Leung et al., 2009; Ma et al., 2015;
Madore et al., 2008; Marinho et al., 2012; Schedel et al., 2015; Tavendale et al., 2008; Tomita et
al., 2013; Toncheva et al., 2015; Wan et al., 2012) Nonetheless, it has been reported that SNPs
showing highest association between ORMDL3 upregulation and asthma disease are not located
within the protein coding sequence of ORMDL3 or in close proximity to the transcription
promoter region, but are in fact further upstream in the first intron of the neighbouring gene
GSDMB. This, of course, does not exclude that these SNPs are located in a genetic unit
comprising regulatory activity on ORMDL3 gene expression but equally they might additionally
regulate other genes inside the 17q21 locus. Within the 17q21 locus there are a number of
interesting candidate genes with potential function in asthma. GSDMB, the upstream
neighbouring gene of ORMDL3 with the genes separated by just 5 kb, is part of the gasdermin
family, of which enhanced gene expression of GSDMA was found to positively correlate with
increased IL-17 production by isolated cord blood cells (Lluis et al., 2011). Another member of
the family GSDMD has been shown to positively regulate inflammasome-induced apoptosis (Shi
et al., 2015). Another interesting gene located within the 17q21 locus is Ikaros family zinc
finger 3 (IKZF3; Aiolos), which has been shown to be strongly expressed in lymphoid
progenitors and pre-B-cells, where it regulates B-cell development and differentiation
(Cariappa et al., 2001; Morgan et al., 1997).
In summary, to elucidate the exact regulatory potential of different SNPs on genes located
inside the 17q21 remains a hurdle to be taken by genetic research. Potential experiments
include the introduction of different SNPs, detected in humans, in the murine genome in order
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to investigate the direct effect of SNPs on allergic airways disease in mice. Due to differences in
the arrangement of the human and murine genome (in mice, Ormdl3 is located on chromosome
119, instead of 17) it could however be beneficial to introduce the respective SNPs in human
cell lines, followed by analyses of the gene expression profile of the genes located within the
17q21 locus. Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR associated
protein (CRISPR/Cas) represents a new genetic tool to facilitate the induction of sequence
variations in both cell lines and mammalian organisms (Cong et al., 2013; Mali et al., 2013; Yang
et al., 2014) and would be an invaluable tool to enable these experiments.

7.1.3 Age at disease onset did not affect HDM-induced allergic airways disease
pathology following Ormdl3 ablation
A different explanation for why Ormdl3 deficiency did not influence allergic airways disease
pathology could be that the protein only affects pulmonary immunopathology during disease
inception in early life. This is a possibility in light of the multiple GWA studies showing that
ORMDL3’s association to asthma onset is highly increased during the first years after birth
(Halapi et al., 2010; Moffatt et al., 2007, 2010). Ormdl3 deletion however was found to elicit
very limited effects on HDM-induced immunopathology in neonates (Chapter 3). This would
imply that early disease onset only, does not determine the disease-progressive function of
ORMDL3. Interestingly more recent GWA studies have revealed that the association between
ORMDL3 and early-onset asthma is also linked to the exposure to environmental factors and
infections.
These human studies revealed that the SNP close to the ORMDL3 locus increased the chance to
develop asthma only if individuals had previously displayed wheezing illness induced by
human rhinovirus infection (Calışkan et al., 2013). This observation correlated with data
showing that the rs7216389 SNP, close to ORMDL3, significantly increased the number of
rhinovirus induced wheezing illnesses encountered during the first three years of life (Calışkan
et al., 2013). An intriguing observation in the context of results presented in Chapter 5,
revealing that ORMDL3 regulates ceramide de novo production in mammals, as it has been
previously shown that the virus enters its host via ceramide-rich lipid rafts (Grassmé et al.,
2005). A dysregulated sphingolipid de novo synthesis pathway in SNP-affected individuals
could therefore indeed lead to an enhanced potential to experience rhinovirus-induced asthma
exacerbations. Concomitant with data suggesting that Ormdl3 sufficient animals are more
susceptible to the breakdown of epithelial integrity following Alternaria challenge (Chapter 4,
Sections 4.5.6, 4.5.10), it is plausible that also young asthmatics with augmented ORMDL3
expression levels experience more severe rhinovirus infections, as the capacity of the virus to
9
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affect the barrier function of the epithelial layer has been shown to contribute to rhinovirusinduced immunopathology (Comstock et al., 2011; Sajjan et al., 2008).
It has also been found that tobacco smoke exposure during childhood and later life contributes
to ORMDL3-related asthma onset (Bouzigon et al., 2008; Marinho et al., 2012; Tavendale et al.,
2008). Interestingly, similar to Alternaria exposure (Chapter 4, Section 4.5.6), tobacco smoke
leads to increased pulmonary ER-stress and UPR induction (Kelsen et al., 2008; SomboracBačura et al., 2013; Tagawa et al., 2008). It is therefore feasible that, in accordance with data
showing that Alternaria administered Ormdl3 expressing mice are more susceptible to
enhanced ER-stress and UPR induction in combination with AHR development (Chapter 4;
Section 4.5.1), that recurrent tobacco smoke exposure of individuals leads to enhanced onset of
asthma or its exacerbation.
Contradictory to reports that increased ORMDL3 expression correlates with augmented
incidence of asthma disease onset (Miller et al., 2014; Moffatt et al., 2007, 2010), the only
marker significantly different between WT and Ormdl3 KO neonates following allergic airways
disease induction, pulmonary eosinophilia, was increased when Ormdl3 was deleted (Chapter
3; Section 3.5.9). The unexpected detection of more a severe disease pathology in Ormdl3
deficient mice highlights the complexity of neonatal animal models.
The current study has also revealed that Ormdl3 deletion results in significantly reduced body
size during the first weeks of life compared to WT neonates (Chapter 3, Section 3.5.1). As the
same allergen amount was applied to both genotypes, it is plausible that Ormdl3 KO mice were
exposed to an elevated allergen quantity in respect to their body mass than WT mice. This
might therefore be the cause of the increased eosinophilia. It needs to be emphasised however
that immunopathological differences were limited to eosinophilia and if an overall increased
allergen amount was encountered by the Ormdl3 deletion mice, this would have led to an
enhanced severity measured in multiple different allergic airways disease parameters. The
decreased bodysize/bodymass during development is likely linked to enhanced ceramide
levels in the body, a mediator, which has been associated with progression of cell proliferation
and its inhibition. In cancer, it has been shown that ceramide synthase 2 (CerS2) KO mice,
unable to produce C22 and C24 ceramide, display increased levels of C16 ceramide in the liver,
significantly increasing the potential to develop hepatocellular carcinomas (Pewzner-Jung et
al., 2010a, 2010b). This data is in accordance with human cancer reports showing elevated C16
ceramide levels in breast cancer tissue (Schiffmann et al., 2009), suggesting that long chain
ceramides C22 and C24 are inhibitory towards cell proliferation, while C16 ceramide has a
promotive effect. The reported connection between sphingolipid dysregulation and cancer
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development suggests that ORMDL3 is a potentially interesting target worthy of study in cancer
research.

7.1.4 Ormdl3 deletion protects mice from Alternaria induced allergic airways
disease
To eliminate the potential that recorded differences in body mass influences allergen induced
pathophysiology, male mice (which were shown not to differ in bodyweight from WT mice as
adults, Chapter 4; Section 3.5.1) were used in chronic Alternaria-induced allergic airways
disease models (Chapter 4).
Using this model, the major result of this thesis was found, congruent with data reporting that
elevated ORMDL3 expression correlates with increased susceptibility to develop asthma
(Moffatt et al., 2007), in that deletion of Ormdl3 protected mice from the inception of severe
AHR in response to repeated Alternaria challenge (Chapter 4, Section 4.5.1). Reduced AHR
levels in Ormdl3 KO mice were partly accounted for by a reduced ability of Ormdl3 deficient
smooth muscle to contract towards increased agonist concentrations at baseline. In addition to
its function in immunopathology, ORMDL3 seems to partly regulate the physiological process
of contraction itself (Chapter 4, Section 4.5.2). Nonetheless, it needs to be noted that the
reconstitution of Ormdl3 expression in airway epithelial cells reversed the observed phenotype
of reduced AHR development upon Ormdl3 deficiency (Chapter 4, Section 4.5.9) highlighting a
superior role of epithelial ORMDL3 in contributing to induction of allergic airways disease
pathophysiology. A potential mechanism explaining why Ormdl3 KO mice were protected from
AHR induction, while epithelial Ormdl3 sufficient animals were not, may be connected with
significantly decreased cell damage encountered by Ormdl3 deficient epithelial cells (Chapter 4,
Section 4.5.6). The Ormdl3 deficient epithelium was revealed to release significantly lower
levels of the DAMP uric acid, the latter being known to promote AHR (Kool et al., 2011), an
observation reversible by epithelial Ormdl3 reconstitution. The suggestion that ORMDL3’s
function in epithelial cells is important in the context of asthma induction is supported by the
published literature. It was not only reported that murine epithelial Ormdl3 is upregulated
following allergen stimulation (Miller et al., 2012), but also that rhinovirus, which specifically
infects respiratory epithelial cells, is an essential factor for the strong connection between
Ormdl3 and increased asthma onset or progression (Bardin et al., 1994; Calışkan et al., 2013;
Greve et al., 1989; Staunton et al., 1989).
In agreement with reported data, which revealed constitutive ORMDL3 overexpression in mice
to result in enhanced eosinophilia in response to OVA stimulation, this thesis confirmed that
after Alternaria exposure, Ormdl3 deficiency also results in reduced pulmonary eosinophilia
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and IgE class switching in comparison to WT mice. Reconstitution of Ormdl3 expression in
Ormdl3 deficient epithelial cells in vivo via AAV mediated construct transfer, revealed that most
of the observed immunopathological differences could be assigned to epithelial ORMDL3 as
opposed to ORMDL3 produced by resident or recruited immune cells (Chapter 4; Sections 4.5.9,
4.5.10).
Since ORMDL3 was previously reported to regulate the UPR (Cantero-Recasens et al., 2009;
Miller et al., 2012, 2014), further emphasis was placed on investigating whether Ormdl3
expression modulated ER-stress and the subsequent UPR induction (Chapter 4; Section 4.5.6).
The data generated supports previous observations that ORMDL3 induces the ATF6 pathway of
the UPR (Miller et al., 2012, 2014), as ATF6 regulated genes and mediators, including Edem-1,
Xbp-1 and IL-6 (Adachi et al., 2008; Rao et al., 2014; Yoshida et al., 2001) were reduced in the
lungs of Alternaria exposed Ormdl3 KO mice compared to WT mice (Chapter 4, Section 4.5.6).
The conclusion that ORMDL3 regulates IL-6 is interesting because both proteins (ORMDL3 and
IL-6) have been reported to be associated with severe asthma (Peters et al., 2016; Wan et al.,
2012). Additionally, both ORMDL3 and XBP-1 are linked to inflammatory bowel disease, a
disease where inflammation is induced via increased ER-stress activity (Barrett et al., 2008;
Kaser et al., 2008, 2013; McGovern et al., 2010). Since ORMDL3 positively regulates ER stress, it
would be interesting to test whether the chemical chaperone and ER stress inhibitor sodium
phenylbutyrate (4-phenylbutyric acid), which is licensed for oral administration to manage
inherited urea cycle disorders, could serve as an effective treatment of asthma in patients
harbouring SNPs enhancing ORMDL3 expression (Makhija et al., 2014; Walker, 2009).
It is complex to conclude why Ormdl3 deficiency resulted in significantly improved pulmonary
immunopathology following Alternaria administration, but not when HDM was administered.
Firstly, ORMDL3 is also associated with severe forms of asthma in patients and Alternaria
sensitisation correlates with disease severity (Castanhinha et al., 2015; Downs et al., 2001;
Halapi et al., 2010; O’Driscoll et al., 2005; Peat et al., 1993; Wan et al., 2012). Therefore, it is
possible that severe immunopathology needs to be induced to observe ORMDL3-specific effects
on allergic airways disease immunopathology. This suggestion was supported by results
showing that ORMDL3 upregulates the severe asthma-associated cytokine IL-6, following
Alternaria exposure (Chapter 4, Section 4.5.6) (Peters et al., 2016). In addition, Alternaria has
been reported to potently induce Ormdl3 expression in the murine epithelium (Miller et al.,
2012) and a greater change in the amount of ORMDL3 protein may be necessary to observe
ORMDL3-specific regulation of allergic airways disease. The notion that specific ORMDL3 gene
induction by allergens or environmental factors is important to observe specific effects on
immunopathology originates from human data reporting upregulated gene expression when
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cells isolated from SNP carrying patients were stimulated with Der p 1 or rhinovirus (Calışkan
et al., 2013; Lluis et al., 2011). The ability of Alternaria to increase Ormdl3 expression is likely
due to the capacity of the allergen to induce IL-33 secretion, a cytokine specifically
upregulating STAT6 controlled genes (Yang et al., 2013), including Ormdl3 (Kavalar et al., 2012;
Miller et al., 2012; Qiu et al., 2013; Yang et al., 2015). Furthermore Alternaria has been shown
to upregulate IL-33 more potently than HDM, potentially resulting in elevated ORMDL3 levels
after Alternaria stimulation (Chapter 6; 6.5.1) (Snelgrove et al., 2014). In addition, Alternariol, a
mycotoxin produced by Alternaria has been shown to enhance CREB binding to CREs,
regulatory elements present in the Ormdl3 promoter region (Zhao et al., 2012; Zhuang et al.,
2013a). Interestingly, HDM was found less potent in the breakdown of the integrity of the
epithelial barrier in both genotypes (Chapter 4, Section 4.5.6). The reduced barrier damage in
Ormdl3 KO mice in response to Alternaria stimulation also likely contributed to improved AHR
values (Chapter 4, Sections 4.5.6, 4.5.10).

7.1.5 ORMDL3 is a negative regulator of sphingolipid biosynthesis but has limited
influence on sphingolipid levels during pulmonary inflammation
As highlighted previously (Chapter 1; Section 1.10.4), in vitro ORMDL3 has been described as
negative regulator of sphingolipid biosynthesis (Breslow et al., 2010; Oyeniran et al., 2015),
however it was not known whether ORMDL3 inhibits de novo sphingolipid synthesis in vivo.
This thesis (Chapter 5) has shown that ORMDL3 negatively regulates sphingolipid biosynthesis
in mice. Interestingly, ORMDL3 mediated regulation of the sphingolipid biosynthesis pathways
did not affect important metabolites that have previously been reported to have an important
function in asthma. This includes the metabolites C1P and S1P (Maceyka and Spiegel, 2014),
which are also produced via the salvage pathway from sphingomyelin and not only by de novo
production (Oyeniran et al., 2015). This observation was in accordance with reports suggesting
that gene knockdown of all three members of the ORMDL protein family are needed to
measurably affect ceramide levels (Breslow et al., 2010; Oyeniran et al., 2015). Dysregulation of
the sphingolipid metabolism therefore, contributed only to a minor extent to the protective
effect of Ormdl3 deficiency on AHR, eosinophilia and IgE class switching.
Allergen administration itself potently induced sphingolipid biosynthesis, shown by
significantly induced 3-ketosphinganine levels (Chapter 5, Section 5.5.1). Other metabolites
with important roles in asthma pathophysiology were also induced, notably hexosylceramides
as well as several ceramide derivates and C1P. Due to the understudied status of
hexosylceramides in allergy, these metabolites represent an interesting target for future
asthma research. Of the limited studies in the literature it has been shown that i.n.
administration of hexosylceramide significantly induced natural killer T-cell and ILC2
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activation, in line with AHR development (Kim et al., 2012). This finding was supported by
studies investigating the effects of a glucosylceramide synthase inhibitor, which significantly
ameliorated OVA induced AHR when the inhibitor was administered prophylactically (Karman
et al., 2010). In addition it was shown that hexosylceramides are overrepresented in exosomes
(Raposo and Stoorvogel, 2013), vesicles secreted by structural and effector cells relevant in
asthma pathology, including epithelial cells and B-cells, and therefore with a potential role in
asthma disease promotion (Kulshreshtha et al., 2013; Wubbolts et al., 2003). Thus,
hexosylceramides might represent potent pro-inflammatory mediators in asthma. It has also
been reported that fungi produce hexosylceramides (Singh and Del Poeta, 2016), and an
important line of investigation therefore is to establish whether hexosylceramide potentially
present in the Alternaria extract caused the detected upregulation of the metabolite. In addition
it would be interesting to investigate whether hexosylceramide is capable of inducing asthma
related immunopathology.
During hierarchical cluster analysis (Chapter 5; Section 5.5.9) it became evident that
consistently upregulated sphingolipid levels in the Ormdl3 KO mice at baseline meant that
several of these animals clustered closer to the sphingolipid profile of mice administered
Alternaria than control PBS mice during immune homeostasis. This suggests that Ormdl3
deficient mice might be more susceptible to disease onset, with sphingolipid levels elevated to
disease levels compared to WT mice. Interestingly it was recently suggested that ORMDL3 is
indeed a negative regulator of sphingolipid biosynthesis at baseline, though if overexpressed,
this regulatory function is reversed and the pathway is induced (Oyeniran et al., 2015). This
would suggest that patients in possession of asthma associated SNPs in ORMDL3 would exhibit
enhanced, rather than decreased sphingolipid concentrations, which would correlate with the
pro-inflammatory nature of various metabolites (Maceyka and Spiegel, 2014). Consequently,
the question whether Ormdl3 KO mice are more responsive to acute allergens exposure was
investigated in subsequent experiments.

7.1.6 Do elevated sphingolipid baseline levels correlate with facilitated induction
of allergy?
To investigate the theory that Ormdl3 KO mice might show enhanced susceptibility to allergic
airways disease onset, a new project was initiated and preliminary data was provided in this
thesis to begin to address this interesting question. Interestingly it was already evident that 1
hour after a single exposure to Alternaria, Ormdl3 deficiency promoted an immediate release of
IL-33 into the airway lumen, which was not apparent in WT mice (Chapter 6, Section 6.5.1).
This response was potentiated when a low level of innate inflammation was induced by two
previous Alternaria administrations prior to the final allergen application. Significantly
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enhanced cytokine production and secretion was detected for key type 2 cytokines in both the
lung tissue and airways, apart from IL-5, which was induced only in the tissue (Chapter 6,
Sections 6.5.3 and 6.5.4). The inflammatory pattern of WT and Ormdl3 KO mice was similar,
suggesting that the enhanced levels of IL-33 in Ormdl3 deficient mice induced present
inflammatory cells to produce and secrete type-2 cytokines more potently. FTY-720, a
pharmacological inhibitor of S1P synthesis, has previously been shown to significantly downregulate IL-33 during HDM.induced allergic airways disease suggesting that S1P controls IL-33
release (Oyeniran et al., 2015). This underlines the need to study the sphingolipid metabolome
of both WT and Ormdl3 KO mice during the phase of innate inflammation, shortly after allergen
administration to further evaluate the connection between S1P release and increased IL-33
levels.
Interestingly, it was evident that in contrast to short-term models of Alternaria-induced
inflammation, Ormdl3 deficiency consistently resulted in reduced BALF IL-4 and IL-13
concentrations when chronic allergic airways disease was induced (Chapter3, Section 3.5.6 and
Chapter 4, Section 4.5.10). The inhibitory effect of ORMDL3 on IL-4, however, is in accordance
with previously reported OVA studies involving constitutively overexpressing ORMDL3 mice
showing higher levels of lung tissue IL-4 levels (Miller et al., 2014).
The present study did not intensely investigate whether the reduction in BALF IL-4/IL-13 in
the absence of Ormdl3 is a function of defective cytokine secretion or a reduction in effector cell
numbers which are producing the cytokines in the airway lumen. This therefore needs to be
further investigated in future studies. Nonetheless it was evident that significantly increased
levels of IL-13 expressing T-cells were present in the BALF following low-dose Alternaria
administration to epithelial Ormdl3 expressing mice (Chapter 4, Section 4.5.10), suggesting that
epithelial Ormdl3 might specifically regulate Th2 cell recruitment to the airway lumen.
Pathways by which ORMDL3 could potentially regulate these functions include the sphingolipid
biosynthesis pathway and ER-stress both mechanisms which ORMDL3 function has been linked
to (Chapter 4, Section 4.5.6) (Breslow et al., 2010; Cantero-Recasens et al., 2009; Oyeniran et
al., 2015). Pharmacological compounds such as myriocin, which inhibit de novo sphingolipid
synthesis and FTY-720, a structural analogue to S1P, were previously shown to ameliorate
HDM induced allergic airways disease, including IL-4 and IL-13 gene expression (Oyeniran et
al., 2015). However it needs to be emphasised that contrary to pharmacological inhibitors,
Ormdl3 ablation is associated with increased sphingolipid production (Chapter 5) (Breslow et
al., 2010). Nonetheless, Ormdl3 overexpression in the pulmonary epithelium of IL-13 KO mice
showed that epithelial ORMDL3’s capacity to augment AHR is dependent on IL-13, suggesting
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an essential contribution of the cytokine to the observed phenotypes following Ormdl3 deletion
or epithelial overexpression (Chapter 4, Section 4.5.11).
Overall it is not trivial to delineate why Ormdl3 deficiency is linked to type-2 cytokine
exacerbation in short-term models of Alternaria-induced inflammation, while decreased BALF
IL-4/IL-13 concentrations were evident in chronic models of allergic airways disease. It is
possible though that type-2 cytokine expression is differentially regulated by ORMDL3 during
dominant phases of innate or adaptive immunity, respectively. In addition, as disease
parameters were assessed at 18 h post final allergen challenge, it is feasible that Ormdl3 KO
mice show an enhanced acute type-2 cytokine profile 1 h after the final challenge even in
models of chronic Alternaria induced allergic airways disease.
In conclusion, Ormdl3 deficiency led to reduced IL-4 and IL-13 secretion into the BALF lumen
when chronic allergic airways disease was induced, in accordance with previous reports
associating increased ORMDL3 expression with enhanced type-2 cytokine production in OVA
induced pulmonary inflammation and in SNP carrying patients (Miller et al., 2014; Schedel et
al., 2015). Further, it is important to underline that type-2 cytokine production and secretion
might be induced by different sphingolipids (Oyeniran et al., 2015). Ormdl3 KO mice have been
shown to exhibit elevated levels of several sphingolipid metabolites at baseline (Chapter 5),
which might provoke a more potent type-2 response in Ormdl3 KO mice before adaptive
immunity has developed. In this context it should also be highlighted that asthma disease
progression correlates with increased sphingolipid levels in patients (Ammit et al., 2001;
Oyeniran et al., 2015), supporting the finding that the elimination of a negative regulator of
sphingolipid biosynthesis (ORMDL3) results in more severe disease pathology under certain
conditions (Chapter 6).

7.2 Impact of the project
The impact of this project on the research field of allergy is extremely significant, as this thesis
provides the first study focused on the description of ORMDL3 function in multiple in vivo
models of allergic airways disease. The aim was to identify how the protein’s function
correlates with the result of pioneering GWA studies; linking elevated ORMDL3 expression with
enhanced disease progression (Moffatt et al., 2007). Indeed, it was found that Ormdl3 deficient
mice were protected from severe AHR, eosinophilia and IgE class switching in a model of
Alternaria-induced allergic airways disease. Asthma is characterised as a disease of the
conducting airways (Murdoch and Lloyd, 2010) and therefore it was an important observation
that it is Ormdl3 expression in epithelial cells, structural cells of the airway in which Ormdl3
was previously shown to be upregulated upon allergen stimulation, rather than immune cells
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that contribute to disease. In addition, the thesis provides a thorough analysis of pulmonary
sphingolipid metabolomics demonstrating that ORMDL3 exclusively regulates the de novo
sphingolipid synthesis pathway. Neither C1P nor S1P, which have been previously linked with
asthma pathogenesis were significantly affected by Ormdl3 deletion. Notably, this study reports
an opposing function of ORMDL3 during acute and chronic allergen encounter. While deletion
of the protein was protective in the chronic model of allergic airways disease, ORMDL3 ablation
in acute allergen exposure models potentiated IL-33 and type-2 cytokine production, providing
a potential first insight as to how mildly elevated levels of sphingolipids at immune
homeostasis might promote allergen sensitisation in patients.

7.3 Future work
7.3.1 To assess the sphingolipid profile of the serum of SNP carrying patients
Research trying to identify specific functions of ORMDL3 in vivo or in vitro is currently limited
due to the fact that the sphingolipid metabolome of SNP carrying patients is unknown.
ORMDL3 was identified as a negative regulator of sphingolipid biosynthesis in vitro and now in
vivo (Chapter 5). The data identifying ORMDL3 as a negative regulator is however, at odds with
independent reports showing elevated ORMDL3 expression in SNP carrying patients (Moffatt et
al., 2007) and asthma disease progression being associated with enhanced sphingolipid levels
(Oyeniran et al., 2015). It would be of interest to analyse sera collected from SNP positive
patients to assess via metabolomics whether they show dysregulated sphingolipid production
to finally address the essential question of how ORMDL3 regulates sphingolipids synthesis in
affected patients.

7.3.2 To identify the airway lumen localised effector cell accounting for the
reduced IL-4 levels in the BALF of Ormdl3 KO mice
In this thesis it was shown that following chronic Alternaria or HDM application, IL-4 and
inconsistently IL-13 levels were reduced in the BALF. It would therefore be important to
identify the cellular source of the decreased cytokine production. Cells capable of producing IL4 in the BALF were previously identified as ILC2’s, Th2 cells, eosinophils, basophils and mast
cells. A follow on experiment would be to isolate from WT and Ormdl3 KO mice exposed to 5
weeks of Alternaria administration, BALF localised cells and stain them with fluorophorelabelled antibodies in order to identify the different effector cell populations prior to assessing
their potential to express IL-4 via flow cytometry.

7.3.3 To investigate if ORMDL3 affects cytokine secretion
It is also possible that lower levels of IL-4 were not induced due to a change in effector cell
proportions in Ormdl3 KO mice after Alternaria exposure compared to WT mice. The reduction
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could instead have been caused by defective cytokine secretion mechanisms in these mice with
dysregulated sphingolipid biosynthesis. To assess the capacity of cells to secrete cytokines, Tcells could be isolated via Percoll gradient and fluorescence-activated cell sorting from mice
with induced allergic airways disease. The cells could then be cultured ex vivo, stimulated with
allergen, followed by cell media analyses by Enzyme Linked Immuno Spot Assay (ELISPOT) for
the presence and concentrations of different cytokines post stimulation.

7.3.4 To investigate the sphingolipid metabolome of the BALF of Alternaria
exposed Ormdl3 KO mice
A complete analysis of the sphingolipid metabolome was provided on lung tissue harvested
from WT and Ormdl3 KO mice but it was also found that sphingolipids are secreted into the
BALF (Nishiuma et al., 2008). In the BALF the sphingolipids could be playing a role in effector
cell chemotaxis. This could be established by analysing the sphingolipid content of the BALF at
different times following exposure to allergen.

7.3.5 To further investigate the role of ORMDL3 during inception of allergic
airways disease
Ormdl3 KO mice were shown to respond more intensely to acute Alternaria stimulation with
the prompt release of IL-33 into the airway lumen, and abruptly induced lung and BALF type-2
cytokine production in comparison to WT mice. More in depth studies are required with
additional experiments to describe why Ormdl3 elimination promotes allergic airways disease
onset. Again, ex vivo effector cell stimulation experiments would be helpful to test if secretory
pathways are affected, rather than cell recruitment. Immunofluorescence staining for IL-33 of
isolated lung tissue could be usefully applied in order to identify the IL-33 secreting cell type
regulated by Ormdl3 deletion. In addition, the effector cell profile of the BALF should be
assessed, as the analyses presented in this thesis were focused on lung tissue, yet type-2
cytokine levels were also increased in the BALF of Alternaria administered Ormdl3 KO mice.

7.4 Final conclusion
This thesis has made a very significant step in delineating how ORMDL3, a gene previously
associated

with

asthma

development

in

children,

regulates

Alternaria

induced

pathophysiology. Ormdl3 deficiency accounted for a protective effect on severe AHR induction,
eosinophilia and IgE class switching during Alternaria induced allergic airways disease when
compared to WT control mice. Specific functions of ORMDL3, including the promotion of
epithelial DAMP release, increased airway lumen type-2 inflammation and cytokine secretion
were assignable to the protein’s specific function in airway epithelial cells. The deterioration in
pathophysiology in WT mice compared to Ormdl3 KO mice was partly accounted for by
increased ER-stress and activation of the ATF6 UPR pathway, inducing IL-6 and XBP-1. It was
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also evident that Ormdl3 competent smooth muscle has a greater ability to contract towards
agonist stimulation than Ormdl3 deficient smooth muscle, contributing to the enhanced AHR
levels recorded in WT mice when Alternaria was administered, compared to Ormdl3 KO mice.
In addition it was shown that ORMDL3 negatively regulates de novo sphingolipid synthesis in
vivo, with no effect on important signalling molecules in asthma, first and foremost S1P and
C1P. Surprisingly, the sphingolipid profile of Ormdl3 deficient mice at immune homeostasis was
identified to be more closely related to the state during Alternaria induced allergic airways
disease than to metabolite concentrations found in PBS administered WT mice. It was therefore
hypothesised that individuals with elevated baseline levels of sphingolipids may be more prone
to experience asthma onset. This theory was supported by observations showing that following
acute Alternaria challenges, Ormdl3 KO mice were capable of immediately producing and
secreting higher levels of type-2 cytokines in the lungs and airway lumen than WT mice.
Collectively, the data contained within this thesis provides insight into how ORMDL3, a gene
associated with childhood asthma, regulates asthma disease pathophysiology, delivering
evidence that this molecule identified by GWA studies regulates allergic disease and effectively
promotes disease onset and progression.
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Abstract
Background
Genome-wide association studies have identified the ORMDL3 (ORM (yeast)-like protein isoform 3) gene locus on
human chromosome 17q to be a highly significant risk factor for childhood-onset asthma.
Objective
We sought to investigate in vivo the functional role of ORMDL3 in disease inception.
Methods
An Ormdl3 deficient mouse was generated and the role of ORMDL3 in the generation of allergic airways disease to
the fungal aeroallergen Alternaria alternata determined. An adeno-associated viral vector was also utilized to
reconstitute ORMDL3 expression in airway epithelial cells of Ormdl3 KO mice.
Results
Ormdl3 knock-out mice were found to be protected from developing allergic airways disease and showed a marked
decrease in pathophysiology, including lung function and airway eosinophilia induced by Alternaria. Alternaria is a
potent inducer of cellular stress and the unfolded protein response and ORMDL3 was found to play a critical role in
driving the ATF6 mediated arm of this response through Xbp1 and downstream activation of the endoplasmic
reticulum-associated degradation pathway. Additionally ORMDL3 mediated uric acid release, another marker of
cellular stress. In the knockout mice, reconstitution of Ormdl3 transcript levels specifically in the bronchial
epithelium resulted in reinstatement of susceptibility to fungal allergen-induced allergic airways disease.
Conclusions
This study demonstrates that ORMDL3, an asthma susceptibility gene identified by genome-wide association studies,
contributes to key pathways that promote changes in airway physiology during allergic immune responses.
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Novel insights into the in vivo function of Ormdl3 - a gene associated with the onset of
childhood asthma.
Stephan Loeser1, Youming Zhang2, Lisa G. Gregory1, Simone A. Walker1, Charlotte Dean1, Laura Denney1, Gaelle M. F.
Herledan1, William O. C. Cookson2, Miriam F. Moffatt2, Clare M. Lloyd1
Leukocyte Biology Section, National Heart and Lung Institute, Imperial College London, Exhibition Road, SW7 2AZ,
London, United Kingdom
1

Genomic Medicine, National Heart and Lung Institute, Imperial College London, Dovehouse Street, SW3 6LY,
London, United Kingdom
2

The genes involved in the pathological development of allergic asthma are largely understudied. In 2007, Moffatt et
al. found that genetic polymorphisms in ORMDL3 are associated with childhood onset asthma. Subsequently the
ORMDL3 locus has been shown to be the strongest and most consistent genetic association to childhood asthma.
ORMDL3, an endoplasmic reticulum (ER) located transmembrane protein, has been postulated to trigger ER
mediated Ca2+ homeostasis and to regulate sphingolipid biosynthesis. In order to investigate the functional role of
Ormdl3 in development of asthma we utilized an Ormdl3 deficient mouse line (conditional knockout) and
determined the effect of allergen exposure on lung function and allergic inflammation. Mice were both viable and
fertile and showed no discernible baseline phenotype. Exposure of Ormdl3-/- mice to the fungal allergen extract
Alternaria alternata (over a period of 5 weeks), however resulted in significantly reduced airway hyperreactivity
(AHR) [Airway resistance at 100 mg/mL methacholine: 5.66 cmH2O.s/mL vs. 2.72 cmH2O.s/mL; P = 0.007], as well
as decreased production of the Th2 cytokine IL-13 in both lung tissue [101.5 pg/mL vs. 57.21 pg/mL; P = 0.007] and
BALF [345.86 pg/mL vs. 105.17 pg/mL; P = 0.065] in comparison to wild type (WT) mice. In contrast there was little
change in levels of eosinophil recruitment to the lungs. In addition we found total and allergen specific IgE antibody
levels to be significantly decreased in the serum of Ormdl3-/- mice in relation to WT mice, accompanied by a
reduction in IL-4 gene expression. This study shows for the first time how an asthma susceptibility gene, identified
in a GWAS study, affects development of allergic immune responses. The specific mechanisms underlying the effects
of Ormdl3 deficiency on ADD (Allergic Airways Disease) development are currently under further investigation.
Presented as oral presentation at the EAACI Winter School on Basic Research in Allergy and Clinical Immunology
(Poiana Brasov, Romania, 30th January – 2nd February 2014)
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Stephan Loeser1, Youming Zhang2, Lisa G. Gregory1, Simone A. Walker1, Charlotte Dean1, Laura Denney1, Gaelle M. F.
Herledan1, William O. C. Cookson2, Miriam F. Moffatt2, Clare M. Lloyd1
Leukocyte Biology Section, National Heart and Lung Institute, Imperial College London, Exhibition Road, SW7 2AZ,
London, United Kingdom
1

Genomic Medicine, National Heart and Lung Institute, Imperial College London, Dovehouse Street, SW3 6LY,
London, United Kingdom
2

Multiple phenotypic characteristics of allergic asthma have been described, whereas the influence of genetics on its
development is largely understudied. In 2007 it was found that a single nucleotide polymorphism in ORMDL3 on
chromosome 17 is associated with asthma development during childhood. Subsequently ORMDL3 has been found to
be an important regulator of sphingolipid biosynthesis and an inducer of endoplasmic reticulum (ER) stress. In
order to investigate the effect of ORMDL3 in the onset of asthma, we utilized an Ormdl3 knockout mouse to
determine the functional role of ORMDL3 in development of AHR and allergic inflammation following allergen
exposure. Mice were both viable and fertile and showed no discernible baseline phenotype. Administration of the
fungal allergen extract Alternaria alternata to wild type (WT) mice over a period of 5 weeks, induced airway
hyperreactivity (AHR) and IL-13 production in both lung and bronchoalveolar lavage fluid (BALF). In Ormdl3-/- mice,
Alternaria induced AHR and IL-13 levels were significantly reduced. In contrast there was little change in levels of
eosinophil recruitment to the lungs. In addition we found total and allergen specific IgE antibody levels to be
significantly decreased in the serum of Ormdl3-/- mice compared to WT mice, concomitant with reduced IL-4 gene
expression. Furthermore, Ormdl3-/- mice showed significantly less epithelial damage, assessed by uric acid
measurements in the BALF. This study shows for the first time how an asthma susceptibility gene, identified in a
GWAS study, affects development of allergic immune responses.
Presented as oral presentation at the BSI Congress, Brighton 1st - 4th December 2014
Abstract was published in:
Loeser S, Zhang Y, Gregory L, Walker S, Dean C, Schaefer K, Denney L, Cookson WOC, Moffatt MF, Lloyd CM,
2014, Novel insights into the in vivo function of Ormdl3 - a gene associated with the onset of childhood asthma,
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Deficiency of the childhood onset asthma marker Ormdl3 protects mice from fungal
allergen induced airway hyperreactivity and causes dysregulation of pulmonary
sphingolipid biosynthesis.
Stephan Loeser1, Youming Zhang2*, Lisa G. Gregory1*, Simone A. Walker1, Katrein Schaefer1, James Buckley1, William
O. C. Cookson2, Miriam F. Moffatt2, Clare M. Lloyd1
Leukocyte Biology Section, National Heart and Lung Institute, Imperial College London, Exhibition Road, SW7 2AZ,
London, United Kingdom
1

Genomic Medicine, National Heart and Lung Institute, Imperial College London, Dovehouse Street, SW3 6LY,
London, United Kingdom
2

ORMDL3 has been identified as a genetic marker for childhood onset asthma in a GWA study (PMID: 20860503). To
examine the biological function of ORMDL3 in the pathogenesis of asthma we have developed a model of chronic
allergic airways disease induced by the fungal allergen Alternaria alternata. Alternaria administration to wild type
(WT) mice, over a period of 5 weeks, results in airway hyperreactivity (AHR), but Ormdl3 knockout (KO) mice are
protected (Loeser et al, Winterschool 2014).
Recently it has been shown that low levels of ceramides in the lungs can trigger development of AHR (PMID:
23698380). In order to delineate if changes in sphingolipid levels account for the reduced AHR in Ormdl3 KO mice,
we assessed pulmonary sphingolipid levels by mass spectrometry. For the first time we show that ORMDL3
negatively regulates sphingolipid biosynthesis in a vertebrate organism. Key sphingolipids (e.g. di-hydroceramide,
ceramide) show significantly higher baseline levels in KO mice. Additionally, changes in the sphingolipid metabolism
correlate with lung function as total allergen induced di-hydroceramide levels are significantly elevated in KO mice
compared to WT controls.
ORMDL3 has also been shown to be an activator of the UPR (unfolded protein response) (PMID: 23011799). We
therefore assessed if specific UPR induced genes are down-regulated in Ormdl3 KO mice following Alternaria
administration. The UPR induced transcripts of Xbp1 and Atf4 were significantly lower in KO mice compared to WT
mice. Additionally, KO mice had reduced levels of uric acid in the bronchoalveolar lavage fluid following Alternaria
challenge indicating they are protected from fungal induced damage to the epithelial barrier.
Thus, we provide the first evidence that ORMDL3, an asthma susceptibility gene identified by GWAS, contributes to a
number of key pathways which promote changes in airway physiology during allergic immune responses.
Presented as poster presentation at the EAACI Winter School on Basic Research in Allergy and Clinical Immunology (Les
Arcs 1800, France, from 5th – 8th Fe
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