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Abstract 

 

Mast cells (MCs) are potent immune tissue resident cells located at the interface between 

the host and environment. They express a plethora of receptors, allowing them to respond 

to a great variety of stimuli, such as extracellular ATP, a ligand of P2X receptors (P2XRs). IL-

33, a cytokine released upon damage from epithelial cells, modulates activities such as 

mediator release and degranulation upon IgE sensitization. Due to the possible crosstalk 

between IL-33 and ATP, the aim of this thesis is to investigate the potentiating role of IL-33 

on ATP mediated MC activities using an in vitro model of human primary MCs. 

In comparison to ADP, high concentrations of ATP initiated MC degranulation, which was 

further potentiated by IL-33 but not by TSLP, another epithelial cytokine. IL-33 also 

increased the release of IL-8, induced by both ATP and ADP, while showing no effect on the 

release of MCP-1 or IL-13. In ATP, but not BzATP mediated intracellular signalling, IL-33 led 

to an increase in ERK1/2 signalling, but to a decrease of STAT3 and NF-kB signalling for both 

stimuli. Although IL-оо ǇƻǘŜƴǘƛŀǘŜŘ !¢t ƳŜŘƛŀǘŜŘ a/ ŘŜƎǊŀƴǳƭŀǘƛƻƴΣ ǘƘƛǎ ŜŦŦŜŎǘ ŘƛŘƴΩǘ 

correlate with a calcium flux in 1000µM BzATP. Use of orthosteric and allosteric P2X7 

inhibitors helped to demonstrate that the activation of P2X7 leads to MC degranulation and 

intracellular signalling, which is then potentiated by IL-33 cross talking with P2X7. Use of 

NF449 and 5BDBD inhibitors revealed no involvement of P2X1 and P2X4 in MC mediated 

degranulation or its activation being potentiated by IL-33. 

While IL-33 upregulated gene expression of a great number of pro-inflammatory molecules, 

it did not affect the expression of P2XR transcript but led to increase in membrane 

expression of P2X1 and P2X7. When mimicking the inflammatory model, by stimulating IL-33 

ǘǊŜŀǘŜŘ a/ǎ ōȅ ǎǳǇŜǊƴŀǘŀƴǘǎ ŦǊƻƳ ŘŀƳŀƎŜŘ ŜǇƛǘƘŜƭƛŀƭ ŎŜƭƭǎΣ a/ ŘŜƎǊŀƴǳƭŀǘƛƻƴ ǿŀǎƴΩǘ 

observed. This was either due to no presence or a presence of low concentrations of ATP in 

the supernatants. 

The novel data obtained in this thesis shows a unique potentiating effect of IL-33 on ATP 

mediated degranulation together with a release of specific mediators and components of 

intracellular signalling, suggesting an importance of ATP and IL-33 crosstalk in inflammatory 

conditions.  
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Lay Abstract 

 

Epithelial cells, which line surfaces of our body and organs, release an abundance of various 

inflammatory mediators during disease conditions that can activate adjacent immune cells 

residing in the tissue. One type of immune cells activated during this process are mast cells, 

which upon contact with these mediators can initiate and/or increase the inflammatory 

conditions by releasing the content of its secretory granules called degranulation and affect 

migration of other types of immune cells into the tissue. Two of the danger signals released 

from stressed epithelial cells are IL-33 and ATP, which have been shown to influence mast cell 

behaviour. We have therefore decided to investigate if IL-33 can enhance mast cell activation 

and degranulation upon ATP stimulation, which will help us to understand the contribution 

of mast cells to inflammatory conditions using an in vitro model of human primary mast cells, 

as both IL-33 and ATP concentrations are increased during inflammation. 

Our results show that indeed IL-33 is able to increase ATP triggered mast cell activation, 

degranulation, cytokine release and influence specific parts of signalling within the cell. This 

altogether affects the production and release of various cytokine and chemokines, together 

with increased attraction of other immune cells into the site, further promoting inflammatory 

conditions. IL-33 was also able to promote expression of receptors to which ATP binds to, 

called P2X receptors, with their blockade revealing that the P2X7 receptor is directly involved 

in ATP mediated mast cell degranulation in comparison to other P2X receptors, highlighting 

the importance of P2X7 in modulation of mast cells activities. 

Our data has also identified that the effect of IL-33 on ATP triggered mast cell degranulation 

is not shared by mediators with the similar function to IL-33, as the use of another mediator 

released from dying epithelial cells showed no effect on mast cell degranulation initiated by 

ATP. However, when trying to mimic inflammatory model using mediators released straight 

from epithelial cells, no mast cell activity was observed. 

Overall, our novel data shows the importance of investigating mast cell activation in the 

context of two or more mediators and how this might influence progression of inflammatory 

conditions during various diseases through increased release of specific mediators, 

potentially helping us to develop better treatments. 
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1.1 Introduction 

 

For many years mast cells (MCs) were mainly considered to be major players in allergic 

reactions mediated by allergen-IgE interactions through the high affinity receptor Fc₵RI (Shea-

Donohue et al., 2010; Galli & Tsai, 2012), resulting in the release of numerous pre-stored and 

newly synthesized cytokines, chemokines, and other mediators (Moon et al., 2014). However, 

as MCs respond to a multitude of stimuli through various receptors (e.g., complement, toll-

like receptors) (Yu et al., 2016), more ways of achieving MC activation through receptors other 

ǘƘŀƴ CŎʶwL ŀǊŜ ŎǳǊǊŜƴǘƭȅ ōŜƛƴƎ ǎǘǳŘƛŜŘΦ 

Among activating receptors, P2X receptors (P2XR) are ion channels expressed on the MC 

membrane, able to directly induce MC degranulation (Wareham et al., 2009; Wareham & 

Seward, 2016; Nurkhametova et al., 2019) or, in the case of P2X4R, potentiate IgE-mediated 

MC degranulation (Yoshida, Ito, & Matsuoka, 2017). All members of the P2XR family are 

activated by extracellular ATP, which is released by damaged epithelial and endothelial cells 

during pathological conditions (North, 2002). 

Another receptor expressed by MCs is ST2, whose sole ligand is the cytokine IL-33 

(Griesenauer & Paczesny, 2017). IL-33 is an alarmin released by necrotic epithelial and 

endothelial cells, actively promoting the release of pro-inflammatory mediators, while also 

potentiating IgE-mediated MC degranulation (Joulia et al., 2017; Chan et al., 2019) and the 

activity of other receptors by interfering with their intracellular signalling pathways, as 

demonstrated by the ST2/CD117 crosstalk (Drube et al., 2010). 

Despite MCs being known as important players in the development of asthma and other lung 

conditions (Méndez-Enríquez & Hallgren, 2019), and that IL-33 and ATP concentrations 

increase during lung inflammation ό[ƻƳƳŀǘȊǎŎƘ Ŝǘ ŀƭΦΣ нлмлΤ ·ƛŀ Ŝǘ ŀƭΦΣ нлмрΤ IƭŀǇőƛŏ Ŝǘ ŀƭΦΣ 

2019), the role played by both IL-33 and ATP in shaping MC activation is still unclear. 

The following subchapters will explore the role and function of MCs, IL-33, and ATP during 

inflammatory conditions, while also describing their involvement in lung pathology. 
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1.2 Mast cells 

 

MCs are part of the innate branch of the immune system, mostly found in skin and mucosal 

tissues throughout the body. MCs display a broad spectrum of receptors, through which they 

can respond to a variety of exogenous and endogenous mediators by releasing cytokines, 

chemokines, growth factors and/or lipid mediators (Lunderius Andersson et al., 2012). Most 

significant external stimuli promoting MC degranulation include IgE receptor crosslinking or 

binding of complement factors and toll-like ligands to their respective receptors (Gurish & 

Austen, 2012; Wernersson & Pejler, 2014; Yu et al., 2016; Joulia et al., 2017).  MCs play 

multiple important roles in the human organism, ranging from pathogen elimination to 

participating in the pathogenesis of various diseases, such as autoimmunity, cardiovascular 

disease, or cancer (Metz & Maurer, 2007; Krystel-Whittemore et al., 2015). 

 

1.2.1 Mast Cells Origin and Location 

MCs were first described in 1877 by Paul Ehrlich. Initially, MCs were solely considered effector 

cells of allergy, even though their contribution to the pathogenesis was delineated only after 

the discovery of IgE in 1966 (Ishizaka et al., 1970). Lǘ ǿŀǎƴΩǘ ǳƴǘƛƭ ǘƘŜ мффлǎ ǿƘŜƴ ƛǘ ǿŀǎ 

discovered that MCs are not only mediators of allergic reactions, but mediate diverse 

functions in the organism (Beaven, 2009). 

Until recently, the origin of MCs was also poorly understood. MCs were considered to arise 

uniquely from bone marrow hematopoietic stem cells. However, a study conducted in mice 

by Gentek et al. (2018) demonstrated that MCs, like macrophages, are actually of dual 

hematopoietic origin. The first wave of MCs therefore originates from the yolk sac in the 

embryonic stage and is subsequently replaced by a definitive bone marrow-derived MC 

population during later developmental stages. The study also observed that the replacement 

of yolk sac-derived MCs exhibits tissue specific kinetics. For example, skin MCs remain 

predominantly yolk sac-derived, contrary to other organ-specific MCs. A similar finding was 

reported the same year by Li et al. (2018), suggesting that the duality of MC origin could affect 

the MC phenotype and function in a tissue-specific manner.   
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In the bone marrow, multipotent progenitors lose their self-renewal capacity before further 

differentiating into common lymphoid progenitors or common myeloid progenitors (Akashi 

et al., 2000). For a long time there was a debate about which precursor MCs they derive from, 

until findings from Arinobu et al. (2005) and Franco et al. (2010) confirmed that MCs 

differentiate from granulocyte/monocyte progenitors, branching off from common myeloid 

progenitors. Furthermore, bipotent basophil/MC progenitors were discovered in the spleen 

of C57BL mice, suggesting a close developmental relationship between MC and basophil 

lineages (Dahlin & Hallgren, 2015). 

MCs have a widespread tissue distribution but mainly reside in mucosal and epithelial tissues. 

They serve an important role in barrier immunity as they are located at the interface with the 

external environment of the respiratory epithelium, skin, and gastrointestinal tract (Galli et 

al., 2005; da Silva et al., 2014); areas continuously exposed to the invasion of pathogens or 

potentially harmful substances. Since both excessive MC accumulation in the tissue or 

inappropriate MC localisation could be harmful, homing of MC progenitors and the number 

of tissue-residing MCs must be tightly regulated (Hallgren & Gurish, 2007). This is achieved by 

MC maturation being controlled by a combination of recruitment precursors, maturation of 

resident precursors and local proliferation (Marshall, 2004). 

The most important mediator required for MC maturation and survival is the stem cell factor 

(SCF). SCF influences MC development, survival, and migration, and its withdrawal leads 

rapidly to apoptosis (Caslin et al., 2018). SCF is a ligand for the CD117 (also called c-kit) 

receptor, which is highly expressed by human stem cells and MCs, in contrast to other 

immune cells that usually lose CD117 receptor expression upon differentiation (Galli et al., 

2015). An impaired response to SCF results in overwhelmingly negative effects on MCs in vivo, 

such as the rapid decrease in MC numbers, while an unchecked activation leads to abnormal 

MC accumulation in tissues (Marshall, 2004; Shea-Donohue et al., 2010). Other important 

cytokines promoting MC maturation and differentiation are IL-3 and IL-6 (Dahl et al., 2004; 

Okayama & Kawakami, 2006). However, these are not the only mediators that promote MC 

differentiation. For example, chemokine MCP-1, specific cytokines (IL-2, IL-3, IL-4, IL-9, IL-18), 

or nerve growth factor (NGF) produced in the tissue (including different sites within the same 

tissue) can influence the number, phenotype, and distribution of MCs in a specific location. 
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Main intracellular events regulating MC differentiation include the activation of transcription 

factors, like PU.1, STAT5 or GATA-2, without which the MC lineage cannot properly 

differentiate (Dahlin & Hallgren, 2015). Due to the variability of responses obtained during 

the developmental process, MCs are shaped by the surrounding environment and are 

therefore able to respond precisely to specific immunological, neurological and/or 

physiological signals (Metz & Maurer, 2007; Gurish & Austen, 2012). 

Human MC progenitors mature into two major subclasses, depending on the tissue they 

reside in. Connective tissue MCs are mainly distributed around nerve endings and venules, 

whilst mucosal MCs are mostly found in the gut and respiratory mucosae. Homing of MC 

progenitors to a specific tissue is either constitutive or driven by inflammation (Gurish & 

Austen, 2012). In order for MCs to reach their final destination, the cooperation between 

integrins, adhesion molecules, chemokines, cytokines and growth factors is required 

(Collington et al., 2011; Krystel-Whittemore et al., 2015).  

MC progenitors appear to be short-lived, in contrast to mature MCs which are long-lived and 

survive in tissues for months or even years. Contrary to granulocytes, MCs survive 

degranulation and are able to re-granulate (Amin, 2012; Dahlin & Hallgren, 2015). 

 

1.2.2 Mast Cell Granule Composition 

MCs are morphologically characterized by the presence of electron dense secretory granules 

that occupy around 60-80% of the cytoplasm (Amin, 2012). MC granules contain various 

preformed mediators, such as histamine or serotonin, chemokines, cytokines, and growth 

factors, such as tumour necrosis factor (TNF) and vascular endothelial growth factor (VEGF) 

(Wernersson & Pejler, 2014). Furthermore, mature granules store MC proteases (tryptase, 

chymase, cathepsin G, granzyme B and carboxypeptidase A3 (CPA3)), and the presence or 

absence of specific proteases distinguishes human mature MCs into defined subsets (Moon 

et al., 2014). According to the granule composition identified using immunohistochemistry, 

together with electron and light microscopy, MCs can be divided into two major subclasses, 

defined by the presence of tryptase, associated with (MCTc) or without (MCT) chymase. 

Mucosal MCs belong to the MCT phenotype, expressing only tryptase, while connective 

tissues MC belong to the MCTC phenotype, producing tryptase, chymase and 
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carboxypeptidases (Schwartz, 2006; Krystel-Whittemore et al., 2015). While MC proteases are 

used to define MC populations in humans, these phenotype differences are not as robust as 

observed in mouse models (Galli et al., 2020). 

All the proteases mentioned above are MC specific, however, MC granules also contain 

proteases shared with other cell types, like serglycin from the pǊƻǘŜƻƎƭȅŎŀƴΩǎ ŦŀƳƛƭȅ (Joulia et 

al., 2015). Proteoglycans are omnipresent in tissues, found both intracellularly and at the cell 

membrane, and are composed of a core protein covalently attached to polysaccharide chains 

of the glycosaminoglycan (GAG) family (Wernersson & Pejler, 2014). Specifically in MCs, 

proteoglycans of the serglycin type are abundant and can communicate electrostatically with 

other granule compounds due to their high anionic charge and density. Study by Grujic et al. 

(2013) reported that the composition of MC granules is dependent on the dynamic 

interactions between charged compounds and a reduction in proteoglycans content, which 

would result in the impaired storage of other granule compounds.  

When viewed under a microscope, MC granules appear to be highly homogenous and 

morphologically similar. However, there is evidence that granules are in fact heterogenous, 

beyond tryptase and chymase differences. Several studies proposed various types of MC 

granules, depending on the presence of specific components (Raposo et al., 1997; Baram et 

al., 1999; Puri & Roche, 2008). The high heterogeneity of MCs granule composition might be 

dependent on the tissue of residence, species, health, and the age of the individual. However, 

none of these hypotheses have yet been confirmed in vivo (Gunin et al., 2011; Moon et al., 

2014). 

 

1.2.3 Function of Mast Cells 

MCs secrete a large range of active compounds, therefore exerting different functions while 

also being recognized as the main mediators of allergic symptoms in allergic diseases (Moon 

et al., 2014). However, in the past decade, many tissue-specific functions were shown to be 

regulated and/or influenced by MCs, like wound healing, recruitment and the regulation of 

innate and adaptive immune responses, peripheral tolerance, blood flow regulation, mucosal 

secretion and defence against bacteria and parasites. This plethora of responses is, however, 

dependent on the type of activation, mediator release if MCs underwent degranulation (Galli 
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et al., 2005; Bischoff, 2007; Rao & Brown, 2008; da Silva et al., 2014; Varricchi et al., 2019). 

MCs were also recognized as important players in the maturation of Th17 cells and as being 

involved in the crosstalk with innate cells, such as ILC2 (Theoharides et al., 2012).  

 

1.2.4 Mechanism of Mast Cell Activation and Degranulation 

MCs can be activated by several stimuli, acting on a wide variety of receptors. The range of 

MCs responses to different stimuli, however, are influenced by other factors affecting the 

expression or function of membrane receptors and/or signalling molecules involved (da Silva 

et al., 2014).  

As MCs are best known for their role in allergic diseases, the mechanism of MC activation 

mediated by IgE and its high affinity receptor, Fc₵RI, highly expressed on the surface of MCs, 

is well described. IgE antibodies are produced by B cells upon exposure to IL-4, produced by 

follicular T-CD4+ cells, promoting antibody class switch (Lodish, 2000). Only a small quantity 

of IgE can be found in the circulation as the majority is predominantly cell-bound via Fc₵RI 

(Krystel-Whittemore et al., 2015). In allergic patients, allergen-specific IgE released by B cells 

binds to Fc₵RI by their Fc segment, resulting in the sensitization of MCs and their priming to 

respond to the allergen via the exposed antigen binding segment (Fab) (Amin, 2012). Upon 

the allergen binding to the specific IgE, the crosslinking of two or more Fc₵RI receptors is 

induced, activating a phosphorylation cascade through various Src kinases. There are four 

main downstream signalling pathways activated upon Fc₵RI crosslinking in MCs (Kalesnikoff 

& Galli, 2008). In the first one, Fc₵RI links with the Lyn tyrosine kinase, which in turn activates 

Syk tyrosine kinase and several adapter proteins. Lyn tyrosine kinase is a signalling 

intermediate that has the ability to influence signalling in immune cells and is known to be an 

important regulator of autoimmune diseases (Ingley, 2012). Syk tyrosine kinase, on the 

contrary, activates a signalling cascade that leads to MC degranulation and the release of 

cytokines (Siraganian et al., 2010). Upon crosslinking, another tyrosine kinase, Fyn, acts as a 

positive regulator of mast cell degranulation. However, the role of Fyn in the modulation of 

MC responses remains controversial (Parravicini et al., 2002; Barbu et al., 2010; Hwang et al., 

2013). MCs also express other tyrosine kinases, such as Hck and Fgr, both having a positive 

regulatory role on Fc₵RI-mediated MC activation (Hong et al., 2007; Lee et al., 2011) 
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However, Fc₵RI is not the only antibody receptor regulating MC function. IgG multimeric 

receptors όCŎʴwύΣ ǿƛǘƘ CŎʴwLLŀ ŀƴŘ CŎʴwLLō ŜȄǇǊŜǎǎŜŘ ōȅ ƘǳƳŀƴ a/ ŀƴŘ CŎʴwLLLŀ ŀƴŘ CŎʴwLLō 

ŜȄǇǊŜǎǎŜŘ ōȅ ƳƻǳǎŜ a/ǎΣ Ŏŀƴ ǊŜƎǳƭŀǘŜ a/ ŀŎǘƛǾŀǘƛƻƴΣ ǿƘƛƭŜ CŎʴwLLō ŀŎǘǎ ŀǎ ŀƴ ƛƴƘƛōƛǘƻǊȅ LƎD 

receptor (Daëron, 2016). A study by Joulia et al. (2015) ǎƘƻǿŜŘ ǘƘŀǘ CŎʴw Ŏŀƴ ōŜ activated 

either by opsonized B cells or T. gondii tachyzoites and results in MC degranulation. Fang et 

al. (2012) ǿŜǊŜ ŀōƭŜ ǘƻ ƛŘŜƴǘƛŦȅ CŎʴwLLō ŀǎ ŀ ǊŜƎǳƭŀǘƻǊ ƻŦ a/ Ǿƛŀōƛƭƛǘȅ ƛƴ ƳƻǳǎŜ bone-marrow 

derived MCs (BMMCs)Σ ŀǎ ǘƘŜ ŀƎƎǊŜƎŀǘƛƻƴ ƻŦ CŎʴwLLō ƛƴŘǳŎŜŘ ōȅ LƎD ǊŜǎǳƭǘŜŘ ƛƴ ŎŜƭƭ ŀǇƻǇǘƻǎƛǎΦ 

In a mouse model, IgG-mediated anaphylaxis was not histamine dependent and required 

higher antigen concentrations in comparison to IgE-mediated anaphylaxis (Strait et al., 2002). 

However, this observation was never reproduced in human MCs and remains controversial as 

several clinical observations did not provide solid proof of such a mechanism or any clinical 

importance (Finkelman et al., 2016; Kanagaratham et al., 2020).  

MC activation is not only antibody-dependent as they can respond through the activation of 

various receptors, such as the toll-like receptor (TLRs). TLRs are used by MCs to sense and 

respond to gram-negative and gram-positive bacteria or to detect a damage-associated 

molecular pattern from various viruses, such as rhinovirus, influenza or HIV (Marshall, 2004; 

Abraham & St John, 2010; Marshall et al., 2019). The activation of MCs via TLRs promotes the 

release of different cytokines, such as TNF, IL-4, IL-6, IL-10 or IL-13, without inducing 

degranulation (Marshall, 2004). The release of a specific set of cytokines correlates to the TLR 

involved; in foetal rat skin-derived MCs, engagement of TLR 3, 7 and 9 led to the release of 

TNF and IL-6. On the other hand, activation of TLR 4 by LPS induced the release of TNF, while 

TLR-2 increased the production of IL-4, IL-6, and IL-13 (Theoharides et al., 2012).  

MCs can be also activated by anaphylatoxins C3a and C5a, by-products of complement 

activation, though the complement receptors CR3, CR4 and CR5 expressed on the MC surface 

(Yu et al., 2016). Studies in vivo showed that C3a and C5a are able to quickly activate MCs (da 

Silva et al., 2014). In addition, a study by West et al. (2020) in human MCs demonstrated that 

C3a is a potent and rapid inducer of MC degranulation, while C5a showed a delayed effect 

despite initiating a rapid Ca2+ influx, even at low concentrations.  
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Recent evidence suggests that MCs degranulation can also be mediated by ATP/ADP through 

purinergic receptors (Gao et al., 2013; Wareham & Seward, 2016; Nurkhametova et al., 2019). 

This type of activation and degranulation will be discussed in detail in the subchapter 1.4.  

In addition to the most common activators of MCs described above, many more stimuli induce 

MC activation or degranulation. For example, MCs can be activated by physical stimuli (UV 

light, pressure, and heat), neuropeptides (such as Substance P), CLRs like dectin-1, or through 

CD48, NLRs or endothelial receptors (Metz & Maurer, 2007; Redegeld et al., 2018).  

With the broad range of stimuli MCs react to, each stimulation induces a different response, 

with some only leading to the release of cytokines, whilst others can trigger degranulation, 

releasing content of intracellular granules in the extracellular space, mediating different local 

immunological and non-immunological effects (Krystel-Whittemore et al., 2015; Yu et al., 

2016). 

To release the content, granules fuse with plasma membrane with the help of several 

accessory proteins, like SNARE proteins and MUNC-18 family members (Lorentz et al., 2012; 

Brochetta et al., 2014). MC degranulation mainly occurs in a non-directional manner, which 

is in contrast to T cell exocytosis, where released components are targeted against a specific 

cell (Wernersson & Pejler, 2014). When degranulation occurs, mediators such as tryptase, 

chymase, histamine, serotonin, TNF-ʰ ƻǊ CPA3 are released in a matter of seconds. Most 

mediators are pre-stored in secretory granules, while various cytokines, chemokines and lipid 

mediators, such as CSF, IL-8, MCP-1 or IL-13 are de novo synthesised minutes to hours after 

degranulation (Moon et al., 2014). However, MC activation does not necessarily lead to 

degranulation and might only result in de novo mediator synthesis. On the other hand, not all 

mediators triggering MC degranulation will induce the de novo synthesis of mediators. MC 

mediator release is independent from the type of stimulation since it is most likely influenced 

by the MC type, location and species (Mukai et al., 2018). 

The mediators released elicit a large range of functions; cytokines, like TNF, IL-4, IL-6 or IL-13, 

activate other cells of the immune system, such as leukocytes or neutrophils, enhancing the 

immune responses (Moon et al., 2014). Released histamine binds to histamine receptors, 

leading to nerve stimulation, inflammation, contraction of smooth muscle and induction of 

vascular permeability (da Silva et al., 2014; Thangam et al., 2018). The release of proteases 
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(tryptase, chymase and carboxypeptidase A3 (CPA3)) can produce both pro- and anti-

inflammatory effects. For example, tryptase is able to degrade tight junction proteins and 

activate protease-active 2 receptors. Chymase is able to cleave the IL-33 cytokine into its more 

bioactive form, while also promoting the degradation of other cytokines, resulting in the 

inhibition of inflammation (Wernersson & Pejler, 2014). In addition, chymase or CPA3 can 

degrade toxins found in venoms. Proteases are also able to promote the disassembly of 

extracellular matrix, either by exerting a direct effect on extracellular matrix components, or 

indirectly by activating enzymes that remodel the extracellular matrix (Graham et al., 2015). 

 

1.2.5 Mast Cells Involvement in Lung Pathology 

MCs are important players in human immunity and in the protection against infection. Due to 

the wide range of functions exerted by MCs, improper regulation of MC activity might 

produce serious negative effects, like life-threatening generalized allergic reactions, and 

mediate a whole range of allergic and non-allergic diseases (Rao & Brown, 2008). 

IgE-mediated lung diseases 

Allergy occurs when the immune system inappropriately reacts to otherwise harmless 

antigens. MCs are the main effector cells responsible for the allergic reactions via IgE-

mediated activation (da Silva et al., 2014). The release of histamine and other vasoactive 

mediators are responsible for the symptoms observed in allergic reactions (Ando et al., 2017). 

However, allergic responses do not only consist of symptoms mediated by acute phase 

mediators (Bischoff, 2007). A late phase, characterized by the release of pro-inflammatory 

cytokines from MCs, results in the recruitment of inflammatory cells and infiltration of 

leukocytes to the site of inflammation. Continuous recruitment and infiltration of immune 

cells leads to a chronic phase, characterized by persistent inflammation, fibrosis and tissue 

remodelling (Brown et al., 2008). This is particularly relevant for chronic diseases such as 

asthma, for which many human and mouse models were developed to uncover its 

pathogenesis. It was discovered that in patients with asthma, B cell class switching to IgE 

occurred, which resulted in the abnormal activation of MCs (Altin et al., 2010). Genetic 

background was also identified as one of the factors that can influence the contribution of 

MCs to asthma (Becker et al., 2011). 
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Non-allergic lung diseases 

Not all MC-related lung diseases are mediated by IgE-activation. There is growing evidence 

that MCs play a role in the development of chronic obstructive pulmonary disease (COPD), 

characterised by a progressive airflow obstruction and closely associated with smoking (Cruse 

& Bradding, 2016). It was observed that the distribution and phenotype of lung MCs is altered 

in COPD patients, with MCTC found increased in all major lung compartments, with a reduced 

presence of MCs with the MCT phenotype (Andersson et al., 2010). The increased MCTC 

phenotype showed a positive correlation with worsening lung function tests and airway 

remodelling (Ballarin et al., 2012). On the contrary, studies by Gosman et al. (2008) and 

Kosanovic et al. (2014) observed a positive correlation between increased numbers of 

chymase-positive MCs and improved lung function in COPD. In addition, MCs appear to be a 

major source of IL-17 in patients with chronic obstructive pulmonary disease (Sibilano et al., 

2012). However, even if MCs appear to be closely related to COPD progression, the underlying 

pathogenic mechanisms are still vastly unknown (Wang et al., 2018). 

In idiopathic pulmonary fibrosis (IPF), increased infiltration of MC was observed in IPF lungs 

compared to healthy lungs and correlated with the degree of fibrosis (Cha et al., 2012). MCs 

also appear to be the main source of fibroblast growth factor in IPF, with chymase influencing 

the release of TGF-ʲм from epithelial and endothelial cells (Virk et al., 2016). 
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1.3 IL-33 cytokine 

 

Nearly 16 years ago, a study by Schmitz et al. (2005) first described the IL-33 cytokine as a 

member of the IL-1 family, whose structure was closely related to both IL-18 and IL-мʲΦ ¢ƘŜ 

IL-1 cytokine family exerts potent control over inflammation at both nuclear and receptor 

levels (Dinarello, 2009). In fact, receptors binding cytokines of the IL-1 family can act as both 

suppressors and activators of inflammatory responses. Like IL-мʲΣ L[-33 can activate the cell 

through the engagement of its specific cell surface receptor (ST2), however, as with IL-мʰΣ L[-

33 is an intracellular cytokine and is able to function as a DNA-binding nuclear factor 

(Polumuri et al., 2012). IL-33 is constitutively expressed in epithelial tissues and endothelial 

cell barriers, and functions as an alarmin when released into the external environment (Chen 

et al., 2018). 

 

1.3.1 Structure of IL-33 and Cleavage by Proteases 

The human IL-33 gene is located on the short arm of chromosome 9 at 9p24.1 and contains 

eight exons with a length of around 42 kb (Schmitz et al., 2005). In mice, the IL-33 gene is 

located on chromosome 19 (19qC1) and its transcription is regulated by two alternative 

promoters generating two transcripts, IL-33a and IL-33b, coding for the same protein but with 

different 5´UTRs (Talabot-Ayer et al., 2012). The full-length human IL-33 mRNA (2.7 kb) 

encodes for a protein of 270 residues, containing the homeodomain-like helix-turn-helix in its 

N-terminus, located between bases 1-65, a central domain between bases 62-112 and the 

carboxy-terminal region, corresponding to the IL-1-like cytokine domain located between 

bases 112-270. The N-terminus is essential for IL-33 function as it is crucial for nuclear 

localization, repression of transcription, heterochromatin association (Carriere et al., 2007) 

and interaction with the transcription factor NF-kB (De la Fuente et al., 2015). The 3D 

structure of IL-33 closely resembles other members of the IL-м ŦŀƳƛƭȅΣ ŀŘƻǇǘƛƴƎ ŀ ʲ-trefoil fold 

as described in IL-мʰΣ L[-мʲ ŀƴŘ L[-18 (Lingel et al., 2009). Generally, IL-33 is the cytokine most 

related to IL-18 and is evolutionary highly conserved between mammals.  

Usually, the release of IL-33 occurs when there is cellular damage or as a result of cell 

apoptosis. When IL-33 is released from the cell nucleus into the environment, the full-length 
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protein weighs around 30 kDa (Hayakawa et al., 2009). Inflammatory proteases released by 

MCs and neutrophils cleave the full-length IL-33 in its central domain, producing a mature IL-

33 isoform up to 30-fold more potent in activating MCs and ILC2s (Lefrançais et al., 2014) 

(Figure 1.1).  

Even though proteases are differentially expressed by various subsets of MCs, all MCs have 

the ability to produce mature active isoforms of IL-33. While neutrophil proteases play a role 

in IL-33 maturation during inflammatory or infectious conditions, MC proteases contribute to 

this mechanism in allergic asthma and allergic inflammation (Lefrançais et al., 2012; Lefrançais 

et al., 2014). Cell proteases, however, are not the only contributors to IL-33 maturation. A 

study by Cayrol et al. (2018) identified that enzymes present in environmental allergens, such 

as house dust mites or pollens, were also able to cleave full-length IL-33. In addition, cleaved 

forms of IL-33 were also identified in an airway inflammation model induced by chitin or 

fungal allergens (Liew et al., 2016). 

Based on the initial study by Schmitz et al. (2005), it was originally hypothesized that caspase 

1 also contributes to IL-33 maturation and the production of mature isoforms cleaved at the 

Ser111 location. However, a study by Cayrol and Girard (2009) showed that the processing of 

IL-33 by caspase 1 results in the inactivation of IL-33, and the cleavage does not occur at the 

site originally proposed by Schmitz et al. (2005), but in the middle of the IL-1-like domain. This 

feature makes IL-33 the first member of the IL-1 family to be inactivated by caspases after 

maturation, unlike IL-мʲ ŀƴŘ L[-18 which require maturation by caspase 1. In follow up studies, 

it was shown that IL-33 inactivation is probably mediated by caspase 3 and 7, substrates for 

caspase 1, that translocate to the cell nucleus after activation (Kim et al., 2015). This 

inactivation of intranuclear IL-33 during apoptosis is necessary to avoid the release of active 

IL-33 isoforms and triggering local inflammation (Cayrol & Girard, 2014). 

In addition to caspase-mediated inactivation, a novel form of extracellular IL-33 inactivation 

was described in 2005. In the study, the oxidation of IL-33 produced a form characterized by 

two disulphide bridges with no residual cytokine activity as it was no longer able to bind to its 

receptor. This process was found to be very rapid as complete IL-33 inactivation occurred 

within a few minutes from secretion (Cohen et al., 2015). 
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Figure 1.1 Cleavage of full-length IL-33.  

Maturation of full-length IL-33 occurs in the presence of various proteases, such as MC chymase, 

by cleaving the central domain between the bases 95-110, resulting in a more potent isoform of 

IL-33. On the other hand, cleavage of full-length IL-33 by caspases 3 and 7 (typically released upon 

cell apoptosis) occurs in the IL-1-like cytokine domain between bases 178-179, resulting in IL-33 

inactivation.  
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1.3.2 IL-33 Expression 

IL-33 is constitutively expressed at high levels by various cells, including endothelial, 

fibroblast-like, and epithelial cells. Endogenous IL-33 is always localized in the cell nucleus in 

both humans and mice, without any evidence for cytoplasmic compartmentalization (Liew et 

al., 2016; Chan et al., 2019). There are important species-specific differences in the expression 

of IL-33. Contrary to humans, mice do not constitutively express IL-33 in the vascular 

endothelium, while in the lungs IL-33 is only produced by alveolar type II pneumocytes, 

compared to lung airway epithelium in humans (Bischoff, 2007). It is essential that these 

differences are considered when mouse models are used for the therapeutic targeting of IL-

33 in humans.  

Even though high levels of IL-33 are already present in the cell nuclei, its expression can be 

further induced by inflammation (Gabryelska et al., 2019). Increased levels of IL-33 were 

identified not only in the bronchial epithelium and other airway cells of patients suffering with 

asthma (Préfontaine et al., 2010) or COPD, but also in the intestinal epithelium of recipients 

of bone marrow transplants diagnosed with graft-versus-host disease. Furthermore, de novo 

viral infections and cigarette smoke promote IL-33 expression through airway cells (Kearley 

et al., 2015; Liew et al., 2016). CD45+ haematopoietic cells do not normally express IL-33, but 

it can be induced under inflammatory conditions in macrophages and dendritic cells (Schmitz 

et al., 2005; Cayrol & Girard, 2014). The levels of IL-33 released after stimulation are, however, 

lower compared to endothelial and epithelial cells, and it is therefore unclear whether CD45+ 

cells could be considered as important sources of IL-33 in vivo (Talabot-Ayer et al., 2012; Byers 

et al., 2013). IL-33 expression can also be downregulated, as demonstrated by Küchler et al. 

(2008). While resting endothelial cells express IL-33 at high levels, IL-33 levels are rapidly 

reduced during early angiogenic events, wound healing and in the presence of tumours. 

Intracellular IL-33 has an ability to regulate gene expression through various mechanisms. 

Intracellular IL-33 binds to the nucleosome acidic patch, modulating the chromatin structure 

and regulating gene expression (Kalashnikova et al., 2013). In addition, intracellular IL-33 acts 

as a transcription factor, binding to the transcriptional repressor histone methyl-transferase 

SUV39H1, inhibiting the transcription of soluble ST2 (sST2) receptor and IL-6 (Shao et al., 

2014). Furthermore, intracellular IL-33 interacts with the transcription factor NF-kB, actively 
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blocking further incoming inflammatory signals (Ali et al., 2011). Lastly, a connection 

between the activity of intracellular IL-33 and histone deacetylase-3 was observed in 

patients suffering with multiple sclerosis, indicating a possible modulatory role occurring 

at the epigenetic level (Zhang et al., 2014).  

 

1.3.3 Regulation of IL-33 Production 

To this date, there is only limited information available on the regulation of IL-33 expression, 

with most of the studies conducted in mice or human cell lines. For instance, a study 

conducted on murine macrophages and fibroblasts showed that an IL-33 expression is 

controlled by the activation of the transcription factor IRF-3, activated via various TLRs 

(Polumuri et al., 2012). Recently, IL-33 production was investigated in both mouse and human 

primary endothelial cells, showing that transcriptional regulation occurred via the NF-kB, 

tLоYκ!ƪǘ ŀƴŘ ²ƴǘκʲ-catenin pathways (Duez et al., 2020). Despite the body of evidence, the 

exact mechanism governing IL-33 production in humans is still poorly defined, suggesting a 

combination of factors involved in both steady state and pathological conditions 

(Meephansan et al., 2012; Talabot-Ayer et al., 2012; Seltmann et al., 2013). To this date, there 

is no exact estimate of the half-life of intracellular IL-33, nor extracellular IL-33, but it seems 

the IL-33 half-life is reduced either by its cleavage or through oxidation (Mehraj et al., 2016). 

 

1.3.4 The IL-33 Receptor ST2 

IL-33 is the ligand for the ST2 receptor, which is a type-1 transmembrane protein encoded by 

the IL1RL1 gene. ST2 was for a long time considered an orphan receptor until the discovery 

of IL-33 (Schmitz et al., 2005). Alternative splicing in humans can generate four different ST2 

isoforms (ST2, sST2, ST2V and ST2LV), but only two, ST2 and sST2, were identified in human 

cells. All these variants are differentially regulated through promoter binding interactions 

(Griesenauer & Paczesny, 2017).  

ST2 is a membrane-anchored receptor able to form heterodimers with other receptors that 

are highly homologous to IL-1 type-1 receptors, such as IL-1RAcP, initiating the signalling 

cascade (De la Fuente et al., 2015). ST2 is expressed on the cell membrane of several immune 
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cells, including MCs, macrophages, ILCs and Th2 cells. sST2, in contrast to ST2, is the soluble 

secreted isoform, identical to the ST2 extracellular domain, with five additional amino acids 

in humans and nine in mice (Bischoff, 2007; R. Kakkar & R. T. Lee, 2008). sST2 acts as a decoy 

receptor and can tightly regulate the bioavailability of IL-33 by competing with membrane 

bound ST2, resulting in decreased IL-33 signalling. Elevated production of sST2 was described 

in many different diseases, such as asthma, autoimmune diseases and heart failure. ST2V is 

an isoform similar to sST2 but without a third extracellular immunoglobulin domain. ST2V 

mRNA was mainly found in the gut, and if ST2V is artificially overexpressed (as in cell lines), 

its localization is restricted to the cell membrane (Tago et al., 2001). ST2VL, a variant of ST2V, 

lacks any transmembrane domain and was uniquely described in 2004 in chickens, without 

any confirmation of its presence in humans (Iwahana et al., 2004).  

 

1.3.5 IL-33 Receptors Complex and Signalling 

A study by Lingel et al. (2009) focusing on structural and biochemical interactions/changes 

following the complexing of IL-33, ST2 and IL-1RAcP, suggested that all three proteins 

contribute to the formation of a ternary receptor complex. A study done by Liu et al. (2013) 

revealed the crystal structure of the IL-33 receptor complex, showing that IL-33 contains 

specific acidic residues in position 1 and 2, forming salt-bridge interactions with ST2 basic 

residues in the binding site, essential for high-affinity binding. 

When IL-33 binds to the ST2 receptor on the cell membrane, IL-1RAcP recruitment occurs, 

becoming a fully functional IL-33 receptor complex (Liu et al., 2013). With the 

heterodimerization of the ST2 and IL-1RAcP proteins, their Toll/IL-1 receptor (TIR) domains 

cluster together, recruiting the signalling adaptor protein MYD88, the kinases IRAK1 and 

IRAK4 and the adaptor protein TRAF6. TRAF6 will then further activate NF-kB and mitogen-

activated protein kinases p38, ERK and JNK signalling pathways (Schmitz et al., 2005). These 

in turn will ultimately trigger gene transcription, resulting in increased cell survival, 

proliferation, cytokine secretion (IL-4, IL-5, IL-13) and amphiregulin expression (Liew et al., 

2016).  

There are three possible pathways regulating IL-33 signalling. First, SIGIRR, a negative 

regulator of IL-1R/TLR signalling, effectively inhibits the phosphorylation of ERK, JNK and p38, 
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as demonstrated in human hST2-293 cells. SIGIRR also forms a complex with IL-33R upon IL-

33 stimulation, actively inhibiting IL-33 signalling (Bulek et al., 2009). Second, the 

phosphorylation and ubiquitylation of ST2L leads to the internalization and degradation of 

the ST2 receptor, with a half-life of around five hours in steady state (Zhao et al., 2012). Lastly, 

sST2 binds to free IL-33, preventing its interaction with ST2L and activation of the signalling 

cascade. This mechanism was studied in a murine model of allergic inflammation, 

demonstrating that sST2 pre-treatment actively reduced lung inflammation compared to 

controls (Oshikawa et al., 2002).  

IL-33 receptor signalling can ultimately induce the production of various inflammatory signals 

depending on the cell type. Stimulation of Th2 cells by IL-33 leads to the secretion of IL-5 and 

IL-13. In neutrophils, IL-33 stimulation results in increased chemotaxis, while eosinophils 

treated with IL-33 releases reactive oxygen species and promotes degranulation and IL-5 

secretion. Similarly, MCs pre-treated with IL-33 will produce IL-4, IL-5 and IL-6 (Griesenauer & 

Paczesny, 2017).  

 

1.3.6 Role of IL-33 in Mast Cell Behaviour 

Once the function of IL-33 was properly described, its role in pro-inflammatory responses 

became more apparent. As IL-33 functions as an alarmin, as it is released from epithelial and 

endothelial cells upon cell death, any immune cells bearing an ST2 receptor, such as ILC2, 

dendritic cells, macrophages, MCs, eosinophils, basophils, and natural killer cells, can respond 

to IL-33 released in the extracellular space (Kotsiou et al., 2018). 

In MCs, IL-33 promotes a wide range of functions. IL-33 promotes adhesion to laminin, 

fibronectin and vitronectin, either directly through promoting MC activation or indirectly by 

increasing the expression of ICAM-1 and VCAM-1 on endothelial cells, promoting the 

adhesion of MCs to blood vessel walls (Iikura et al., 2007; Saluja et al., 2015). MC proliferation, 

development and survival is also affected by IL-33 through a MYD88-dependent pathway, 

without inducing cell apoptosis (Saluja et al., 2014). Even though MC activation through IL-33 

does not induce degranulation, it promotes the release of various mediators (Saluja et al., 

2016). In mouse BMMCs, IL-33 induced the release of IL-6 and TNF-ʰΣ while in peritoneal 

cultured MCs, IL-33 induced the secretion of IL-6, TNF-ʰΣ L[-13 and MCP-1, but had no effect 
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on the release of IL-10, IL-17 or IL-мʲ (Enoksson et al., 2011; Enoksson et al., 2013). Human 

MCs isolated from foreskin tissue induced the release of IL-5, IL-8, IL-13, MCP-1 and TNF-ʰΣ 

but not IL-мʲΣ L[-6, IL-31, and VEGFA (Franke et al., 2021). IL-33 has been shown to potentiate 

IgE-mediated MC degranulation and cytokine production, however, a prolonged exposure of 

MCs to IL-33 over several days led to a decreased IgE mediated activation and a reduction in 

CŎʶwL ŜȄǇǊŜǎǎƛƻƴ (Rönnberg et al., 2019). 

In MCs obtained from receptor-deficient mice, such as TLR-/ - or ST2-/ - mice, MC activation was 

TLR-independent but ST2 and MYD88 dependent, demonstrated by the abated production of 

leukotrienes and cytokines. Unlike other immune cells which can be activated by other 

endogenous danger signals (e.g. uric acid, HMGB1), MCs seem to uniquely respond to IL-33 

(Bianchi, 2007), meaning that they selectively respond to cells releasing intracellular IL-33 

upon cell death, such as epithelial and endothelial cells. 

 

1.3.7 IL-33 Receptor Complex Interactions with CD117 

In MCs, the IL-33 receptor complex can be involved in more complex binding. For example, 

the receptor tyrosine kinase CD117, activated through trans-phosphorylation by SCF, has the 

ability to associate either with ST2 or IL-1RAcP (Drube et al., 2010). The IL-33-CD117 complex 

will result in synergistic crosstalk between the two unrelated signalling pathways, resulting in 

the amplification of cytokine release. However, the exact molecular mechanism involved is 

not yet clear, nor whether it selectively occurs in MCs or other cell types, thus warranting 

further exploration (Martin & Martin, 2016).  

 

1.3.8 IL-33 and IgE Mediated Degranulation  

IL-33 alone does not induce degranulation in either human or mouse MCs, however, it has an 

ability to potentiate MC degranulation mediated by various stimuli. For example, IgE-

mediated activation in the presence of IL-33 leads to increased degranulation and cytokine 

production compared to MC activation mediated solely by IgE (Silver et al., 2010; Saluja et al., 

2016; Rönnberg et al., 2019). One study observed that not only does IL-33 increase the 

number of degranulated cells, but also the potency of degranulation by single cells, promoting 
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serotonin secretion and ̡-hexosaminidase release (Joulia et al., 2017). In murine MCs, it was 

shown that IL-33 can also enhance the effects of IgG receptor activation (Kaieda et al., 2012). 

IL-33 can amplify the effect of other receptors expressed on the MC cell membrane (Joulia et 

al., 2017), like the high-ŀŦŦƛƴƛǘȅ LƎ9 ǊŜŎŜǇǘƻǊ CŎʶwLΣ Ƙowever, prolonged treatment of MCs with 

IL-оо ƭŜŘ ǘƻ ǘƘŜ ŘƻǿƴǊŜƎǳƭŀǘƛƻƴ ƻŦ ǘƘŜ CŎʶwL expression and therefore the inhibition of IgE 

mediated MC degranulation (Rönnberg et al., 2019). 

 

1.3.9 Presence of IL-33 in lung pathology 

IgE-mediated lung diseases 

Studies have shown the importance of IL-33 in airway inflammatory disease, correlating IL-33 

levels with asthma severity (Préfontaine et al., 2009; Molofsky et al., 2015). It is known that 

IL-33 is also able to accelerate Th17-mediated airway inflammation through MCs (Hsu et al., 

2010), meaning that IL-33 acts not only as a cytokine able to induce Th2 cytokines, but it can 

also promote a broader pro-inflammatory milieu. In a genome-wide association study, 

including over 10,000 patients suffering with asthma, a single nucleotide polymorphism in IL-

33 showed a very strong association with asthma (Moffatt et al., 2010). Asthma by itself is a 

complex disease as it involves the activation of a large number of immune cells, such as MCs, 

Th2 cells, basophils, macrophages, B cells, eosinophils, and lung epithelial cells. Studies done 

on mouse models deficient in either ST2 or IL-33 showed decreased airway inflammation and 

IL-5 production. IL-33 was also found to function as a marker of asthma severity and possibly 

contributes to airway remodelling via ST2 in human lung fibroblasts during asthma (Guo et al., 

2014).   

 

Non-allergic lung diseases 

In patients suffering with COPD, an increased expression of IL-33, ST2, sST2 and IL-1RAcP in 

sera was observed compared to healthy controls (Xia et al., 2015). Similar findings were 

observed in a mouse model of smoke-induced COPD, where IL-33 and ST2 expression were 

markedly enhanced but it was completely reversed by the administration of anti-IL-33 

antibody (Qiu et al., 2013). IL-33 also plays an important role in mucus production and 
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increasing endothelial permeability, therefore contributing to the decreased respiratory 

capacity of COPD patients and further potentiating lung inflammation (Gabryelska et al., 

2019). Increased concentrations of IL-33 were also observed in diseases such as IPF, 

obstructive sleep apnoea, lung cancer or interstitial lung disease (J. Chang et al., 2016). 

 

1.3.10 Protective Role of IL-33 

Even though many papers reported a connection between IL-33 and inflammatory diseases, 

there is also emerging evidence of a protective role of IL-33 against a large range of infections. 

IL-33 signalling through the ST2 receptor has a protective role against development of airway 

hyper-responsiveness in the peripheral lung and controls epithelial niche regeneration 

(Zoltowska Nilsson et al., 2018; Dagher et al., 2020). Outside the lung microenvironment, IL-

33 showed protective functions during parasitic infections, as infected IL-33 depleted mice 

were unable to expel Trichuris muris from the gut (Humphreys et al., 2008). 

 

1.3.11 Inhibition of IL-33 Signalling 

As IL-33 and ST2 play a role in many pathological conditions in the lung, many studies 

questioned the impact of various components on activation/inhibition of IL-33 signalling in 

order to find potential druggable targets to curb MC activation. For example, a study done by 

Caslin et al. (2017) showed the suppression of cytokine and chemokine production mediated 

by IL-33 using Didox, a synthetic ribonucleotide reductase inhibitor. Didox had a similar effect 

on MCs and macrophages, reducing both cytokine mRNA transcripts and protein translation 

after IL-33 activation. The authors suggested that Didox might have a therapeutic potential in 

the treatment of diseases associated with IL-33. Another study by Ro et al. (2018) focused on 

how IL-33 signalling induces the synthesis of IL-13 using both an animal model and bone 

marrow derived MCs. The authors showed that a blockade of 5 or 12 lipogenase linked 

cascades suppressed IL-13 levels, making this pathway a potential target to treat allergic 

diseases and asthma. Abebayehu et al. (2016) investigated the role of lactic acid and how it 

affects IL-33 mediated MC inflammatory responses by using mouse BMMCs. The choice of 

lactic acid was made due to its higher concentration in tumour and asthma environments 

associated with elevated infiltration of MCs and IL-33. It was concluded that lactic acid has 
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the ability to supress inflammatory responses mediated by IL-33 activated MCs. All of this 

occurred in a pH and MCT-1 dependent manner and reproduced in vivo in human MCs. More 

recently, the use of itepekimab, a human IgG monoclonal antibody against IL-33, showed a 

marked reduction in COPD severity in former smokers in a randomised phase 2 trial, but not 

in current smokers (Rabe et al., 2021), while astegolimab led to reduced asthma severity in a 

randomised clinical trial (Kelsen et al., 2021). 
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1.4 ATP, ADP, and Purinergic Receptors 

 

bǳŎƭŜƻǘƛŘŜǎΣ ǎǳŎƘ ŀǎ ŜȄǘǊŀŎŜƭƭǳƭŀǊ ŀŘŜƴƻǎƛƴŜ р-triphosphate (ATP), adenosine diphosphate 

(ADP), uridine diphosphate (UDP) and uridine-р-triphosphate (UTP), can act as extracellular 

mediators triggering specific cellular responses through purinergic receptors expressed on 

the cell surface (Burnstock, 2007). There are two subcategories of purinergic receptors, P2X 

and P2Y receptors, first described by Burnstock and Holman in the 1960s (Burnstock & 

Holman, 1960). P2X receptors (P2XRs) belong to the family of ligand-gated ion channels, 

consisting of seven members (P2X1-P2X7), whilst P2Y receptors belong to the family of G 

protein-coupled receptors consisting of eight members (P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, 

P2Y12, P2Y13, and P2Y14) όtǳŎƘŀƱƻǿƛŎȊ Ŝǘ ŀƭΦΣ нлмпύ. The structure of adenosine and 

purinergic receptors and ligands needed for their activation are depicted in Figure 1.2. 

 

1.4.1 ATP Release Upon Cell Necrosis 

ATP is a purine nucleotide continuously synthesised and consumed, as it is involved in a 

plethora of metabolic reactions. ATP is the ultimate source of energy for cells and without it 

most biological functions of the organism would cease to function (Hara & Kondo, 2015). In 

fact, ATP is required for DNA replication, biosynthesis, protein assembly and biochemical 

transport, including uptake and export of ions, proteins, neurotransmitters and more 

(Burnstock, 2014; Sivaramakrishnan & Fountain, 2015). The proper function of cells is 

therefore dependent on the continuous supply of intracellular ATP, produced by the de novo 

nucleotide synthetic pathway and tightly regulated by various biological mechanisms. On the 

other hand, extracellular ATP is essential for cell-cell communication in nervous, vascular and 

immune systems (Schwiebert & Zsembery, 2003; Trautmann, 2009). A steady state of 

extracellular ATP concentrations is around 10 nM due to the concerted metabolic and 

catabolic activity of extracellular ecto-apyrases and ecto-adenosine triphosphatases, 

respectively. In contrast, the concentration of intracellular ATP in the cytosol oscillates 

between 3 and 10 nM. The release of vesicles containing ATP, found in nerve terminals, 

platelets, MCs or jurkat T cells, causes a temporary increase in extracellular ATP 

concentrations. Conversely, cells that do not contain ATP vesicles, like primary T cells or red  
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Figure 1.2 P2X, P2Y and AR receptors and their means of activation.  

P2X receptors (P2XR) are organized as either homo or hetero trimers with 2 transmembrane 

subunits and are activated uniquely when ATP is present in the environment. P2Y receptors 

(P2YR) can respond to ATP, ADP, and pyrimidines UTP and UDP, however, specific P2YR can 

respond to a specific purine or pyrimidine molecule. For example, P2Y11 is uniquely activated by 

ATP, P2Y13 only responds to ADP, while adenosine receptors (AR) are only activated by 

adenosine. Both P2YR and AR are G protein-coupled receptors, whilst P2XR is a ligand-gated ion 

channel. ATP can be converted to ADP via dephosphorylation, with ADP further degraded to 

AMP, which is in turn ultimately degraded to form adenosine. This whole process is reversible, 

with AMP converted back to ATP through the phosphorylation of ADP. 
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blood cells, release extracellular ATP through pannexin-1 channels. Due to the release in the 

extracellular compartment, ATP serves not only its function as neurotransmitter, but also as 

an alarmin, a role that is conserved deeply in the evolution across species (Burnstock & 

Boeynaems, 2014).  

 

1.4.2 Adenosine Signalling 

P2X, P2Y, ATP and ADP are part of the adenosine signalling pathway, which is controlled and 

regulated by a complex system of enzymes and transporters controlling the degradation and 

activity of purine metabolites producing extracellular adenosine as a final product. The 

adenosine signalling pathway is split between two pathways: the canonical pathway and non-

canonical pathway, with purinergic receptors ATP and ADP only involved in the canonical 

pathway. In the canonical pathway, ATP is released to the extracellular environment either 

through a passive mechanism, such as cell death, or by active release through connexin and 

pannexin channels. Upon release, ATP can either activate all P2X or some P2Y receptors, or 

be hydrolysed by the CD39 receptor to ADP, which can then either activate specific P2Y 

receptors or be further hydrolysed by CD63 into AMP. The hydrolysis of ATP and ADP through 

the CD63 receptor is reversible in the presence of extracellular adenylate kinase (ecto-AK) 

and nucleoside diphosphate kinase (NDPK) (Yegutkin et al., 2002; Allard et al., 2020). 

 

1.4.3 Structure and Activation of P2X Receptors 

All seven subtypes of P2XRs are structurally similar, with each subunit composed of a large 

extracellular domain with binding pockets for ATP and other ligands, two transmembrane 

helices and intracellular N and C termini (Kasuya et al., 2017). P2X1-P2X6 receptors are around 

379-472 amino acids long, while the length of P2X7 receptor is 595 amino acids due to the 

prolonged COOH termini. The region of the P2XR, including the two transmembrane domains 

and extracellular domain, is between 40-55% identical, with the P2X4 receptor most closely 

related to other P2XRs and the P2X7 receptor sequence being the least similar (North, 2002).  
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Figure 1.3 Simplified structure of the P2X7 receptor.  

The P2X7 receptor, a member of the P2XR family, is an ion membrane channel. Its activation is 

mediated by ATP and results in the influx of Ca2+ and Na+ into the cell, causing the efflux of K+ to 

the external environment. P2X7 receptors are formed from intracellular N and C termini, two 

transmembrane helices and a large extracellular domain with binding pockets for ATP and other 

ligands.  

(Taken from Skaper et al. (2009)). 

 

9ȄǘǊŀŎŜƭƭǳƭŀǊ ŘƻƳŀƛƴ 

LƴǘǊŀŎŜƭƭǳƭŀǊ ŘƻƳŀƛƴ 
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Out of all the P2XRs, the role of the P2X7 receptor was the most firmly established as it is 

involved in multiple immune and inflammatory responses, with its structure, role and ATP 

binding sites well documented (Di Virgilio et al., 2018) (Figure 1.3). A comprehensive study by 

Karasawa and Kawate (2016) on the panda P2X7 receptor (85% identical to human P2X7), 

revealed three equivalent ATP binding pockets shrinking upon activation. The same study also 

identified an allosteric binding pocket composed of two adjacent subunits close to the ATP 

binding site. When the allosteric binding pocket is activated, conformational changes to the 

ATP pocket prevent ATP from binding. 

When ATP binds to the P2XRs, the receptors assume a different conformational state, from a 

closed resting state to open, allowing the influx of Na+ and Ca2+ into the cell and an efflux of 

K+ to the external environment (Egan & Khakh, 2004). In the case of prolonged exposure to 

ATP, P2XRs become desensitised, resulting in a temporary inactivation of ion flux, even if ATP 

is still bound to the receptor (Habermacher et al., 2016).  

 

1.4.4 P2X Receptor Heterodimers 

P2XRs possess the ability to form functional homodimers or heterodimers, with only two 

notable exceptions. The first exception is the P2X6 receptor, which can only form 

heterodimers with other P2XRs, and the second is the P2X7 receptor, which can only form 

homodimers (Hou & Cao, 2016). So far, P2X1/2, P2X1/4, P2X1/5, P2X2/3, P2X2/5, P2X2/6, and 

P2X4/6 heterodimers have been reported (North, 2002). Formed heterodimers show 

different properties compared to their homodimer counterparts. For example, P2X1/4 and 

P2X1/5 receptors show the same kinetic properties of P2X4 and P2X5 receptors, while 

keeping the pharmacological properties of the P2X1 receptor (Coddou et al., 2011). Some 

heterodimers also exhibit a lower affinity for ATP at the heteromeric ATP binding sites (Saul 

et al., 2013). 

Among P2X receptors, P2X4 and P2X7 receptors show the most similarities in their sequences 

(around 47% homology in humans) and are linked to similar physiological functions (Kopp et 

al., 2019). Even though the heteromerization of both subunits is still debated, close 

interaction between the two receptors has been confirmed in Xenopus laevis oocyte, in 

C57BL/6 mouse model and HEK293 cells (Pérez-Flores et al., 2015; Schneider et al., 2017). The 
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study by Pérez-Flores et al. (2015) also described the influence of the P2X4 receptor on P2X7 

mediated maturation and the release of IL-мʲΦ  

 

1.4.5 P2X Receptor Trafficking Within the Cell 

In the cell, P2XRs are predominantly localised at the plasma membrane, the endoplasmic 

reticulum, or within endosomes and lysosomes, according to the P2X subtype (Robinson & 

Murrell-Lagnado, 2013) (Figure 1.4).  

P2X2 and P2X7 receptors are stably expressed at the plasma membrane, but their movement 

through a secretory pathway is relatively slow. P2X7 trafficking is similar between species: in 

primary rodent microglia and rodent bone marrow-derived macrophages, the P2X7 receptor 

is predominantly located on the plasma membrane, while in blood monocytes P2X7 is mainly 

internalized and is trafficked to the plasma membrane during monocyte differentiation to 

macrophages (Gudipaty et al., 2001; Boumechache et al., 2009). The P2X1 receptor is also 

predominantly expressed on the plasma membrane, however, it is not as static as P2X2 and 

P2X7 receptors as it undergoes considerable internalisation and turnover during photo-

bleaching (Lalo et al., 2010). 

On the other hand, P2X3 and P2X4 receptors get rapidly internalised from plasma membrane 

through endosomes to lysosomes, but in comparison to P2X3, P2X4 is able to resist 

degradation in lysosomes due to their N-linked glycans and can be trafficked back to the 

plasma membrane (Qureshi et al., 2007; Vacca et al., 2009). P2X5 and P2X6 receptors are 

predominantly localised within endoplasmic reticulum (Robinson & Murrell-Lagnado, 2013). 
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Figure 1.4 Distribution of P2X receptors within the cell.  

P2XRs are localised in different subcellular compartments and differ in their trafficking properties. 

P2X1 receptors are expressed on the plasma membrane but rapidly cycle between recycling 

endosomes. P2X2 and P2X7 receptors exhibit a slow trafficking to the plasma membrane, but 

afterwards are stably expressed on the cell surface. P2X3 and P2X4 receptors are constitutively 

internalized through late endosomes to lysosomes. P2X3 is rapidly degraded, while P2X4 receptors 

can resist degradation and be shipped back to the plasma membrane. P2X5 and P2X6 receptors 

are predominantly retained in the endoplasmic reticulum, but P2X6 heterodimers can traffic to 

the plasma membrane.  

(Taken from Robinson and Murrell-Lagnado (2013)). 
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1.4.6 Presence and Function of P2X Receptors in Mast Cells 

P2XR genes are widely expressed by many cells in vertebrates, including MCs (North, 2016). 

A study by Wareham et al. (2009) identified functional P2X1, P2X4 and P2X7 receptors in the 

LAD2 MC cell line and in human lung MCs using RT-PCR. The same results were obtained using 

proteomics in human and mice primary connective tissue MCs by Plum et al. (2020). Wareham 

et al. (2009) also identified low mRNA expression of P2X6 receptor on MCs but could not 

demonstrate its functionality. Due to their functional expression on MCs, P2X1, P2X4 and 

P2X7 receptors will be discussed individually in the next subchapters.  

1.4.6.1 P2X1 receptor 

The P2X1 receptor is highly expressed on smooth muscle cells in many organisms, but also in 

blood platelets where it is involved in platelet function and the formation of thrombi (Hechler 

et al., 2003)Φ IƻƳƻƳŜǊƛŎ tн·м Ƙŀǎ ŀ ƘƛƎƘ ŀŦŦƛƴƛǘȅ ŦƻǊ !¢tΣ ǿƛǘƘ ƻƴƭȅ м ˃a ƻŦ !¢t ƴŜŜŘŜŘ ǘƻ 

activate P2X1 in LAD2 MC cell lines (Wareham et al., 2009). P2X1 receptors showed  

permeability to Ca2+, inducing significant calcium influx into the cell after receptor activation 

(Mahaut-Smith et al., 2011). P2X1 are highly mobile within the plasma membrane, with 

around 75% of them moving to and from a given area within five minutes (Lalo et al., 2010). 

P2X1 receptors were also found to be expressed on neutrophils, where they promote 

cytoskeletal reorganization during chemotaxis (Oury et al., 2015). When there is a presence 

of ATP in growth media in in vitro studies, P2X1 becomes desensitised, resulting in the 

obscuration of its function (Wareham & Seward, 2016).   

1.4.6.2 P2X4 receptor 

The P2X4 receptor is abundantly expressed on various cell types, such as cells of the nervous 

system, skeletal and smooth muscle cells, epithelial and endothelial cells, and on the surface 

of immune cells. It can form heterotrimers with P2X2, P2X5 and P2X6 and it is one of the most 

sensitive purinergic receptors; around one thousand times higher than the P2X7 receptor 

(Suurväli et al., 2017). In a mouse model of rheumatoid arthritis, P2X4 induced calcium influx 

into dendritic cells, necessary to induce IL-мʲ ŀƴŘ IL-6 production upon the activation of the 

P2X7 receptor (Sakaki et al., 2013). P2X4 is involved in MC degranulation, however its 

activation does not induce degranulation per se. Instead, it can significantly increase the 

degranulation induced through a high-affinity IgE receptor or through G-coupled 
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prostaglandin E3 receptƻǊ ǎǘƛƳǳƭŀǘƛƻƴ ŀǘ !¢t ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƻŦ ƭŜǎǎ ǘƘŀƴ олл ˃aΣ ŀǎ ƻōǎŜǊǾŜŘ 

in mouse BMMCs (Yoshida, Ito, & Matsuoka, 2017; Yoshida et al., 2019). In mice, the P2X4 

receptor in BMMCs enhanced antigen-induced phosphorylation of Syk and the activation of 

ǘƘŜ t[/ʴ ǎƛƎƴŀƭƭƛƴƎ ǇŀǘƘǿŀȅΣ ǿƛǘƘ ǘƘƛǎ ŜŦŦŜŎǘΣ ƘƻǿŜǾŜǊΣ ōŜƛƴƎ ƛƴŘŜǇŜƴŘŜƴǘ ƻŦ tн·п ƳŜŘƛŀǘŜŘ 

calcium influx (Yoshida et al., 2020). 

1.4.6.3 P2X7 receptor 

The P2X7 receptor is mainly expressed on cells with a hematopoetic origin, such as 

macrophages, dendritic cells and MCs, but also on glial cells of the nervous system (Collo et 

al., 1997; Zhang et al., 2004). The importance of the P2X7 receptor on MCs was highlighted 

by the study done by Manthei et al. (2012), showing that a mutation resulting in loss of 

function of P2X7 reduced asthma severity and the risk of developing asthma in children. After 

this study was released, many research groups focused on analysing the role of P2X7 in MCs, 

with multiple papers released over recent years. 

Kurashima et al. (2012) conducted a study on the relationship between P2X7 expression in 

MCs and intestinal inflammation, showing that P2X7 activation promoted TNF-ʰ ǇǊƻŘǳŎǘƛƻƴ 

and intestinal inflammation. A study done by Kuhny et al. (2014) on mouse BMMCs found 

that CD39 is a negative regulator of P2X7-dependent inflamatory cell death. Yoshida, Ito, 

Hoshino, et al. (2017) showed that Dexamethasone can downregulate P2X7 receptor 

expression, while also impairing calcium influx and degranulation on mouse BMMCs. P2X7 is 

the only P2X family member capable of inducing MC degranulation through a IgE-

independent pathway in the presence of ATP concentrations over 100-300 ˃ a, as shown by 

Wareham and Seward (2016) on a LAD2 MC cell line and primary human lung MCs. Similar 

observations were made afterwards by various research groups using different MC models, 

such as mouse BMMCs or mouse perinoteal MCs (Yoshida, Ito, & Matsuoka, 2017; 

Nurkhametova et al., 2019; Kong et al., 2021). P2X7 receptor activation results in the release 

of a large range of mediators, such as histamine, tryptase and chymase, with mediators like 

IL-5 and CCL3 newly sythetised after stimulation (Galli et al., 2005; Lundequist & Pejler, 2011). 

Shimokawa et al. (2017) also reported scretion of IL-33 from BMMCs upon P2X7 activation.  
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1.4.7 P2X Agonists 

ATP is not the only molecule able to activate P2XRs, as many different agonists structurally 

derived from ATP were synthesised, showing increased affinity to the ATP binding site 

compared to ATP. Most agonists also show strong and selective binding towards a specific 

P2XR, with negligible binding to other P2XRs, enabling the selective activation of a desired 

receptor. For this reason, P2X agonists can be used to probe single receptors and test their 

specific function.  

CƻǊ ŜȄŀƳǇƭŜΣ ʰΣʲ-Methylene ATP is an agonist for P2X1 and P2X3 receptors with a low affinity 

for P2X4 and P2X7 receptors. The 2meSATP agonist preferentially binds to P2X4 and P2X5 

receǇǘƻǊǎΣ ǿƘƛƭŜ !¢tʴ{ Ƙŀǎ ǘƘŜ ǎǘǊƻƴƎŜǎǘ ŀŦŦƛƴƛǘȅ ǘƻ ǘƘŜ tн·п ǊŜŎŜǇǘƻǊ ŀƴŘ ʲΣʴ-MeATP to the 

P2X1 receptor (Jarvis & Khakh, 2009; Illes et al., 2021). 

!ƳƻƴƎ ŀƭƭ tн· ŀƎƻƴƛǎǘǎΣ ǘƘŜ Ƴƻǎǘ ǳǎŜŘ ƛǎ н όо ύ-O-(4-benzoylbenzoyl)ATP (BzATP), a potent 

P2X7 agonist generated by altering the sugar moiety of ATP, resulting in ~10ς30 higher 

potency compared to ATP activation. However, BzATP is also able to activate P2X1 and P2X3 

at low nanomolar concentrations or be metabolized into other adenine derivates (De Marchi 

et al., 2016; Savio et al., 2018).  

 

1.4.8 Inhibitory Properties of P2X Antagonists 

As the importance of P2XRs in inflammatory mechanisms slowly became apparent, molecules 

able to selectively block the receptor activity became necessary. In recent years, multiple 

P2XR antagonists were developed and tested (Table 1.1). 

 

The majority of antagonists were developed against the P2X7 receptor due to its involvement 

in many different pathological conditions. There are two main different types of antagonists 

targeting P2X7: orthosteric ligands and allosteric ligands (De Marchi et al., 2016). The most 

notable members of the orthosteric ligand family are A438079, A839977, A740003 and 

A804598, showing reversible and competitive high affinity binding to the P2X7 receptor 

(Honore et al., 2006; Nelson et al., 2006; Amoroso et al., 2015). The allosteric ligands group 

includes various different antagonists, such as Brilliant Blue G (BBG), AZ-11645373, JNJ-
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54175446, GSK1482160A and GSK314181A (Stokes et al., 2006; Broom et al., 2008; Keystone 

et al., 2012; Savio et al., 2018). 

 

Both orthosteric and allosteric ligands were previously used in various studies investigating 

the effect of P2X7 inhibition in the development and role of pathological conditions. 

tŀǊǘƛŎǳƭŀǊƭȅ ƛƴ ƴŜǳǊƻƛƴŦƭŀƳƳŀǘƛƻƴΣ !поултфΣ ..D ŀƴŘ D{Yмпунмсл! ƳƛǘƛƎŀǘŜŘ !ƭȊƘŜƛƳŜǊΩǎ 

disease (AD) progression (Chen et al., 2014; Miras-Portugal et al., 2015; Martínez-Frailes et 

al., 2019). Meanwhile, A438079 and BBG were suggested as a possible novel protective 

ǎǘǊŀǘŜƎȅ ƛƴ tŀǊƪƛƴǎƻƴΩǎ ŘƛǎŜŀǎŜ όt5ύ (Marcellino et al., 2010; Wang et al., 2017). Despite all 

the evidence obtained in their use in disease models and pre-clinical studies, only four P2X7 

antagonists reached clinical trials, and all were discontinued for various reasons (Keystone et 

al., 2012; Ali et al., 2013; Savio et al., 2018).  

 

Recently, a new type of P2X7 receptor antagonist, belonging to the class of the multi-target-

directed ligands (MTDLs), was synthesized, targeting both the P2X7 receptor and NMDA 

receptors (Karoutzou et al., 2018). As an NMDA receptor provokes excitotoxicity and neuronal 

loss in AD patients (Lewerenz & Maher, 2015), the combination of NMDA and P2X7 

compounds should result in the inhibition of both receptors at the inflammatory site without 

interfering with homeostatic responses.  

 

In contrast to the P2X7 receptor, P2X1 and P2X4 receptors are still in need of potent specific 

antagonists. A study done by Beswick et al. (2019) identified a few low affinity ligands for the 

P2X1 and P2X4 receptors, however the binding affinity was too low to possess any 

pharmacological value. In contrast, a study done by Coddou et al. (2019) identified the 

molecule 5-BDBD as a potent P2X4 receptor antagonist. Regarding the P2X1 receptor, NF864, 

NF449 and IP5I were identified as the most potent antagonists (Syed & Kennedy, 2012; 

Burnstock, 2014; Berg & Berg, 2017).  

 

Compared to P2X1-/- and P2X4-/ - knockout mice, P2X1 and P2X4 receptor inhibitors are not 

widely used in studies investigating neuroinflammation. However, a study conducted by 

Vázquez-Villoldo et al. (2014), using 5-BDBD, showed reduced microglial activation and a  
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Table 1.1 List of commercially available antagonists against P2X1, P2X4 and P2X7 receptors, with 

pIC50 values for human or mouse receptors and inhibition of other P2XRs. Cells left blank signify 

unavailable data from literature. (Soto et al., 1999; Watano et al., 2002; Hülsmann et al., 2003; Hechler et al., 

2005; Horner et al., 2005; Rettinger et al., 2005; Honore et al., 2006; Nelson et al., 2006; Florjancic et al., 2008; 

Michel et al., 2008; Abbracchio et al., 2009; Donnelly-Roberts et al., 2009; Honore et al., 2009; Duplantier et al., 

2011; Elsby et al., 2011; Xin et al., 2011; Hernandez-Olmos et al., 2012; Mehta et al., 2014; Adinolfi et al., 2015; 

Ase et al., 2015; Csóka et al., 2015; Lambertucci et al., 2015; De Marchi et al., 2016; Karasawa & Kawate, 2016; 

Matsumura et al., 2016; Savio et al., 2018; Coddou et al., 2019; Soare et al., 2020). 

 

P2X receptor 
type 

Name of the 
antagonist 

pIC50 
(Human) 

pIC50 
(Mouse) 

Inhibition of other P2X receptors 
(including weak inhibition) 

P2X7 
 

Orthosteric 
ligands 

 

 
oATP 3.5-4 4.00 P2X1, P2X2, P2X2/3  

A438079 6.88 6.49 None  
A839977 7.69 6.82-7.37 None  
A740003 7.39 7.74 None  
A804598 7.96 8.00 None 

Allosteric 
ligands 

 

 
AZ-10606120 8.00 5.7-6.2 None  
AZ-11645373 7.69-8.30 5.28-5.9 None  
JNJ-479655 8.30 7.2-7.5 -  
AZD9056 4.03-4.49 5.52 -  

GSK314181A 7.07-7.74 6-7.5 -  
GSK1482160 8.67 - -  

BBG 6.69 8.00 P2X1, P2X2, P2X4, P2X5  
KN-62 7.00-8.00 6.50 -  

GW791343 5.05-6.6 6.04 -  
CE-224535 7.80 - -  
EVT-401 - - - 

P2X1 
 

 
NF449 6.95-7.15 (native), 

9.54 (recombinant) 
7.08 P2Y1, P2X3, P2X7 

 
NF864 7.36 - P2Y1  

IP5I 5.6-7 8.30 P2X2, P2X3, P2X4, P2X7  
MRS2159 5.26 8.04 P2X2, P2X3, P2X4, P2X7  
TNP-ATP - 8.20 P2X2, P2X3, P2X4, P2X7  
NF023 6.67 6.61 P2X2, P2X3, P2X4  
NF279 6.05 7.60 P2X2, P2X4, P2X7 

P2X4 
 

 
5-BDBD 6-6.2 6.10 P2X1, P2X3  

NP-1815-PX 6.50 6-6.5 P2X3, P2X7  
PSB-12054 6.70 5.67 P2X1, P2X2, P2X3, P2X7  
PSB-12062 5.86 6.03 P2X1, P2X2, P2X3, P2X7  

BX430 6.26 No effect P2X1, P2X2, P2X3, P2X5, P2X7 
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reduction in microglial loss in the spinal cord of an multiple sclerosis in vivo model, suggesting 

that a P2X4 antagonist yields valuable information as the use of a knockout mice model.  

P2X antagonists, especially those showing high receptor affinity, such as 5-BDBD or A438079, 

could be used in the future as pharmacological therapies to alleviate symptoms of 

neuroinflammatory diseases. However, in order to avoid interference with homeostatic 

conditions, the development of antagonists targeted to affected sites, should be considered. 

In addition, the use of P2X antagonists in human primary cell cultures/cell lines circumvents 

the issues related to the high polymorphism of the human P2X7 receptor, however, it should 

also be translated in vivo as there are profound differences in MC numbers present in the 

mouse brain compared to the human brain (Nautiyal et al., 2012; Sorge et al., 2012). 

 

1.4.9 P2Y Receptors and Structure 

As with P2XRs, P2Y receptors share a similar biochemical structure. All members have 

extracellular N-terminus and intracellular C-terminus, and seven transmembrane spanning 

regions with a high level of homology. A structural diversity between intracellular loops and 

C-terminus in P2Y receptor subsets was observed, affecting the coupling with Gi, Gs and Gq/11 

proteins (Burnstock, 2009). The eight P2Y receptors can be further divided into four 

categories: adenine nucleotide activated (P2Y1, P2Y11-13), pyrimidine activated (P2Y4 and 

P2Y6), ATP/UTP activated (P2Y2) and UDP-activated (P2Y14). Upon activation of P2Y 

receptors through nucleotides, the G protein signalling cascade is activated. P2Y1, P2Y2, P2Y4, 

P2Y6 and P2Y11 all couple to Dʰǉκмм proteins, whilst P2Y12, P2Y13 and P2Y14 couple to the 

Dʰƛκƻ ǇǊƻǘŜƛƴǎΦ tн¸мм ƛǎ ǘƘŜ ƻƴƭȅ tн¸ ǊŜŎŜǇǘƻǊ ǘƘŀǘ ŀƭǎƻ Ƙŀǎ ǘƘŜ ŀōƛƭƛǘȅ ǘƻ ŀŎǘƛǾŀǘŜ ǘƘŜ Dʰǎ 

protein/adenylyl cyclase pathway (Qi et al., 2001). P2Y receptors can be found on nearly all 

cells, including immune cells, as G protein coupled receptors are essential regulators of cell 

functions. For a long time it was difficult to determine which subtypes of G protein coupled 

receptors were expressed by which cell type as they can evade detection through the use of 

antibodies (Michel et al., 2009). Therefore, the information we have about P2Y receptors, and 

their expression comes from RNA-sequencing data. P2Y receptors are the most abundant G 

protein coupled receptors expressed by immune cells, including macrophages, dendritic cells 

and microglia (Le Duc et al., 2017) , and are involved in many functions leading to immune 
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responses, such as chemotaxis or phagocytosis (Elliott et al., 2009). The following P2Y 

receptors are observed as functional in MCs (Gao et al., 2013): 

P2Y12 

The P2Y12 receptor can be activated by ADP and its forms. In MCs, activation of P2Y12 leads 

to cytokine release and causes pulmonary inflammation when induced with Leukotriene E4 

(Paruchuri et al., 2009). 

P2Y13 

The P2Y13 receptor is activated by ADP, and it was shown to increase intracellular calcium 

mobilization in macrophages and activate chemotaxis in neutrophils. In MCs, P2Y13 is able to 

induce degranulation in both human and murine models (Feng et al., 2004; Gao et al., 2010).  

P2Y14 

The P2Y14 receptor can be activated by UDP and plays an important role in neutrophils 

macrophages and dendritic cells. In MCs, Gao et al. (2013) showed the involvement of P2Y14 

in the degranulation of LAD2 MCs. In repeated experiments using other P2Y receptors, MC 

degranulation was not observed. This makes P2Y14 the only receptor activated by pyrimidine 

that is able to induce MC degranulation, which could pose as a potential therapeutic target, 

as suggested by the use of a selective P2Y14 antagonist in an asthma model (Gauthier et al., 

2011). In other immune cells, P2Y14 activation leads to chemotaxis, calcium influx and 

dendritic cells maturation (Myrtek et al., 2008; Barrett et al., 2013). 

 

1.4.10 Involvement of ATP and Purinergic Receptors in Lung Pathology 

IgE-mediated lung diseases 

In comparison to MCs and IL-33, the involvement of ATP and purinergic receptors in allergy 

and asthma is not well studied. However, from the currently available information, it appears 

that P2X activation plays an important role in these conditions. For example, a study by Müller 

et al. (2011) demonstrated that allergic airway inflammation in both humans and mice is 

associated with the upregulation of the P2X7 receptor on immune cells, and that P2X7 

signalling is connected to an ATP mediated pro-asthmatic effect.  
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In human lung MCs, ATP is a crucial modulator of histamine release. In asthmatic patients, 

ATP concentration in sputum was severely elevated, with the attenuated function of the P2X7 

receptor conferring protection from asthma (Burnstock, 2017). P2X1 receptor responses were 

reduced in eosinophils from asthmatic patients compared to healthy subjects (Wright et al., 

2016). In a C57BL/6 mouse model, ATP presence stimulated Th17 polarisation in neutrophilic 

asthma, with the reduction of ATP leading to milder asthmatic symptoms (Zhang et al., 2017). 

Non-allergic lung diseases 

In COPD, increased ATP levels were observed in ex-smokers, with ATP levels further increased 

in active smokers. Patients that did not suffer with COPD, but were either ex-smokers or active 

smokers, also showed an increased concentration of ATP in their BAL fluid compared to 

healthy controls (Lommatzsch et al., 2010). The same study also observed an increase in P2X7 

receptor expression on macrophages of COPD patients. The study by Lucattelli et al. (2011) 

observed similar findings and demonstrated a critical involvement of the P2X7 receptor in the 

pathogenesis of COPD, mediating the effect of ATP on airways exposed to cigarette smoke.  

High ATP concentrations were also measured in bronchoalveolar lavage (BAL) fluid of patients 

suffering with IPF (Riteau et al., 2010), with P2Y6 receptor activation promoting tissue 

remodelling (Muller & Taylor, 2017) and inflammation, with a blockade of P2X7 receptor 

attenuated lung inflammation and fibrosis (Monção-Ribeiro et al., 2011).  

The release of ATP also plays an important part during the course of viral infections, as 

rhinovirus infection led to the increase of ATP release by A549 airway epithelial cells (Atkinson 

et al., 2020), while infection with severe acute respiratory syndrome coronavirus 2 produced 

an increase in extracellular ATP concentrations in plasma of infected patients (da Silva et al., 

2022). Similarly to ATP, IL-33 concentrations were also shown to be increased in BAL fluid 

during the course of influenza or respiratory syncytial virus infection (Le Goffic et al., 2011; 

Wu et al., 2020). 
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1.5 Relation of IL-33 and ATP in Mast Cells 

 

As both IL-33 and ATP function as alarmins, they should both be present in higher 

concentrations in the extracellular environment during epithelial and endothelial cell necrosis. 

However, for a long time there were no studies investigating the simultaneous effect of IL-33 

and ATP on MCs. In 2021, Jordan et al. (2021) reported that co-sensing of ATP and IL-33 

potentiated the release of cytokines from mouse BMMCs, boosting the activation of COX1/2 

and prolonging the activation of TAK1-IKK2-NF-ˁ. ǎƛƎƴŀƭƭƛƴƎ ǇŀǘƘǿŀȅǎΦ ! ǇǊŜƭƛƳƛƴŀǊȅ 

observation from Straus et al. (2021) in BBMCs and peritoneal MCs suggest a 3-6 fold increase 

in the release of IL-6, TNF and IL-13 in response to ATP, when MCs were previously sensitized 

by IL-33. 

MCs stimulation with ATP has been shown to result in the release of IL-33 from the cell, 

contributing to the activation of ILC2 (Shimokawa et al., 2017), while glycolytic ATP 

production was important for IL-33 induced MCs activation (Caslin et al., 2018). A release of 

IL-33 or increase of IL-33 expression upon ATP simulation has also been observed in other cell 

types, such as dendritic cells, human bronchial epithelial cells, keratinocytes or astrocytes 

(Hudson et al., 2008; Uchida et al., 2017; Dai et al., 2020; Srisomboon et al., 2020; Kataoka et 

al., 2021). 

To this date, however, there are no studies investigating the synergistic effect of IL-33 and 

ATP sensing in human MCs.   
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1.6 Thesis Hypothesis and Aims 

 

Since both IL-33 and ATP function as alarmins, released from damaged epithelial and 

endothelial cells in lung pathological conditions, and both IL-33 receptor complex and P2XRs 

were shown to communicate and/or affect other receptors, the hypothesis is if IL-33 might 

influence ATP-mediated MC activities, such as MC degranulation, intracellular signalling, and 

cytokine release, resulting in prolonged inflammatory conditions and recruitment of other 

immune cells. 

The main goal of this thesis is, therefore, to investigate whether and how IL-33 treatment 

modulates MC behaviour mediated by ATP stimulation. 

Specific aims were as follows: 

1. First, establish the role of ATP and ADP in MC degranulation, and whether IL-33 might 

exert any modulatory effect on this process.  To achieve this, an in vitro model of 

human primary MCs was used. 

2. Second, verify the mechanisms by which IL-33 can potentiate ATP-mediated 

modulation of MC activities. Therefore, the effect of IL-33 treatment on ATP-mediated 

intracellular signalling and calcium flux was investigated, together with the expression 

of ST2 and P2XRs, which were previously confirmed to be expressed in MCs. 

3. Third, establish if other alarmins released during epithelial cell damage might exert 

the same modulatory properties on ATP-mediated MC degranulation as IL-33. To 

assess this, the modulatory effect of Thymic stromal lymphopoietin (TSLP), in 

comparison to IL-33, was investigated in ATP-mediated MC degranulation. 

4. Fourth, determine which P2XRs are mainly involved in ATP-mediated MC activities, 

and if the IL-33 potentiating effect affects all P2XRs equally. This aim was achieved 

using a range of P2XRs inhibitors with different binding properties. A further study 

specifically focused on the effect of IL-33 on P2X7 receptor was carried out using the 

P2X7-specific agonist BzATP. 
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5. Fifth, evaluate the modulatory role of IL-33 treatment on the MC transcriptional 

landscape, to establish which effect IL-33 exerts on genes associated with MC 

inflammatory pathways, intracellular signalling, MC signature genes, genes associated 

with adenosine pathway and expression of P2XRs. This aim was investigated by 

performing RNA sequencing and data analysis. 

6. Lastly, to establish if results obtained from the previous aims could occur in lung 

pathological conditions, such as lung viral infection. To determine this, lung epithelial 

cells underwent viral or mechanical damage, and the obtained supernatants were 

analysed to determine ATP presence, and then administered to MCs previously 

treated with IL-33, to measure if any ATP-mediated MC degranulation occurred. 

Overall, the results obtained by this thesis should help to establish the novel role of IL-33 in 

the potentiation of ATP-mediated MC activities such as degranulation or intracellular 

signalling and help us further understand immune processes occurring during lung 

inflammatory conditions.  
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Chapter 2 

Materials and Methods   
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2.1 Mast Cell Differentiation and Culture 

 

2.1.1 Isolation of Human Blood-Derived Mast Cell Progenitors 

Human peripheral blood mononuclear cells (PBMCs) were isolated from leukocyte cones, as 

previously described (Bahri et al., 2018; Bahri & Bulfone-Paus, 2020). Leukocyte cones were 

obtained from the National Health Service Blood and Transplant blood bank (Manchester, UK) 

from anonymous healthy volunteers who gave an informed consent for their donation to be 

used for research purposes as per a protocol approved by the University of Manchester 

Research Ethics Committee (UREC ref 2018-2696-5711). Blood obtained from the leukocyte 

cones was diluted in 20 mL of sterile PBS (Sigma-Aldrich), transferred onto a layer of Ficol-

Paque (GE healthcare), and then spun at 400 g for 30 minutes at 1 acceleration and 0 

deceleration. The white blood cells layer, found on the top of the Ficol-Paque, was then 

transferred to a new falcon tube, topped up with PBS up to 20 mL and spun at 400 g for 10 

minutes at 9 acceleration and 9 deceleration. After the supernatant removal, cells were 

incubated for 30 minutes with 400 µL of CD117 beads, 400 µL of FC blocker (Miltenyi Biotec) 

and 1.5 mL of MACS buffer (mixture of PBS, 0.5% BSA (Gipco) and EDTA (Invitrogen). After 

incubation, 30 mL of MACS buffer was added to the tube and spun at 400 g for 5 minutes. 

Cells were then re-suspended in the 5 mL of MACS buffer and loaded into the LS column 

(Miltenyi Biotec), which was attached to the strong magnets (Miltenyi Biotec) and washed 

with MACS buffer. After the cells passed through, the column was washed three times with 

MACS buffer and then removed from the magnets. 5 mL of MACS buffer was then loaded into 

the column and pushed immediately through the column with a syringe to release cells from 

the column. Cells were then spun at 300g for 5 minutes. Obtained cells were then re-

suspended in 3 mL of the media 1, specially prepared for the human primary mast cells culture, 

transferred to the 6-well plate and placed in the incubator.  

 

2.1.2 Maintenance of Mast Cell Culture  

In the first four weeks, human primary MCs were cultured in the media 1 composed of IMDM 

όмȄύҌDƭǳǘŀa!· όDƛōŎƻύΣ лΦр҈ .{! CǊŀŎǘƛƻƴ ± όDƛǇŎƻύΣ м҈ ƻŦ Lƴǎǳƭƛƴ ǘǊŀƴǎŦŜǊǊƛƴ όDƛōŎƻύΣ ʲ-

ƳŜŎŀǇǘƻŜǘƘŀƴƻƭΣ млл ˃ƎκƳƭ tŜƴƛŎƛƭƭƛƴ-Streptomycin (Sigma-aldrich), 100 ng/mL of SCF 
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(GenScipt), 50 ng/mL of IL-6 (GenScipt), 10 ng/mL of IL-3 (PeproTech), 1 ng/mL of LDL 

(ThermoFisher) and 100 ng/mL of SRI (Cayman Chemical Company). At this stage, human 

primary MCs received a new dose of media every day, with the amount dependant on the cell 

expansion. From the fifth week onwards, the cells were cultured in the same media mixture 

as mentioned above, but this time IL-3, LDL and SRI were not added (Media 2) and the cells 

were spun once a week at 100 g for 5 minutes to remove old media and replace it with the 

new one. After week 8 of culture, when MCs reached maturity, the cells were spun every two 

ǿŜŜƪǎ ŀǘ оллƎ ŦƻǊ р ƳƛƴǳǘŜǎΦ hƴ ǘƘŜ ǿŜŜƪ ǿƘŜƴ ǘƘŜ ŎŜƭƭǎ ǿŜǊŜƴΩǘ ǎǇǳƴΣ мл Ƴ[ ƻŦ aŜŘƛŀ н ǿŀǎ 

added to the flasks. 

 

2.1.3 Assessment of Mast Cell Maturity 

To assess whether the MCs were fully mature, a sample of MCs were sensitized for 16 hours 

with human IgE (Merck), stimulated with goat anti-human IgE (Insight Biotechnology) or 

negative control for 1 hour and degranulation assessed by flow cytometric analysis using 

antibodies specific to CD63 (clone H5C6; isotype mouse IgG1; BioLegend), CD107a (clone 

H4A3; isotype mouse IgG1; BioLegend) and CD117 receptors (clone A3C6E2; isotype mouse 

IgG1; BioLegend) as markers for degranulation. If the number of viable cells was lower than 

35%, the donor was discarded from further analysis. If there were no CD63 or CD107a 

immuno-positive cells observed for IgE/anti-IgE samples, the donor was discarded and no 

experiments were performed on it. 

 

2.2 Beas2B Epithelial Cell Lines Culture 

 

2.2.1 Thawing of Cell Lines 

The Beas2B cell line was removed from -80°C freezer storage and held in a 37°C water bath 

until the sides were thawed, but the centre remained frozen. Thawed cells were transferred 

to the flask along with 9 mL of warm DMEM media (ThermoFisher) with 10% FCS (Gibco) and 

1% of L-glutamine (200mM) (ThermoFisher). The flask with the cells was then placed in the 

incubator overnight and after the cells were attached to the flask, old media was removed 



65 

 

and replaced with the DMEM media solution containing 10% FCS, 1% of L-glutamine and 100 

˃ƎκƳƭ tŜƴƛŎƛƭƭƛƴ-Streptomycin (Sigma-Aldrich). 

 

2.2.2 Maintenance of the Beas2B Culture  

Beas2B cells were subculture when they were about 60-80% confluent. Culture medium was 

aspirated, and cells were washed with PBS and covered in 2 ml of Trypsin/EDTA solution. Cells 

were then allowed to trypsinize for 15 minutes in the incubator at 37°C. 8 mL of DMEM 

medium solution was added and cells were gently aspirated by pipetting and transferred to a 

conical tube. The flask was washed with PBS and 1 mL of Beas2B cells was transferred to the 

flask. 14 mL of fresh DMEM media solution was added to the flask, which was then returned 

to the incubator at 37°C and 5% CO2. 

 

2.3 Degranulation Assay 

 

2.3.1 Mast Cell Treatment and Stimulation for Degranulation Assay 

For a degranulation assay, all MC donors were analysed individually. MCs were treated with 

either 5 ng/mL of IL-33, 50 ng/mL of IL-33 (PeproTech),  5 ng/mL of IL-33 isoform 492 (full 

name: GRITS55492, isoform length: bases 95-270) (GSK), 5 ng/mL of IL-33 isoform 505 (full 

name: GRITS55005, isoform length: bases 113-270) (GSK) or left untreated for 24 hours at 

37°C and 5% CO2, spun down at 300g for 5 minutes, washed with PBS, spun again at 300g for 

5 minutes and then the cells were stimulated with three different ATP (ThermoFisher) 

concentrations: 10 µM, 100 µM and 1000 µM for 1 hour or with three different ADP (Sigma-

Aldrich) concentrations of 10 µM, 100 µM and 1000 µM for 1 hour. As a negative control cells 

were untreated and not stimulated, and for a positive control cells were sensitised for 16 

hours with 1µg/mL IgE and then stimulated with 1µg/mL anti-IgE for 1 hour. 

 

2.3.2 Assessment of Degranulation  

After appropriate treatment, cells were spun at 300g for 5 minutes and 110 µL of FACS buffer 

(PBS, 2% FCS, 200 µL EDTA) was added into each well. 10 µL was then collected from each 
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well, transferred to the Eppendorf tube, gently mixed and then split into four different wells 

that were used for the fluorescence minus one control (FMO). The plate was then spun at 

300g for 5 minutes with a full staining solution composed of FACS buffer and 2 µg/mL of CD63, 

CD107a and 1 µg/mL CD117 antibodies together with 5 µg/mL of Fc blocker (all BioLegend). 

Cells were then incubated for 30 minutes at 4°C. Afterwards they were washed with PBS and 

incubated at 4°C for 20 minutes in the PBS containing 1 µL Live/Dead stain (Thermofisher) in 

1 mL. Then the cells were again washed with PBS and fixed for 15 minutes in the 4% 

formaldehyde solution (eBioscience). Cells were then spun at 300g for 5 minutes, re-

suspended in FACS buffer and then analysed using the LSR-II flow cytometry. Results obtained 

were then analysed using FlowJo® software (FlowJo, LLC).  

To create compensation for the flow cytometry, one drop of the beads was combined with 1 

µL of either CD63, CD107a or CD117 antibodies. 

 

2.4 Mediator Measurement Using Cytometric Bead Array (CBA) 

 

2.4.1 Mast Cell Treatment and Stimulation for Mediator Release 

For a degranulation assay, all MC donors were analysed individually. MCs were treated with 

50 ng/mL of IL-33 or left untreated for 24 hours at 37°C and 5% CO2, spun down at 300g for 5 

minutes, washed with PBS, spun again at 300g for 5 minutes and then the cells were 

stimulated with three different ATP concentrations: 10 µM, 100 µM and 1000 µM, and an 

ADP concentration of 1000 µM, for 8 hours. As a negative control cells were untreated and 

not stimulated, and for a positive control cells were sensitised for 16 hours with 1µg/mL IgE 

and then stimulated with 1µg/mL anti-IgE for 8 hours.  

 

2.4.2 Measurement of Released IL-8, MCP-1, IL-10, and IL-13 Using CBA 

To carry out a CBA analysis, a Flex Set Kit (BD biosciences) (containing 2x lyophilized 

recombinants standard vials, 1x PE detection reagent vial, and 1x capture bead vial) was used 

together with IL-8, MCP-1, IL-10, and IL-13 antibodies and IL-8, MCP-1, IL-10, and IL-13 

functional beads (all BD biosciences). The CBA bead master mix and PE detection reagent 
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ƳŀǎǘŜǊ ƳƛȄ ǿŜǊŜ ǇƭŀǘǘŜŘ ǘƻ ŜŀŎƘ ǊŜǎǇŜŎǘƛǾŜ ǿŜƭƭ όмл ˃[κǿŜƭƭύ ƻŦ фс-well filter plates (BD 

biosciences). ¢ƘŜƴ ŜƛǘƘŜǊ р ˃[ ƻŦ ǎǘŀƴŘŀǊŘ ŎƻƴǘǊƻƭ ƻǊ р ˃[ ƻŦ ŎŜƭƭ supernatant of the samples 

that need to be analysed were added into a well. The plate was then covered in foil and put 

on a digital plate shaker for 2 hours, washed with wash buffer, spun, washed again and 

ŀŦǘŜǊǿŀǊŘǎ ŀƴŀƭȅǎŜŘ ǳǎƛƴƎ .5 C!/{±9w{9ϰ ŀƴŘ ǳǎƛƴƎ C/!t !ǊǊŀȅϰ ǾоΦлΦм {ƻŦǘǿŀǊŜ όōƻǘƘ .5 

biosciences). 

 

2.5 Receptor Expression Using Real-Time PCR 

 

2.5.1 Mast Cell Treatment and Stimulation for RT-PCR Analysis 

For a RT-PCR analysis, all MC donors were analysed individually. MCs were treated with 5 

ng/mL of IL-33, 50 ng/mL of IL-33 or left untreated for 24 hours at 37°C and 5% CO2, spun 

down at 300g for 5 minutes, washed with PBS, spun again at 300g for 5 minutes and then the 

cells were stimulated with three different ATP (ThermoFisher) concentrations: 10 µM, 100 

µM and 1000 µM for 24 hours. As a negative control, cells were untreated and not stimulated 

and for a positive control cells were sensitised for 16 hours with 1µg/mL IgE and then 

stimulated with 1µg/mL anti-IgE for 24 hours.  

 

2.5.2 RNA Extraction 

RNA extraction was carried out using the RNA Easy Micro Kit (Qiagen) and all the steps of the 

extraction were carried out according to the protocol supplied by the kit. Obtained RNA was 

then measured using NanoDrop (ThermoFisher) to assess its quality and then stored at -80°C 

and afterwards converted to the cDNA.  

 

2.5.3 cDNA Preparation 

To convert obtained RNA to cDNA, a Tetro cDNA Synthesis Kit (Bioline) was used. All the 

synthesis steps were performed on ice and according to the protocol included with the kit. In 

the case of a primer, random hexamers were added to the premix instead of Oligo dT primers.  
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 Prepared premix samples were then incubated at 25°C for 10 minutes followed by 45°C for 

30 minutes. The reaction was then terminated by incubation at 85°C for 5 minutes and 

samples were afterwards stored at -20°C. 

 

2.5.4 RT-PCR and Primers List 

 To carry out a qRT-PCR, an Applied Biosystems real-time qPCR QuantStudio 12K flex machine 

ŀƴŘ vǳŀƴǘ{ǘǳŘƛƻϰ ǊŜŀƭ-time qPCR software was used together with the MicroAmp Optical 

384-well reaction plates (Life Technologies). 2 ng of cDNA was added to the solution 

composed of RNA free water, Brilliant Ultra-fast SYBR Green Assay (Applied Biosystems) and 

forward and reverse gene primers at a concentration of 2 µM, with H3F3B and 18S used as 

reference genes. Primers were distributed by the Eurogentec and their sequences can be seen 

in Table 2.1. A standard melt curve analysis was done to confirm the specificity of the primers.  

 Before the RT-PCR experiments were carried out, a standard curve was constructed for each 

primer of interest by using five ten-fold serial dilutions. All the primers that had their 

amplification efficiency between 90% and 110% were then used for future experiments. If the 

primer efficiency was out of this specific range, they were discarded from further analysis. 

 

 

 

 

 

 

Gene Sequence 

P2X1 рΩ-GGCCCTTGAGTTTCACAGAG 

P2X4 рΩ-ACAGTGGTCGCATCTGGAAT 

P2X7 рΩ-GCTTGTCACTCACCAGAGCA 

ST2 рΩ-AAAGAGAGGCTGGCTGTTGT 

H3F3B рΩ-GTTTGGTCGTTCGTTGGGC 

18S рΩ-CCTGCGGCTTAATTTGACTC 

Table 2.1 Gene primers used in the experiments.  

In total, three P2X receptor primers together with the ST2 receptor primers were used for the 

analysis. H3F3B and 18S primers were used as reference genes. Only the forward part of the primer 

sequence is shown. 

 

Gene Sequence 

P2X1 рΩ-GGCCCTTGAGTTTCACAGAG 

P2X4 рΩ-ACAGTGGTCGCATCTGGAAT 

P2X7 рΩ-GCTTGTCACTCACCAGAGCA 

P2Y1 рΩ-GTCAAGGGAAACTCGCTCTG 

P2Y14 рΩ-AGTGAAGGTGTTTTGCCCAG 

ST2 рΩ-AAAGAGAGGCTGGCTGTTGT 

H3F3B рΩ-GTTTGGTCGTTCGTTGGGC 

18S рΩ-CCTGCGGCTTAATTTGACTC 

 Table 2. Gene primers used in the experiments. Only forward part of the primer sequence is 

showed 
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2.6 Calcium Influx Assay 

 

For a calcium assay, all MC donors were analysed individually. Firstly, MCs were treated with 

5 ng/mL of IL-33, 50 ng/mL of IL-33 or left untreated for 24 hours at 37°C and 5% CO2 and 

washed with PBS. A black walled, clear, flat bottom 96-well plate (Greiner 655090) was coated 

with 0.01% Poly-L-Lysine solution, made with 0.1M Borate buffer (Alfa Aesar) and Poly-L-

Lysine hydrobromide (Sigma, P2636-100MG). The plate was left for 30 minutes at 37°C and 

washed with PBS. 30,000 treated MCs were platted per well in 100 µL of Media 2 and left for 

1 hour at 37°C in the incubator. In the meantime, working buffer solutions were made. 

DǊŀŜƳŜΩǎ calcium buffer was made using 125 mM of NaCL, 5.4 mM of KCl, 16.2 mM of 

NaHCO3, 0.8 mM of MgCl2, 5.5mM of D-glucose (Sigma-Aldrich), 20 mM of HEPES 

(ThermoFisher)Σ м Ƴa ƻŦ bŀIнthп ŀƴŘ мΦу Ƴa ƻŦ /ŀ/ƭнΦ LŦ DǊŀŜƳŜΩǎ calcium buffer was 

ƳŀŘŜ ŦƻǊ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘ ǿƛǘƘƻǳǘ ŜȄǘǊŀŎŜƭƭǳƭŀǊ ŎŀƭŎƛǳƳΣ /ŀ/ƭн ǿŀǎƴΩǘ ŀŘŘŜŘ to the mixture. 

¢ƻ ƳŀƪŜ ǳǇ ŀ ǿŀǎƘ ōǳŦŦŜǊΣ пфΦр Ƴ[ ƻŦ DǊŀŜƳŜΩǎ calcium buffer was mixed with 666 µL of 7.5% 

.{! όDƛǇŎƻύΦ ¢ƻ ƳŀƪŜ ǳǇ ŀ ƭƻŀŘƛƴƎ ōǳŦŦŜǊ ŦƻǊ у ǇƭŀǘŜ ǿŜƭƭǎΣ тср ҡ[ ƻŦ DǊŀŜƳŜΩǎ calcium buffer 

was mixed with 100 µL of 25mM Probenecid solution (Sigma-Aldrich), 133 µL of 7.5% BSA and 

1 µL of Fura-2 (ThermoFisher) (2 mM stock re-suspended in 24.95 µL of DMSO). To make up 

ŀƴ ŀǎǎŀȅ ōǳŦŦŜǊΣ пслн ҡ[ ƻŦ DǊŀŜƳŜΩǎ calcium buffer was mixed with 796 µL of 7.5% BSA. After 

1 hour incubation, Media 2 was removed from all wells, which were then washed with wash 

buffer and given a loading buffer and left in the incubator at 37°C for 1 hour. All wells were 

then washed with wash buffer and given 100 µL of assay buffer. 

To make up an agonist plate, dead (extra) volume must be considered for each well. Each well 

was then given a specific amount of assay buffer and a required BzATP (ThermoFisher) 

concentration of either 10µL, 100µL, 500µL or 1000µL. 

When both plates were ready, they were loaded into Flexstation (Molecular devices), with 

assay buffer containing BzATP administered to the cells at a 50 second mark after the reading 

was started.  
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2.7 ERK/STAT3/NF-kB Intracellular Signalling 

 

All MC donors were analysed individually and were treated with 5 ng/mL of IL-33, 50 ng/mL 

of IL-33 or left untreated for 24 hours at 37°C and 5% CO2. After this they were washed with 

PBS and treated MCs were re-suspended in the Media 2 lacking IL-6 cytokine and given a 2 

hour rest in the incubator. The plate was then washed and stained for 10 minutes at 37°C in 

the PBS containing 1 µL of life/dead staining in 1 mL. Cells were then washed and activated in 

100 µL of Media 2 lacking IL-6, for either 0, 1, 5, 10, 15, 30 or 45 minutes by ATP or BzATP 

concentrations of 10 µM or 100 µM, or with 1µg/mL of IgE/anti-IgE, and left at 37°C. The 

reaction was stopped at the appropriate time by adding 10 µL of 16% formaldehyde solution 

made with PBS. The cells were then spun at 800g for 5 minutes, washed and permeabilised in 

100 µL of Methanol for 10 minutes at 4°C. The cells were then washed again and given a full 

staining solution composed of FACS buffer, 2 µg/mL anti-ERK1/2 (clone MILAN8R; isotype 

mouse IgG1; ThermoFisher), 2 µg/mL PE-anti-STAT3 (clone 4G4B45; isotype mouse IgG1; 

BioLegend) and 2 µg/mL anti-NF-kB antibodies (clone REA348; isotype human IgG1; Miltenyi 

Biotec) together with 2 µg/mL of Fc blocker (BioLegend). The plate was left overnight at 4°C, 

washed, re-suspended in FACS buffer, and then analysed using the LSR-II flow cytometry. 

Results obtained were then analysed using FlowJo® software (FlowJo, LLC). 

 

2.8 Detection of P2X Receptors Through Flow Cytometry 

 

2.8.1 Intracellular Staining Assay 

After appropriate stimulation, cells were spun at 300g for 5 minutes and washed with 200 ˃ƭ 

ƻŦ t.{ ŀƴŘ ǎǇǳƴ ŀƎŀƛƴΦ ¢ƘŜ ŎŜƭƭǎ ǿŜǊŜ ǘƘŜƴ ǊŜǎǳǎǇŜƴŘŜŘ ƛƴ рл ˃ƭ ƻŦ ƭƛǾŜκŘŜŀŘ ǎǘŀƛƴ ƳŀŘŜ ōȅ 

diluting stock 1:1000 in PBS and incubated for 15 minutes. Then the cells were washed in 200 

˃ƭ ƻŦ t.{Σ ŦƛȄŜŘ ƛƴ рл ˃ƭ L/ ŦƛȄ όп҈ ŦƻǊƳŀƭƛƴ ƛƴ t.{ύ ŀƴŘ ƛƴŎǳōŀǘŜŘ ƛn the dark for 20 minutes. 

In the meantime, permeabilization buffer (e-bioscience, Cat# 00-8333-56) was prepared by 

diluting it 1:10 in water. The cells were then centrifuged and either anti-P2X4 (1 mg/ml) (Cat# 

APR-002; isotype rabbit IgG; Alomone labs) or anti-P2X7 (1 mg/ml) (Cat# APR-004; isotype 

Ǌŀōōƛǘ LƎDмΤ !ƭƻƳƻƴŜ ƭŀōǎύ ŀƴǘƛōƻŘƛŜǎ ǿŜǊŜ ŀŘŘŜŘ ǘƻ ǘƘŜ рл ˃ƭ ǇŜǊƳŜŀōƛƭƛȊŀǘƛƻƴ ōǳŦŦŜǊ ƛƴ 
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1:100 dilution. The plate was then incubated for at least 1 hour in the dark. After the 

incubation, cells were washed with permeabilization buffer and incubated for another hour 

ƛƴ рл ˃ƭ ǇŜǊƳŜŀōƛƭƛȊŀǘƛƻƴ ōǳŦŦŜǊ ŀƴŘ ǎŜŎƻƴŘŀǊȅ ŀƴǘƛōƻŘȅ !ƭŜȄŀ CƭǳƻǊ пуу όн ƳƎκƳƭύ όƛǎƻǘȅǇŜ 

goat anti-rabbit IgG; ThermoFisher) in 1:1000 dilution. Cells were then centrifuged and 

ǊŜǎǳǎǇŜƴŘŜŘ ƛƴ нлл˃ƭ FACS buffer and analysed using the LSR-II flow cytometry. Results 

obtained were then analysed using FlowJo® software (FlowJo, LLC). 

 

2.8.2 Extracellular Staining Assay 

!ŦǘŜǊ ŀ ǎǇŜŎƛŦƛŎ ǎǘƛƳǳƭŀǘƛƻƴΣ ŎŜƭƭǎ ǿŜǊŜ ǿŀǎƘŜŘ ƛƴ нлл ˃ƭ C!/{ ōǳŦŦŜǊ ŀƴŘ ŎŜƴǘǊƛŦǳƎŜŘ ŀǘ 300g 

ŦƻǊ р ƳƛƴǳǘŜǎΦ /Ŝƭƭǎ ǿŜǊŜ ǘƘŜƴ ǊŜǎǳǎǇŜƴŘŜŘ ƛƴ рл ˃ƭ ƻŦ C!/{ ōǳŦŦŜǊ ŀƴŘ ŜƛǘƘŜǊ ŀƴǘƛ-P2X1 (1 

mg/ml) (Cat# APR-022; isotype rabbit IgG1; Alomone labs), anti-P2X4 (1 mg/ml) (Cat# APR-

024; isotype rabbit IgG1; Alomone labs) or anti-P2X7 (1 mg/ml) (Cat# APR-008; isotype rabbit 

IgG1; Alomone labs) extracellular primary antibodies, together with Fc block (5 µg/mL), were 

ŀŘŘŜŘ ƛƴ ǘƘŜ мΥмлл Řƛƭǳǘƛƻƴǎ ŀƴŘ ƭŜŦǘ ŦƻǊ ол ƳƛƴǳǘŜǎ ŀǘ пх/Φ ¢ƘŜ ǇƭŀǘŜ ǿŀǎ ǘƘŜƴ ǿŀǎƘŜŘ ǿƛǘƘ 

нлл ˃ƭ C!/{ ōǳŦŦŜǊ ŀƴŘ ŀƴ !ƭŜȄŀ CƭǳƻǊ пуу ǎŜŎƻƴŘŀry antibody (2 mg/ml) was added to the 

ǿŜƭƭǎ ǿƛǘƘ рл ˃ƭ ƻŦ C!/{ ōǳŦŦŜǊ ƛƴ ǘƘŜ мΥмллл Řƛƭǳǘƛƻƴ ŦƻǊ ŀƴƻǘƘŜǊ ол ƳƛƴǳǘŜǎ ŀǘ пх/Φ !ŦǘŜǊ ǘƘŜ 

ŎŜƭƭǎ ǿŜǊŜ ǿŀǎƘŜŘ ǿƛǘƘ нлл ˃ƭ ƻŦ t.{Σ ǘƘŜȅ ǿŜǊŜ ǎǘŀƛƴŜŘ ǿƛǘƘ рл ˃ƭ ƻŦ ƭƛǾŜκŘŜŀŘ ǎǘŀƛƴ, diluted 

1:1000 in PBS and incubateŘ ŦƻǊ мр ƳƛƴǳǘŜǎ ŀǘ пх/Φ /Ŝƭƭǎ ǿŜǊŜ ǘƘŜƴ ǿŀǎƘŜŘ ƛƴ нлл ˃ƭ ƻŦ t.{ 

and incubated for 15 minutes in the solution composed of FACS buffer and IC fixation buffer 

όŜ.ƛƻǎŎƛŜƴŎŜύΦ !ŦǘŜǊ ǘƘŜ ƭŀǎǘ ǿŀǎƘΣ ŎŜƭƭǎ ǿŜǊŜ ǊŜǎǳǎǇŜƴŘŜŘ ƛƴ нлл ˃ƭ C!/{ ōǳŦŦŜǊ ŀƴŘ ŀƴŀƭȅǎŜŘ 

using the LSR-II flow cytometry. Results obtained were then analysed using FlowJo® software. 

 

2.9 Treatment of Mast Cells with P2X Receptor Inhibitors 

 

2.9.1 Mast Cell Stimulation with P2XR Inhibitor Administration 

Individual MC donors were treated with either 5 ng/mL of IL-33, 50 ng/mL of IL-33 or left 

untreated for 24 hours at 37°C and 5% CO2. The treatment concentration depended on the 

ƴŀǘǳǊŜ ƻŦ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘΦ ¢ƘŜ ŎŜƭƭǎ ǿŜǊŜ ǘƘŜƴ ǿŀǎƘŜŘ ŀƴŘ ƛƴŎǳōŀǘŜŘ ǿƛǘƘ р˃a ƻŦ ŜƛǘƘŜǊ 

NF449 (Tocris), 5-BDBD (Sigma-Aldrich), A438079, A839977, AZ-10606120, or AZ-11645373 
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(all Alomone) inhibitors for 15 minutes at отϲ/Φ !ŦǘŜǊ ǘƘƛǎ ǎǘŜǇΣ ǘƘŜ ŎŜƭƭǎ ǿŜǊŜƴΩǘ ǿŀǎƘŜŘ ŀƴŘ 

ǿŜǊŜ ŘƛǊŜŎǘƭȅ ŀŘƳƛƴƛǎǘŜǊŜŘ !¢t ƻǊ .Ȋ!¢t ƻŦ мл ˃aΣ млл ˃a ƻǊ мллл ˃aΣ ŘŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ 

experiment, for 1 hour at 37°C. Cells were then assessed for degranulation using the set up in 

2.3.2. For the construction of dilution curves, inhibitor concentrations and ATP/BzATP 

concentrations are marked on the specific figures. Cells were then stained according to the 

section 2.3.2 and the results obtained were then analysed using FlowJo® software. 

 

2.9.2 pIC50 Values Calculation 

To assess the pIC50 values from the obtained data, inhibitor concentrations were converted 

to M values and the log10 was calculated. The percentage of the control response was 

calculated relative to the positive and negative control values (sample ς negative control) / 

(positive control-negative control) x 100%. The percentage of the control value was then 

plotted against log10 values, with the resulting pIC50 values being at 50% of the control 

response.  

 

2.10 RNA Sequencing 

 

2.10.1 Mast Cells Stimulation and RNA Preparation 

MCs from individual donors were treated with 50 ng/mL of IL-33 or left untreated for 24 hours 

at 37°C and 5% CO2 in Media 2 without IL-6. After treatment, cells were converted to RNA 

using the RNA Easy Micro Kit (Qiagen) and all the steps of the extraction were carried out 

according to the protocol supplied by the kit. Afterwards the RNA was stored at -80°C and 

then submitted to the Genomic Technologies Core Facility for further analysis. 

 

2.10.2 Processing of RNAseq Data  

Submitted RNA was analysed using Illumina HiSeq4000 and obtained results were processed 

by the University of Manchester Bioinformatics Facility.  
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Quality control of submitted RNA was assessed using FastQC software from Babraham 

Bioinformatics (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). 

The reads trimming was analysed using the BBTools package software, with BBduk and BBmap 

programs (https://jgi.doe.gov/data-and-tools/bbtools/). The full description of BBTools 

software can be found in the publication from Bushnell et al. (2017). 

Human hg38, from the Gencode v36 annotation software, acted as a reference for the 

obtained data (https://www.gencodegenes.org/human/release_36.html). The full 

description of software can be found in the publication from Frankish et al. (2019). 

Mapping of the RNA samples was conducted in STAR v2.7.7a, with the source code from 

https://github.com/alexdobin/STAR. The full description of the code can be found in the 

publication from Dobin et al. (2013). 

The differential expression analysis was performed in Rstudio using the DESeq2 package. 

The Rscript and the reference manual can be found at: 

https://bioconductor.org/packages/release/bioc/html/DESeq2.html. The full description of 

the code can be found in the publication from Love et al. (2014). 

 

2.10.3 Heatmap Construction Using RStudio 

Heatmap creation was done using the pheatmap R package for genes with log2fold change of 

җмΦр ŀƴŘ Җ-1.5 and adjusted p-value of <0.05, with normalized counts converted to Z-score 

and sorted by Euclidean clustering. All outliers of mean normalized counts lower than 30 and 

undeterminable adjusted p-values were filtered before analysis. RStudio script used for the 

analysis is included in the supplementary data. 

 

2.10.4 Ingenuity Pathway Analysis 

The resulting log2 fold change values, together with the p-values and p-adjusted values for all 

60,660 genes obtained from the Genomic Technologies Core Facility, were uploaded into 

Ingenuity Pathway software (Qiagen) with expression analysis (subcategory of core analysis) 
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selected for the data processing. Results were filtered with the cut off of 0.00001 for p-

adjusted values. All other settings were left on default.  

 

2.11 Mast Cells and Beas2B Co-Cultures 

 

2.11.1 Beas2B Stimulation 

Beas2B were detached from the flask using trypsin/EDTA, resuspended in DMEM media 

solution, and around 1 million of the cells were added to each well and left overnight at 37°C 

and 5% CO2 to re-attach. Cells were then washed with PBS and either stimulated with 10 

ng/mL of Poly I:C (Sigma-Aldrich) at 37°C, or for a temperature stimulation, moved to the 

incubator at 47°C and left for the required amount of time depending on the experiment. All 

ǎǘƛƳǳƭŀǘƛƻƴǎ ǿŜǊŜ ŎƻƴŘǳŎǘŜŘ ŀǘ нлл˃[ ǇŜǊ ǿŜƭƭ ƻŦ 5a9a ƳŜŘƛŀ ǎƻƭǳǘƛƻƴ ǿƛǘƘƻǳǘ C/{Φ  

 

2.11.2 Stimulation of Human Bronchial Epithelial Cells  

Healthy non-smoker human bronchial epithelial cells, grown at the air-liquid interface, were 

treated basolaterally and apically for 1 hour at 37°C and 5% CO2 either with 100ng/ml IL-

33(PeproTech), human rhinovirus HRV16 (MOI1/well) (GSK), HRV16 (MOI1/well) + 10ug/ml 

goat anti-IL-33 (Abcam), HRV16 (MOI1/well) + 100ng/ml IL-33 or left untreated. The obtained 

supernatants were kept frozen at -80°C. 

 

2.11.3 Measurement of ATP Concentration in Stimulated Beas2B 

To measure the ATP concentration in supernatants obtained from stimulated Beas2B, 

supernatants were processed using protocols included with the ApoSENSORTM ADP/ATP Ratio 

Assay Kit (Enzo) and analysed in a white flat bottom microplate (Greiner). Results were 

obtained by measuring the fluorescence intensity of ATP using the Infinite 200Pro plate 

reader (Tecan). 
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2.11.4 Mast Cells Stimulation with Beas2B and Bronchial Epithelial Cells Supernatants 

MCs from individual cultures were treated with either 5 ng/mL of IL-33, 50 ng/mL of IL-33 or 

left untreated for 24 hours at 37°C and 5% CO2. Cells were then washed and incubated with 

р˃a ƻŦ ǘƘŜ A438079 (Alomone) inhibitor for 15 minutes at 37°C. After this step, the cells 

ǿŜǊŜƴΩǘ ǿŀǎƘŜŘ ŀƴŘ ǿŜǊŜ ŘƛǊŜŎǘƭȅ ŀŘƳƛƴƛǎǘŜǊŜŘ ǎǳǇŜǊƴŀǘŀƴǘǎ ŦǊƻƳ ǎǘƛƳǳƭŀǘŜŘ .Ŝŀǎн. ƻǊ 

from human bronchial epithelial cells (stimulation of both epithelial cells is described in 2.11.2 

and 2.11.3) or left untreated for 1 hour at 37°C. If supernatants from BEAS2B were analysed, 

MCs were also stimulated with 10 ng/mL of Poly I:C (Sigma-Aldrich). The ratio of MC Media 2 

and administered supernatants per well during incubation was 1:1. Cells were then stained 

according to section 2.3.2 and the results obtained were then analysed using FlowJo® 

software (FlowJo, LLC). 

 

2.11.5 Measurement of Cytokine Release from Beas2B Supernatant Cells 

To measure the release of IL-6, IL-8 and MCP-1 from stimulated Beas2B cells, cytometric bead 

array analysis was used. The protocol was identical to the one in chapter 2.4.2., except for the 

different cytokines used for the analysis. 

 

2.12 Statistical Analysis 

 

Results are presented as mean ± standard mean of error (SEM) unless stated otherwise. 

Multiple groups were compared using one-way or two-way ANOVA, followed by either 

5ǳƴƴŜǘǘΩǎ Ǉƻǎǘ-ǘŜǎǘΣ ¢ǳƪŜȅΩǎ Ǉƻǎǘ-ǘŜǎǘ ƻǊ {ƛŘŀƪΩǎ Ǉƻǎǘ-test using Prism Software (GraphPad 

Software Inc., USA). Values of less than p<0.05 were considered significant, with * p<0.05, ** 

p<0.01, *** p<0.001, *** p<0.001. 
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Chapter 3 

Impact of IL-33 Treatment on 

ATP/ADP Stimulated Mast Cells 
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3.1 General Introduction 

 

When epithelial and endothelial cells undergo necrosis or are under stress, for example, 

during inflammatory conditions, many different alarmins and mediators are released into the 

cell microenvironment, activating adjacent immune cells (Kato & Schleimer, 2007; Chan et al., 

2019). Between the alarmins, the cytokine IL-33 and ATP were both identified as playing a 

role in various inflammatory conditions, such as asthma or COPD (Idzko et al., 2007; 

Lommatzsch et al., 2010; Gabryelska et al., 2019; Saikumar Jayalatha et al., 2021). As MCs are 

located at the host/environment interphase at the point of pathogens entry, and are in 

contact with harmful substances, the release of IL-33 and ATP by respiratory, skin or 

gastrointestinal tract epithelium during inflammatory conditions affects MC activities and 

leads to their activation (Galli et al., 2005; da Silva et al., 2014). Both alarmins are released 

concomitantly from epithelial and endothelial cells. However, whether IL-33 and ATP exert a 

synergistic, additive, or complementary effect on MCs remains unclear. 

The effect of ATP has been studied both in mouse BMMCs and human MC lines (e.g. LAD2 

cells), as found in the studies by Wareham and Seward (2016) and Yoshida, Ito and Matsuoka 

(2017). Human and mice MCs differ in their response to cytokines and various mediators 

(Moon et al., 2010). Furthermore, the biological properties of immortalised MC lines also 

differ from primary MCs (Rådinger et al., 2010).  

Therefore, as both IL-33 and ATP function as alarmins during lung pathological conditions, the 

main aim of this chapter is to investigate how IL-33 influences ATP-mediated MC behaviour, 

such as degranulation, cytokine release, intracellular signalling, calcium flux and expression 

of receptors associated with IL-33 and ATP. As ADP is generated from ATP through phosphoryl 

transfer, the effect of IL-33 on ADP-mediated MC behaviour will also be investigated. To 

assess if the potential IL-33 modulation of ATP-mediated MC behaviour is shared with other 

alarmins, TSLP effect on ATP will be investigated. To mimic as closely as possible MC behaviour 

in vivo, primary human MCs obtained from human peripheral blood-derived progenitor cells 

will be used for all the experiments within this thesis. 
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3.2 The Human Mast Cell Model in Vitro 

 

3.2.1 Human Mast Cell Differentiation and Culture 

Human MCs were differentiated from CD117+ hematopoietic blood progenitors. For this 

purpose, human peripheral blood mononuclear cells (PBMCs) were isolated from peripheral 

blood leukocyte cones by density gradient centrifugation using Ficoll-Paque (the full isolation 

method can be found in the materials and methods section 2.1), and CD117+ hematopoietic 

progenitors were positively selected using a magnetic column. CD177+ cells were then 

cultured for the first four weeks at 37°C with a 5% level of CO2 in the presence of SCF, IL-6, 

IL-3, Low-Density Lipoprotein (LDL) and StemRegenin 1 (SR1) to support cell division and 

survival. From the fifth week onwards, cells were grown in the presence of SCF and IL-6 to 

promote cell maturation. At weeks eight to nine, cells were used for experimental procedures. 

The protocol for MC differentiation and culture used was also published by Bahri and Bulfone-

Paus (2020) and a graphic overview of the procedure is displayed in Figure 3.1.  



79 

 

 

  

[ŜǳƪƻŎȅǘŜ 

ŎƻƴŜ 

/Ŝƭƭ ŎǳƭǘǳǊŜ 

t.a/ǎ 

ƛǎƻƭŀǘƛƻƴ 
Plasma 

PBMCs 

Ficoll-paque 

Red blood 

cells 

{ŜƭŜŎǘƛƻƴ ƻŦ 

/5ммтҌ 

ǇǊƻƎŜƴƛǘƻǊǎ 

Magnet 

Beads 
²ŜŜƪ р ǘƻ уπф 

aŜŘƛŀ ƳƛȄǘǳǊŜ 

ǿƛǘƘ {/C ŀƴŘ L[πс 

²ŜŜƪ м ǘƻ п 

aŜŘƛŀ ƳƛȄǘǳǊŜ ǿƛǘƘ 

{/CΣ L[πоΣ ŀƴŘ L[πс 
{ǘŀǊǘ ƻŦ ŎŜƭƭ 

ŎǳƭǘǳǊŜ 

Figure 3.1 Simplified overview of human blood CD117+ progenitor cell isolation and culture of 

mature MCs.  

PBMCs were isolated from leukocyte cones by density centrifugation and incubated with anti-

CD117 antibodies conjugated to magnetic beads. CD117+ hematopoietic progenitors were 

positively selected using a MACS Column- magnetic field-based technology and then cultured in 

media containing SCF, IL-3 and IL-6 for four weeks at 37°C and with 5% CO2. At week five, the 

media was replaced by a medium containing only SCF and IL-6. After a total of eight to nine weeks 

of culturing, the cells reached full maturity. 
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3.2.2 Mature Mast Cells Degranulate upon IgE/anti-IgE Stimulation 

MCs are key effector cells in allergies (Hofmann & Abraham, 2009; González-de-Olano & 

Álvarez-Twose, 2018). During the allergic response, IgE molecules released from B-cells bind 

to the high affinity IgE receptor (Fc₵RI) expressed on the surface of MCs. The binding of the 

specific antigen to this complex causes Fc₵RI cross-linking, which results in MC activation and 

degranulation with the release of various preformed mediators, such as histamine, 

prostaglandins, proteases and cytokines (Amin, 2012; Galli & Tsai, 2012; Krystel-Whittemore 

et al., 2015). Therefore, to assess maturity and functionality, MCs were tested for their ability 

to respond to FceRI cross-linking. Cells were sensitized overnight with 1µg/mL of IgE and 

activated with 1µg/mL of anti-IgE for one hour, while negative control cells were left 

unstimulated and then stained with CD63 and CD107 antibodies and analysed using flow 

cytometry. 

Figure 3.2 shows an exemplary flow cytometry staining for a single MC culture. Panel A shows 

a gated MC population that excludes dead cells by using the Live/Dead staining and doublets 

by gating single cells only. Panel B shows the increase in MCs expressing CD63+ and CD107a+, 

which indicates degranulated cells in response to IgE/anti-IgE stimulation compared to the 

negative control (media). A full description of the gating strategy for CD63+ and CD107a+ cells 

is described in the materials and methods section 2.1.3. 

In summary, the MC cultures used in all experiments reported in this thesis were obtained 

from individual blood donors by in vitro differentiation. An increase in CD63+ and CD107+ 

cells in response to IgE/anti-IgE stimulation was used as a proof of MC maturity before further 

analysis.  
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Figure 3.2 Assessment of MC maturity by flow cytometry.  

To test maturity, MCs were treated with 1µg/mL IgE for 16 hours, washed, stimulated with 1µg/mL 

anti-IgE for one hour and then analysed using flow cytometry. (A) shows the gating strategy for 

the homogenous MC population, live/dead cells and two different single cells gating. (B) shows 

cells stained with either anti-CD63 or anti-CD107a antibodies. The results shown are 

representative of the n=1 experiment for an individual MC culture. Before any culture was used 

for further experiments, its maturity was assessed in the same manner and gating as shown above. 
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3.3 Human Mast Cells Degranulate in Response to ATP but not ADP 

 

During an injury, ATP is released in high concentrations from epithelial and endothelial cells 

and functions as a danger signal (Riteau et al., 2012). Through the process of phosphoryl 

transfer, ADP is generated from ATP, and further degraded to AMP and adenosine (Cauwels 

et al., 2014; Le Duc et al., 2017; Dosch et al., 2018). Since MCs are positioned in close proximity 

to epithelial and endothelial cells in the tissue, the role of ATP and ADP in MC activation was 

studied. 

 

3.3.1 High ATP Concentrations Trigger Mast Cell Degranulation 

To investigate at which concentrations ATP affects human MC degranulation, MCs were 

stimulated with three different ATP concentrations of мл ˃aΣ млл ˃a ŀƴŘ мллл ˃a ŦƻǊ ƻƴŜ 

hour and degranulation was measured using flow cytometry to assess the % of CD63+ and 

CD107a+ MCs. As positive control, MCs were sensitized overnight with 1µg/mL of IgE and 

activated with 1µg/mL of anti-IgE for one hour, while negative control cells were left 

untreated. No treatment and IgE/anti-IgE treatment are also used as negative and positive 

controls for all further experiments, unless stated otherwise.  

!ǎ ǎƘƻǿƴ ƛƴ CƛƎǳǊŜ оΦо tŀƴŜƭ !Σ ŎŜƭƭǎ ǎǘƛƳǳƭŀǘŜŘ ǿƛǘƘ ŜƛǘƘŜǊ мл ˃a ƻǊ млл ˃a ƻŦ !¢t ŜȄƘƛōƛǘŜŘ 

a % increase in CD63+ cells comparable to the negative control, while the stimulation with 

мллл ˃a !¢t ŎŀǳǎŜŘ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ƛƴŎǊŜŀǎŜ ƛƴ /5соҌ ŎŜƭƭǎ όǇҐлΦлллтύ ƻŦ онΦфҕсΦр҈Σ ǿƘƛŎƘ ǿŀǎ 

slightly lower in comparison to the positive control of 51±4.8% (p<0.0001). 

A similar pattern of degranulation was observed when the change in expression of CD107a+ 

was investigated as the cell degranulation marker (мллл ˃a !¢t όǇғлΦлллмύΥ плҕн҈Σ ǇƻǎƛǘƛǾŜ 

control (p<0.0001): 58.2±4.7%) (Figure 3.3 Panel B). 

In summary, high concentrations of ATP induce human primary MC degranulation. 
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A B 

Figure 3.3 Effect of ATP stimulation on MCs degranulation.  

a/ǎ ǿŜǊŜ ǎǘƛƳǳƭŀǘŜŘ ǿƛǘƘ мл ˃aΣ млл ˃a ƻǊ мллл ˃a !¢t ŦƻǊ ƻƴŜ ƘƻǳǊ ŀǘ отϲ/ ǿƛǘƘ р҈ ƻŦ /h2 or 

were left untreated. As positive control, cells were sensitized with 1 µg/mL of IgE for 16 hours and 

then stimulated with 1µg/mL anti-IgE antibodies for one hour. Cells were then stained with anti-

CD63 (A) or anti-CD107a (B) antibodies and analysed using flow cytometry. Data are mean ±SEM 

of n=3 experiments from separate MC cultures. Statistical differences are indicated *** p<0.001 

**** p<0.0001 (one-ǿŀȅ !bh±! ǿƛǘƘ 5ǳƴƴŜǘǘΩǎ Ǉƻǎǘ-test). 
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3.3.2. ADP Stimulation Does not Induce Mast Cell Degranulation 

To investigate whether ADP acts similarly to ATP and triggers MC degranulation, MCs were 

stimulated with ADP concentrations of мл ˃aΣ млл ˃a ŀƴŘ мллл ˃a ŦƻǊ ƻƴŜ ƘƻǳǊΦ /Ŝƭƭǎ ǿŜǊŜ 

then stained with CD63 and CD107 antibodies and analysed using flow cytometry. 

As shown in Figure 3.4, no increase in CD63+ (Panel A) or CD107a+ (Panel B) cells were 

observed in ADP stimulated cells at all concentrations, while Fc RI engagement upon IgE/anti-

IgE stimulation resulted in a significant increase in MC degranulation (CD63 (p<0.0001): 

69.3±4.2%; CD107a (p<0.0001): 77±1.9%). 

These results suggest that MC stimulation with ADP, in contrast with ATP, does not induce 

MC degranulation even at high concentrations.  
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A B 

Figure 3.4 Effect of ADP stimulation MCs degranulation.  

a/ǎ ǿŜǊŜ ǎǘƛƳǳƭŀǘŜŘ ǿƛǘƘ мл ˃aΣ млл ˃a ƻǊ мллл ˃a !5t ŦƻǊ ƻƴŜ ƘƻǳǊ ŀǘ отϲ/ ŀƴŘ р҈ ƻŦ /h2 or 

were left untreated. As positive control, cells were sensitized with 1 µg/mL of IgE for 16 hours and 

then stimulated with 1µg/mL anti-IgE antibodies for one hour. Cells were then stained with anti-

CD63 (A) or anti-CD107a (B) antibodies and analysed using flow cytometry. Data are mean ±SEM 

of n=3 experiments from individual MC cultures. Statistical differences are indicated **** 

p<0.0001 (one-way ANOVA ǿƛǘƘ 5ǳƴƴŜǘǘΩǎ Ǉƻǎǘ-test). 
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3.4 IL-33 Influences ATP Mediated Mast Cell Degranulation 

 

MC presence near mucosal and epithelial tissues gives them an ability to respond to various 

mediators encountered after necrosis of the epithelial barrier, such as IL-33, TSLP or LPS, 

resulting in the increased release of cytokines, like IL-3, IL-4 or IL-13 (Reber et al., 2015). IL-33 

is a cytokine that regulates key MC activities, such as increasing adhesion, affecting survival 

but also enhancing IgE-mediated degranulation (Galand et al., 2016; Chan et al., 2019). 

Furthermore, increased levels of IL-33 were observed during various lung pathological 

conditions (Momen et al., 2017; Tworek et al., 2018). In contrast, prolonged treatment of MCs 

with IL-33 has been observed to suppress MCs activities (Rönnberg et al., 2019). Therefore, 

the next goal was to investigate whether IL-33 modulates the ATP/ADP effect on MCs. 

 

3.4.1 IL-33 Amplifies ATP-Triggered Mast Cell Degranulation 

To test whether IL-33 modulates ATP mediated MC degranulation, MCs were treated with IL-

33 concentrations of 5 ng/mL, 50 ng/mL or left untreated for 24 hours. Cells were then 

washed and stimulated with ATP concentrations of мл ˃aΣ млл ˃a ŀƴŘ мллл ˃a ŦƻǊ ƻƴe hour 

before then being stained with CD63 and CD107 antibodies and analysed using flow 

cytometry. 

Figure 3.5 (CD63 staining) and Figure 3.6 (CD107a staining) shows an exemplary flow 

cytometry staining, while all the summarized data is displayed in Figure 3.7. Panel A shows a 

gated MC population that excludes dead cells by using the Live/Dead staining and doublets 

by gating single cells only. Panel B shows the increase in CD63+ and CD107a+ MCs, indicating 

ŘŜƎǊŀƴǳƭŀǘƛƴƎ ŎŜƭƭǎ ƛƴ ǊŜǎǇƻƴǎŜ ǘƻ мллл ˃a !¢t ǎǘƛƳǳlation in untreated cells, with the 

degranulation then potentiated in the cells treated with IL-33 5 and 50 ng/mL. Degranulation 

for all treatment conditions was also observed in positive control.  

Figure 3.7 Panel A shows that the treatment of MCs with 5 ng/mL or 50 ng/mL of IL-33 caused 

a minimal increase in CD63+ cells in comparison to untreated cells when cells were exposed 

ǘƻ мл ˃a ƻǊ млл ˃a ƻŦ !¢tΦ LƴǎǘŜŀŘΣ ǘƘŜ ǇŜǊŎŜƴǘŀƎŜ ƻŦ /5соҌ ŎŜƭƭǎ ǿŀǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƛƴŎǊŜŀǎŜŘ 

upon stimulation with ATP at a concenǘǊŀǘƛƻƴ ƻŦ мллл ˃a ǿƛǘƘ ƭƻǿ ŘƻǎŜ L[-33 treatment (5 
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ng/mL) (p<0.0001), from 28±8% to 53.5±9.5%, and for high dose IL-33 treatment (50 ng/mL) 

(p<0.0001), from 28±8% to 52.5±13.5% respectively. 

IL-33 treatment at both concentrations of 5 ng/mL and 50 ng/mL also significantly increased 

the percentage of CD63+ MCs upon IgE/anti-IgE stimulation.  

In cells stimulated with млл ˃a !¢tΣ L[-33 50 ng/mL treatment significantly increased CD63+ 

cells in comparison to no treatment (p<0.0001) (0±0% vs 26.35±4.05%) and IL-33 5 ng/mL 

treatment (p<0.0001) (4±1% vs 26.35±4.05%). 

A similar pattern of MC degranulation was observed when the increase of CD107a+ cells 

was used as a degranulation marker, as shown in Figure 3.7 Panel B.  

As the treatment of MCs with IL-33 at a concentration of 50 ng/mL, but not 5 ng/mL, induced 

MC degranulation upon cell stimulation with млл ˃a !¢tΣ ŀƴ L[-33 concentration of 10 ng/mL 

was tested to narrow down the minimal concentration required to induce MC activation at 

lower ATP concentrations. 

For this purpose, MCs were treated with IL-33 concentrations of 5 ng/mL, 10 ng/mL or left 

untreated for 24 hours. Cells were then washed and stimulated with ATP concentrations of 

мл ˃aΣ млл ˃a ŀƴŘ мллл ˃a ŦƻǊ ƻƴŜ ƘƻǳǊ ōŜŦƻǊŜ ōŜƛƴƎ ǎǘŀƛƴŜŘ ǿƛǘƘ /5со ŀƴŘ /5млт 

antibodies and analysed using flow cytometry. 

Figure 3.8 Panel A shows that the IL-33 5 ng/mL treatment had similar effects to the one 

shown in Figure 3.7 Panel A. As for the IL-33 10 ng/mL treatment, there was a significant 

increase in comparison to untreated cells, in cells stimulated with мллл ˃a !¢t όǇ<0.0001) 

and in the positive control (p<0.0001). IL-оо мл ƴƎκƳ[ ǘǊŜŀǘƳŜƴǘ ŘƛŘƴΩǘ ƛƴŘǳŎŜ ŀ ǎǘŀǘƛǎǘƛŎŀƭƭȅ 

ǎƛƎƴƛŦƛŎŀƴǘ ƘƛƎƘŜǊ ǇŜǊŎŜƴǘŀƎŜ ƻŦ /5соҌ ŎŜƭƭǎ ƛƴ млл ˃a !¢t ǎǘƛƳǳƭŀǘƛƻƴΣ ǿƘƛŎƘ ǿŀǎ ƛƴ ŎƻƴǘǊŀǎǘ 

with results obtained upon IL-33 50 ng/mL treatment. 

Similar results were obtained when the increase of CD107a+ cells was used as a degranulation 

marker in Figure 3.8 Panel B, with an exception in positive control cells, where a statistical 

significance between IL-33 treatments (p=0.0179) was also observed. 
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In summary, MC exposure to low concentrations of IL-33 potentiated MC degranulation 

induced by high ATP concentrations, whilst high concentrations of IL-33 induced 

degranulation at lower ATP concentrations.
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Figure 3.5 Gating strategy for IL-33/ATP mediated MC degranulation.  

An example of the degranulation of MCs (n=1) from a single experiment that were incubated with 

either 5 ng/mL of IL-33 or with 50 ng/mL of IL-33 for 24 hours or left untreated. Cells were then 

washed and stimulated with мл ˃aΣ млл ˃a ƻǊ мллл ˃a !¢t ŦƻǊ ƻƴŜ ƘƻǳǊΦ !ǎ ŀ ƴŜƎŀǘƛǾŜ ŎƻƴǘǊƻƭΣ 

cells were incubated with media alone, while positive control cells were sensitized with 1 µg/mL 

IgE for 16 hours, followed by stimulation with 1µg/mL anti-IgE antibodies for one hour. Cells were 

then stained by DAPI, anti-CD117 and anti-CD63 antibodies and analysed by flow cytometry. (A) 

shows the gating strategy for the homogenous MC population, live/dead cells and two different 

single cells gating together with fluorescence minus one (FMO) control for anti-CD63 antibody. (B) 

is an example of degranulation showing CD63+ cells for various treatments and stimulations.  

 

 

B 

A 
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  Figure 3.6 Gating strategy for IL-33/ATP mediated MC degranulation.  

An example of the degranulation of MCs (n=1) from a single experiment that were incubated with 

either 5 ng/mL of IL-33 or with 50 ng/mL of IL-33 for 24 hours or left untreated. Cells were then 

washed and stimulated with мл ˃aΣ млл ˃a ƻǊ мллл ˃a !¢P for one hour. As a negative control, 

cells were incubated with media alone, while positive control cells were sensitized with 1 µg/mL 

IgE for 16 hours, followed by stimulation with 1µg/mL anti-IgE antibodies for one hour. Cells were 

then stained by DAPI, anti-CD117 and anti-CD107a antibodies and analysed by flow cytometry. (A) 

shows the gating strategy for the homogenous MC population, live/dead cells and two different 

single cells gating together with fluorescence minus one (FMO) control for anti-CD107a antibody. 

(B) is an example of degranulation showing CD107a+ cells for various treatments and stimulations. 
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