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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 P&Xaec(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 133 and ATP, the aim of this thesis is to invetghe potentiating role of H33

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 IE33 but not by TSLP, another dpial cytokine. H33 also

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

release of MCR or 11:13. In ATP, but not BZATP mediated intracellular signallh3g, led

to an increase in ERK1/2 signalling, buatdecrease of STAT3 and-RB-signalling for both

stimuli. Althoughlto o LR G Sy dAF GSR ! ¢t YSRAFGSR a/ RS3ANI
correlate with a calcium flux in 2000uM BzATP. Use of orthosteric and allosteric P2X7

inhibitors helped to demonstratéhat the activation of P2X7 leads to MC degranulation and
intracellular signalling, which is then potentiated by8B.cross talkingvith P2X7. Use of

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

degranulation or its etivation being potentiated by 183.

While 11:33 upregulated gene expression of a great number ofipflammatory molecules,

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

expression of P2X1 and P2X7. When mimickiegriflammatory model, by stimulating-83
GNBFGSR a/a o0& &adzLISNyFdrkyda FNRBY RIEYF3ISR SLA
observed. This was either due to no presence or a presence of low concentrations of ATP in

the supernatants.

The novel data obtaed in this thesis shows a unique potentiating effect e83Lon ATP
mediated degranulation together with a release of specific mediators and components of
intracellular signalling, suggesting an importance of ATP aB8 trosstalk in inflammatory
condtions.
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LayAbstract

Epithelial cells, which line surfaces of our body and organs, release an abundance of various
inflammatory mediators during disease conditions that can actieatiacent 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 datgiion and affect
migration of other types of immune cells into thissue Two of the danger signals released
from stressedepithelial cells are B3 and ATP, which have been shown to influemesst cell
behaviour. We have therefore decided to inveatggif 11-33 can enhancenast cellactivation

and degranulation upon ATP stimulation, which will help us to understand the contribution
of mast cellgo inflammatory conditionsising an in vitro model of human primamast cells,

as both 133 and ATP coeatrations are increased during inflammation.

Our results show that indeed H33 is able to increase ATP triggenexdst cellactivation,
degranulation, cytokineeleaseand influence specific parts of signalling within the.ceflis
altogetheraffects the productionand releaseof various cytokine and chemokinesgether

with increasedattraction of other immune cells into the site, further promoting inflammatory
conditions. IE33 was also able to promote expression of receptors to which ATP binds to,
caled P2X receptors, wittheir blockaderevealing that the P2X7 receptor is directly involved
in ATP mediatednast celldegranulation in comparison to other P2X recetdrighlighting

the importance of P2X7 in modulation of mast cells activities.

Our datahas also identified thathe effect oflL-33 on ATRriggeredmast celldegranulation
is not shared by mediators with the similar function te3R, asthe use of another mediator
released from dying epithelial cells showed no effechuast celldegranuldion initiated by
ATP However, whertrying to mimic inflammatory modalsing mediators released straight

from epithelial cellsnomast cellactivity was observed

Overall, our novel data shathe importance ofinvestigatingmast cell activation in the
context of two or more mediators and how this might influence progression of inflammatory
conditions during various diseasdfrough increased release of specific mediators

potentially helping us to develop better treatments.
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Chapter 1

General Introduction
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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 allergelgE interactions through the high affinity receptofR{Shea
Donohue et al.2010; Galli & Tsai, 201,2¢sulting in the release of numerous pséored and

newly synthesized cytokineshemokinesand other mediatorgMoon et al., 2014)However,

as MCs respond to a multitude of stimuli through various receptors (e.g., complement, toll
like receptor3(Yu et al., 2016)more ways of achieving MC activation through receptors other
GKFYy COs wL FFNB OdaNNByiGufe o60SAy3a addzZRASR®

Among activating receptors, P2X receptors (B2XR ion channels expressed on the MC
membrane, ale to directly induce MC degranulatiqiVareham et al., 2009; Wareham &
Seward, 2016; Nurkhametova et al., 2008)in the case of P2R, potentiate Igknediated

MC degranulationYoshida, Ito, & Matsuoka, 201 Al members of the P2XR family are
activated by extracellular ATP, which is released by damaged epithelial and endothelial cells

during pathological condition@orth, 2002)

Another receptor expressed by MCs is ST2, whose sole ligand is the cytold8e IL
(Griesenauer & Paczesny, 201M}33 is an alarmineleased by necrotic epithelial and
endothelial cells, actively promoting the release of grtlammatory mediators, while also
potentiating lgEmediated MC degranulatio@oulia et al., 2017; Chan et al., 2028y the
activity of other receptors by interfering with their intracebul signalling pathways, as

demonstrated by the ST2/CD117 cross{@kube et al., 2010)

Despite MCs being kmon as important players in the development of asthma and other lung
conditions (MéndezEnriquez & Hallgren, 2019and that |33 and ATP concentrations
increase during lungflammationé [ 2 YY I 4T aOK S | f ®X wamnT - Al

2019) the role played by both 183 and ATP in shaping MC activation is still unclear.

The following subchapters will explore the r@ed function of MCs, 183, and ATP during

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

23



1.2 Mast cells

MCs are part of the innate branch of the immune system, mostly found in skin and mucosal
tissues throughout thdody. 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 mediatqtsunderius Andersson et al., 201R)ost
significant external stimuli promoting MC degranulation include IgE recepbsslinking or
binding of complerant factorsand toll-like ligands to their respective receptofSurish &
Austen, 2012; Wernersson & Pejler, 2014; Yu et al., 2016; Joulia et al., 20CB) pay
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 cancéMetz & Maurer, 2007; Kryst&/hittemore et al., 2015)

1.2.1 MastCells Origin andLocation

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 19@6shizaka et al., 19700 &G & ay Q4 dzy GAf (GKS
discovered that MCs are not only mediators of allergic reactions, but mediate diverse

functions in the organisntBeaven, 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. (2018Jemonstrated that MCs, like macrophages, are actually of dual
hematopoietic origin. The first wave of MCs therefore originates ftbmyolk sac in the
embryonic stage and is subsequently replaced by a definitive bone mateomed MC
population during later developmental stages. The study also observed that the replacement
of yolk saederived MCs exhibits tissue specific kineticer Example, skin MCs remain
predominantly yolk saderived, contrary to other orgagpecific MCs. A similar finding was
reported the same year hyi € al. (2018)suggesting that the duality of MC origin could affect

the MC phenotype and function in a tissapecific manner.
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In the bone marrow, multipotent progenitors lose their se¢ghewal capacity before further
differentiating into common lymphoid progenito@ common myeloid progenitoréAkashi

et al., 2000)For a long time there was a debate about which precursor MCs they derive from,
until findings fom Arinobu et al. (2005)and Franco et al. (2010¢onfirmed that MCs
differentiate from granulocyte/monocyte progenitors, branching off from common myeloid
progenitors. Furthermore, bipotent basopMC progenitors were discovered in the spleen

of C57BL mice, suggesting a close developmentatioaship betweenMC and basophil
lineagegDahlin & 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 environmenof the respiratory epithelium, skin, and gastrointestinal tré&alli et

al., 2005; da Silva et al., 2014yeas 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 tissueresiding MCs must be tightly regulatédallgren & Gurish, 2007)his is achieved by

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

resident precursors and local proliferatigMarshall, 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 apoptosigCaslin et al., 20185CF is a ligand for the CD117 (also caHkit) c
receptor, which is highly expressed by human stem cells and MGQ@gninast to other
immune cells that usually lose CD117 receptor expression upon differentigdialt 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 tissugdlarshall, 2004; SheBonohue et al., 2010)0ther important
cytokines promoting MC maturation and differentiation are3lland Ik6 (Dahl et al., 2004;
Okayama & Kawakami, 2006Jowever, these are not the only mediators that promote MC
differentiation. For example, chemokine M@Pspecific cytokines &, 11-3, -4, 11-9, 11-18),

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 GATAwithout which the MC lineage canngroperly
differentiate (Dahlin & Hallgren, 2015Pue to the variability of responses obtained during
the developmental proess, MCs are shaped by the surrounding environment and are
therefore able to respond precisely to specific immunological, neurological and/or

physiological signal®letz & Maurer, 2007; Gish & 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 mostlgund in the gut and respiratory mucosae. Homing of MC
progenitors to a specific tissue is either constitutive or driven by inflammaiiaurish &
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; Krystélhittemore et al., 2015)

MC progenitors appear to be shdived, in contrast to mature MCs which are lelinged and
survive in tissues for months or eveyears. Contrary to granulocytes, MCs survive

degranulation and are able to4granulate(Amin, 2012; Dahlin & Hallgren, 2015)

1.2.2 MastCell Granule Composition

MCs are morphologically characterized by the presence of electron dense secretory granules
that occupy around 680% of the cytoplasngAmin, 2012) MC granules contain various
preformed mediators, such as histamine or serotonin, chemokines, cytokines, and growth
factors, such as tumg necrosis factor (TNF) and vascular endothelial growth factor (VEGF)
(Wernersson & Pejler, 2014Furthermore, mature granules store MC proteases (tryptase,
chymase, cathepsin G, granzyme B and carboxypeptidag€P&3) and the presence or
absence of specific proteases distinguishes human mature MCs into dsfibsdts(Moon

et al., 2014)Accordng 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 {Y©@r without (MG) chymase.
Mucosal MG belong to the Mgphenotype, expressing only tryptase, while connective

tissues MC belong to the ME phenotype, producing tryptase, chymase and
26



carboxypeptidasegSchwartz, 2006; Kryst@Vhittemore et al., 2015While MC proteases are
used to define MC populations in humans, these phenotype differences are not as robust as

observed in mouse mode(&alli 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 tN@pli S2 3 f & Qloyidxd FI YA
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) fam{lW/ernersson & Pejler, 2014¥pecifically in MCs,
proteoglycans of the serglycin type are abundant and can communicate electrostatically with
other granule compounds due to their high anionic charge and derSitidy byGrujic et al.
(2013) reported that the compositin 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 ighlyh 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 compa@dposo et al., 1997; Baram et

al., 1999; Puri &oche, 2008)The high heterogeneity of MCs granule composition might be
dependent orthe tissue of residence, species, health, and the age of the individual. However,
none of these hypotheses have yet been confirmed in {@&wonin et al., 2011; Moon et al.,

2014)

1.2.3 Function oMast 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 difdases

et al., 2014)However, in the past decade, many tissspecific functions were shown to be
regulated and/orinfluenced 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,howeve

dependent on the type of activation, mediator release if MCs underwent degranul@ialt
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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 playarghe maturation of Th17 cells and as being

involved in the crosstalk with innate cells, such as [IG2oharides et al., 2012)

1.2.4 Mechanism oMast Cell Activation andDegranulation

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 molecmedved(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(lRk highly expressed on the surface of MCs,

is well described. IgE antibodies are produced by B cells upon exposuré, toridduced by
follicular FCD4+ cells, promoting antibody class swiicbdish, 2000)0Only a small quantity

of IgE can & found in the circulation as the majority is predominantly -belind via F@RI
(KrystelWhittemore et al., 2015)Iin allergic patients, allergespecific IgE released by B cells
binds to FAGRI by their Fc segment, resulting in the sensitization of MCs and their priming to
respond to the allergen via the exposed antigen binding segment (Rafipn, 2012)Upon

the allergen binding to the specific IgE, the crosslinking of two or mdiiel Feceptors is
induced, activating a phosphorylation cascade through various Src kinases. Théoerare
main downstream signalling pathways activated upo@RFcrosslinking in MGKalesnikoff

& Galli, 2008)In the first one, F@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 diseasdingley, 2012) Syk tyrosine kinase, on the
contrary, activates a signalling cascade that leads to MC degranulation and the release of
cytokines(Siraganian et al., 201Q)pon 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 controvergidarravicini 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 FiRkmediatedMC activationHong et al., 2007; Lee et al., 2011)
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However, F@RI is not the only antibody receptor regulating MC function. IgG multimeric
receptorsd CO' wo X SAGK CO!wLLI YR CO!wLLO6 SELINBA:
SELINBaaSR o0& Y2dzaS a/ &as Oly NB3IdzZA 4GS a/ | OGA
receptor (Daéron, 2016)A sudy byJoulia et al. (20153 K2 4 SR { K| (acti@aied w O y
either by opsonized B cells or T. gondii tachyzoites and results in MC degranHatignet

a. 20126 SNE 1 0fS G2 ARSYGATFTe CO! wlL Lt@onelmarrow NI 3 dz
derived MCSBMMC3= & GKS | 3aNB3IlLdAz2zy 2F CcO'wLLO AYR
In amouse model, Ig@ediated anaphylaxis was not histamine dependent and required

higher antigen concentrations in comparison to-rgEdiated anaphylaxiStrait 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 antiboelyependent as they can respond through the activation of
various receptors, such as the tbke receptor (TLRs). TLRs are used by MCs to sense and
respond to grammegative and grampositive bacteria or to detect a damagesociated
molecular pattern from various viruses, such as rhinovirus, influenza ofMd#ikshall, 2004;
Abraham & St John, 2010; Marshall et al., 20IBg activation of MCs via TLRs promotes the
release of different cytkines, such as TNF,-4L IL:-6, [1-:10 or [:13, without inducing
degranulation(Marshall, 2004)The release of a specific set of cytokineselates to the TLR
involved; in foetal rat skiderived MCs, engagement of TLR 3, 7 and 9 led to the release of
TNF and H6. On the other hand, activation of TLR 4 by LPS induced the release of TNF, while
TLR2 increased the production of-4, 11-6, and 1l-:13 (Theoharides et al., 201.2)

MCs can be also activated by anaphylatoxins C3a and CHapdiycts of complement
activation, though the complement receptors CR3, CR4 and CR5 expressed on the MC surface
(Yu et al., 20165tudies in vivo showed that C3a and C5a are able to quickly activat@l®Cs
Silva et al., 2014)n addition, a study bWest et al. (2020)n human MCs demonstrated that

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

despite initiating aapid C&* influx, even at low concentrations.
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Recent evidence suggests that MCs degranulation can also be mediated by ATP/ADP through
purinergic receptorgGao et &, 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 abhoagy more stimuli induce

MC activationor degranulation. For example, MCs can be activated by physical stimuli (UV
light, pressure, and heat), neuropeptides (such as Substance P), CLRs liké&,dedimough
CD48, NLRs or endothelial recept(vtetz & Maurer, 2007; Redegeld et al., 2018)

With the broad range of stimuli MCs redot 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
immunologicaland nonimmunological effectgKrystelWhittemore 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 proteinsMiNG18 family membergLorentz et al 2012;
Brochetta et al., 2014MC degranulation mainly occurs in a rdinectional manner, which

is in contrast to T cell exocytosis, where released components are targeted against a specific
cell (Wernersson & Pejler, 2014Vhen degranulation occurs, mediators such as tryptase,
chymase, histamine, serotonin, TRF £ZHM3 are released in a matteof seconds. Most
mediators are prestored in secretory granules, while various cytokines, chemokines and lipid
mediators, such as CSFBILMCP1 or 11:13 are de novo synthesised minutes to hours after
degranulation(Moon et al., 2014)However, MC activation does nokcessarily 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 stiation since it is most likely influenced

by the MC type, location and speci@dukai et al., 2018)

The mediators released elicit a large range of functions; cytokines, like ¥\MH-6Lor 11-13,
activate other cells of the immune system, such as leukocyteguairophils, enhancing the
immune responsegMoon et al., 2014)Released histamine binds to histamine receptors,
leading to nerve stimulation, inflammation, contraction of smooth muscle and induction of

vascular permeabilityda Silva et al., 2014; Thangam et al., 20T8g release of proteases
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(tryptase, chymase and carboxypeptidad8 (CPA3)) can produce both prand antt
inflammatory effects. For example, tryptase is able to degrade tight junction proteins and
activate proteaseactive 2 receptors. Chymase is able to cleave #83Itytokine into its more
bioactive form, while alspromoting the degradation of other cytokines, resulting in the
inhibition of inflammation(Wernersson & Pejler, 2014n 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 maimponents, or

indirectly by activating enzymes that remodel the extracellular m@@pbaham et al., 2015)

1.2.5 MastCells Involvement inLung Pathology

MCs are important players in human immunity and in the protection against infection. Due to
the wide range of functiongxerted by MCs, improper regulation of MC activity might
produce serious negative effects, like fifeeatening generalized allergic reactions, and

mediate a whole range of allergic and naltergic diseasedRao & Brown, 2008)
IgEmediated lung diseases

Allergy occurs when the immune system inappropriately reacts to otherwise harmless
antigens. MCs are the main effector cells respolesitor the allergic reactions via IgE
mediated activation(da Silva et al., 2014The release of histamine and other vasoagtiv
mediators are responsible for the symptoms observed in allergic readiordo 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-ipftammairy
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 inflamméitioosis 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 intipats with asthma, B cell class switching to IgE
occurred, which resulted in the abnormal activation of M@#in et al., 200). Genetic
background was also identified as one of the factors that can influence the contribution of

MCs to asthm#Becker et al., 2011)
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Nonallergic lung diseas

Not all MGrelated lung diseases are mediated by-ggfivation. There is growing evidence
that MCsplay a role in the development of chronic obstructive pulmonary disease (COPD),
characterised by a progressive airflow obstruction and closely assoegwitedmoking(Cruse

& Bradding, 2016)t was observed that the distribution and phenotype of lung MCs is altered
in COPD patients, withlCrcfound increased in all major lung compartments, witteduced
presence of MCs with the M@henotype (Andersson et al., 2010Yhe increased Mfc
phenotype showed a positive correlation with worsening lung function tests and airway
remodelling (Ballarin et al., 2012)On the contrary, studies b§osman et al(2008)and
Kosanovic et al. (2014)bserved a positive correlation between increased numbers of
chymasepositive MCs and improved lung function in COPD. In addition, MCs appear to be a
major source of H17 in patients with chronic obstructive pulmonary disegSeilano et al.,
2012) Howevereven if MCs appear to be closely related to COPD progression, the underlying

pathogenic mechanisms are still vastly unknaWang et al., 2018)

In idiopathic pulmonary fibrosi@PF) increased infiltration of MC was observed in IPF lungs
compared to healthyungs andcorrelated with the degree of fibros{€ha et al., 2012MCs

also appear to be the main source of fibroblast growth factor in IPF, with chymase influencing
the release of TGF Mrom epithelial and endothelial dsl(Virk et al., 2016)
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1.3 11-:33 cytokine

Nearly 16 years ago, a study Sghmitz et al. (2005)rst described the H33 cytokine as a
member of the IL1 family, whose structure was closely related to boti8and Ikmi @ ¢ K S
IL-1 cytokine family exerts potércontrol over inflammation at both nuclear and receptor
levels(Dinarello, 2009 In fact, receptors binding cytokines of thellifamily can act as both
suppressors and activators of inflammatory responses. Likel ILX33 tap activate the cell
through the engagement of its specific cell surface receptor (ST2), however, d&with: L |
33 is an intracellular cytokine and is able to function as a -DIN&ing nuclear factor
(Polumuri et al., 2012)L-33 is constitutively expressed in epithelial tissues and endothelial
cell barriers, and functions as an alarmin when released into the external envirorf@leai

et al., 2018)

1.3.1 Structure of 33 anddeavage byProteases

The human H33 gene is located on the short arm of chromosome 9 at 9p24.1 and contains
eight exons with a length of around 42 KBchmitz et al., 2005)n mice, the H33 gene is
locaed on chromosome 19 (19qC1) and its transcription is regulated by two alternative
promoters generating two transcripts,-83a and 1£33b, coding for the same protein but with
different 5"UTRgTalabotAyer et al., 2012)The fulllength human K33 mRNA (2.7 kb)
encodes for a protein of 270 residues, containing the homeododilkerhelk-turn-helix in its
N-terminus, located between bases6b, a central domain between bases-622 and the
carboxyterminal region, corresponding to the-l:like cytokine domain located between
bases 11270. The Nerminus is essential for 483 functionas it is crucial for nuclear
localization, repression of transcription, heterochromatin associaf@arriere et al., 2007)
and interaction with the transcription factor NéB (De la Fuente et al., 2015The 3D
structure of 133 closely resembles other members of theviL F | Y A f & S-trdfoRRfald.Ji A y 3
as describedh Ibm h =mi L [| -¢8BRLInge[ et al., 20098 enerally, H33 is the cytokine most

related to 18 and is evolutionary highly conserved between mammals.

Usually, the release of -B3 occurs when there is cellular damage or as a result of cell
apoptosis. When B3 isreleased from the cell nucleus into the environment, the-fefigth
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protein weighs around 30 kD&layakawa et al., 2009nflammatory proteases released by
MCs and neutrophilsleave the fulength [-33 in its central domain, producing a mature IL
33 isoform up to 3dold more potent in activating MCs and ILGRsfrancais 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 of3B. While neutrophil proteases play a role

in 133 maturation during inflammatory or infectious conditions, MGtpases contribute to

this mechanism in allergic asthma and allergic inflammati@francais et al., 2012; Lefrancais

et al., 2014) Cell proteases, howeveare not the only contributors to B3 maturation. A

study byCayrol et al. (2018)entified that enzymes present in environmental allergens, such

as house dust mites or pollens, were also able to cleawefudjth 11-33. In addition, cleaved

forms of IL33 were also identified in an airway inflammation model icéd by chitin or

fungal allergengLiew et al., 2016)

Based on the initial study §chmitz et al. (2005 was originally hypothesized that caspase

1 also contributes to B3 maturation and the production of matuisoformscleaved at the
Setiiilocation. However, a study byayrol and Girard (2008howed that the processing of
IL-33 bycaspase 1 results in the inactivation of3R, and the cleavage does not occur at the
site originally proposed b$chmitz et al. (2005put in the middle of the Hl-like domain. This
feature makes H33 the first member of the HL family to be inactivated by caspases after
maturation, unlikelL-m i | -¢BRvhith [require maturation by caspase 1. In follow up studies,
it was shown that H33 inactivation is probably meded by caspase 3 and 7, substrates for
caspase 1, that translocate to the cell nucleus after activafidm et al., 2015)This
inactivation of intranuclear B3 during apoptosis is necessary to avoid the release of active

IL-33 isoforms and triggering local inflammati@@ayrol & Girard, 2014)

In addition to caspasenediated inactivation, a novel form of extracellulat3R inactivation
was described in 2005. In the study, the oxidation e83Llproduced a form characteed 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 comple38 Ibactivation occurred

within a few minutes from secretiofCohen et al., 2015)
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Figure 1.1Cleavage of fullength IL-33.

Maturation of fulHength 1133 occurs in the presence of various proteases, such as MC chyi
by cleaving the central domain between the basesl2, resulting in a more potent isoform ¢
IL-33. On the other hand, cleavage of fidhgth [1-33 by caspses 3 and 7 (typically released upc
cell apoptosis) occurs in the-1tike cytokine domain between bases 1¥89, resulting in H33
inactivation.
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1.3.2 133 Expression

IL-33 is constitutively expressed at high levels by various cells, including endothelial,
fibroblastlike, and epithelial cells. Endogenous3B.is always localized in the cell nucleus in
both humans and mice, without any evidence for cytoplasmic compamtadization(Liew et

al., 2016; Chan et al., 2019here are important speciespecific differences in the expression

of 1-:33. Contrary to humans, mice do not constitutively expres83ILn the vascular
endothelium, while in the lungs 183 is only produced by alveolar type Il pneumocytes,
compared to lung airway epithelium in humaftBischoff, 2007)It is essential that these
differences are considered when mouse models are used for the pleetec targeting of I

33 in humans.

Even though high levels of-83 are already present in the cell nuclei, its expression can be
further induced by inflammatior{Gabryelska et al., 2019ncreased levels of &3 were
identified not only in the bronchial epithelium and otha&irway cells of patients suffering with
asthma(Préfontaine et al., 201@r COPDbut also in the intestinal epithelium of recipients
of bone marrow transplants diagnodevith graftversushost disease. Furthermorege novo
viral infections and cigarette smoke promadile33 expression through airway ce(lsearley

et al., 2015; Liew et al., 201& D45 haematopoietic cells do not normally express38, but

it can be induced under inflammatory conditions in macrophages and dendriti¢$elimitz

et al., 2005; Cayrol & Girard, 201%he levels of H33 released aftestimulation are, however,
lower compared to endothelial and epithelial cells, and it is therefore unclear whether‘CD45
cells could be considered as important sources-83lin vivo(TalabotAyer et al., 2012; Byers

et al., 2013)1L-33 expression can also be downregulated, as demonstratd€iiohler et al.
(2008) While resting endothelial cells expreds33 at high levels, 183 levels are rapidly

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

Intracellular 133 has an ability to regulate gene expression through various mechanisms.
Intracellular 1E33 binds to the nucleosome acidic patch, modulating the chromatin structure
and regulating gene expressi@alashnikova et al., 2013y addition, intracellular H33 acts

as a transcription factor, binding to theanscriptional repressor histone methyhnsferase
SUV39H1, inhibiting the transcription of soluble $3ZT2yeceptor and It6 (Shao et al.,

2014) Furthermore, intracellular B3 interacts with the transcription factaiF~kB, actively
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blocking further incoming inflammatory signa{éli et al., 2011) Lastly, a connection
between the activity of intracellular 183 and histone deacetylas2 was observed in
patients suffering with multiple sclerosis, indicating a possible modulatory role oogurri

at the epigenetic levefZhang egl., 2014)

1.3.3 Regulation of H33 Production

To this date, there is only limited information available on the regulation-88lexpression,
with most of the studies conducted in mice or human cell lines. For instance, a study
conducted on murine macrophages and fibroblasts showed that 88 Iexpession is
controlled by the activation of the transcription factor IBFactivated via variou§LRs
(Polumuri et al., 2012Recently, K33 production was investigated in both mouse and famm
primary endothelial cells, showing that transcriptional regulation occurred via th&B\F

t LoYk! | 0 -chtghiR pathywdy$Duez et al., 2020Pespite the body of evidence, the
exact mechanism governing-3B production in humans is still poorly defined, suggesting a
combination of factors involved in both steady state and pathological conditions
(Meephansan et al., 2012; Talabayer et al., 2012; Seltmann et al., 20113) this date, there

is no exact estimate of the hdife of intracellular I£33, nor extracellular 83, but it seems

the IL-33 halflife is reduced either by its cleavage or through oxidafidehraj et al., 2016)

1.3.4 he I1-33 Receptor ST2

IL-33 is the ligand for the ST2 receptor, which is a t§gemnsmembrane protein encoded by

the ILIRL1 gene. ST2 was for a long time considered an orphan receptor until the discovery
of IL-33 (Schmitz et al., 2005\ Iternative splicing in humans can generate four different ST2
isoforms (ST2, sST2, ST2V and ST2LV), butivanl$T2 and sST2, were identified in human
cells. All these variants are differentially regulated through promoter binding interactions

(Griesenauer & Paczesny, 2017)

ST2 is a membrar@nchored receptor able to form heterodimers with other receptors that
are highly homologous to 4L type1l receptors, such as-IRACP, initiating the signalling

cascaddDe la Fuente et al., 2019T2 is expressed on the cell membrane of several immune
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cells, including MCs, macrophages, ILCs and Th2 cells.re&ditrast to ST2, is the soluble
secreted isoform, identical to the ST2 extracellular domain, with five additional amino acids
in humans and nine in mid8ischoff, 2007; R. Kakkar & R. T. Lee, 2883 acts as a decoy
receptor and can tigly regulate the bioavailability of 483 by competing with membrane
bound ST2, resulting in decreasee8_signalling. Elevated production of sSST2 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 membrafieago et al., 2001pT2VL, a variant of ST2V,
lacks any transmembrane domain and was uniquely described in 2004 in chickens, without

any confirmatia of its presence in humarf{vahana et al., 2004)

1.3.5 I:33 ReceptorsComplex andSgnalling

A study byLingel et al. (2009%pcusing on structural and biochemical interactions/changes
following the complexing of 183, ST2 and {LRAcP, suggested that all three proteins
contribute to the formation of a ternary receptor compleX.study doneby Liu et al. (2013)
revealed the crystal structure of the-B3 receptor complex, showing that-83 contains
specific acidigesidues in position 1 and 2, forming shitidge interactions with ST2 basic

residues in the binding site, essential for haffinity binding.

When [E:33 binds to the ST2 receptor on the cell membrane,RIACP recruitment occurs,
becoming a fully funatinal 133 receptor complex(Liu et al., 2013) With the
heterodimerization of the ST2 and-1RAcP proteins, their TollAL receptor (TIR)@mains
cluster together, recruiting the signalling adaptor protein MYD88, the kinases IRAK1 and
IRAK4 and the adaptor protein TRAF6. TRAF6 will then further adi#® andmitogen
activated protein kinases p38, ERK and digKalling pathway§Schmitz et al., 2005These

in turn will ultimately trigger gene transcription, resulting in increased cell survival,
proliferation, cytokine secretion (4, IL-5, Il-:13) and amphirgulin expressiorfLiew et al.,
2016)

There are three possible pathways regulating33L signalling. First, SIGIRR, a negative

regulator of IELR/TLR signalling, effectively inhibits the phosphorylation of B and p38,
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as demonstrated in human hSP93 cells. SIGIRR also forms a complex wi83R_upon H

33 stimulation, actively inhibiting 483 signalling (Bulek et al., 2009) Second, the
phosphorylation and ubiquitylation of ST2L leads to the internalization and degradation of
the ST2 receptor, with a hdlife of around five hours in steady statghao et al., 2012) astly,
sST2 binds to free-B3, preventing its interaction with ST2L and activation of the signalling
cascade. This mechanism was studied in a murine model of allergaanimétion,
demonstrating that sST2 piteeatment 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 B33lleads to the secretion of-B.and

IL-13. In neutrophils, IE33 stimulation results in increased chemotaxis, while eosinophils
treated with 1-33 releases reactive oxygen species and promotes degranulation d&nd IL
secretion. Similarly, MCs pteeated with 11-33 will produce H4, 11-5 and IL6 (Griesenauer &
Paczesny, 2017)

1.3.6 Role of H33 inMast Cdl Behaviour

Once the function of B33 was properly described, its role in prdlammatory responses
became more apparent. As-83 functions as an alarmin, as it is released from epithelial and
endothelial cells upon cell death, any immune cells bearing an ST2toecsepch as ILC2,
dendritic cells, macrophages, MCs, eosinoph#ésophilsand natural killer cells, can respond

to IL-33 released in the extracellular spa@éotsiou et al.2018)

In MCs, H33 promotes a wide range of functions-38 promotes adhesion to laminin,
fibronectin and vitronectin, either directly through promoting MC activation or indirectly by
increasing the expresm of ICAML and VCAM. on endothelial cells, promoting the
adhesion of MCs to blood vessel wdlikura et al., 2007; Saluja et al., 201 proliferation,
developmen and survival is also affected by38 through a MYD88ependent pathway,
without inducing cell apoptosiSaluja et al., 2014k ven thougMC activation through 83
does not induce degranulation, it promotes the release of various medig&ahija et al.,
2016) In mouse BMMCs, 483 induced the release of-B.and TNf Xvhile in peritoneal

cultured MCs, H33 induced the secretion of-&, TNF' 2-13lahd MCH, but had no effect
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on the release of HLO, 11:17 or Im i (Enoksen et al., 2011; Enoksson et al., 2013)man

MCs isolated from foreskin tissue induced the release -6f I1-8, 11-13, MCPL and TNF X~

but notI=m i 36, IE3[L, and VEGH&ranke et al., 2021)-33 has been shown to potentiate
IgEmediated MC degranulation and cytokine production, however, a prolonged exposure of
MCs to IE33 over several days led to a decreased IgE mediated activation and a reduction in

cOs wL S (RbaNBRrg &t &l223019)

In MCs obtained from receptateficient mice, such as TLRr ST2-mice, MC activation was
TLRindependent but ST2 and MYD88 dependent, demonstrated by the abated production of
leukotrienes and cytkines. Unlike other immune cells which can be activated by other
endogenous danger signals (e.g. uric acid, HMGB1), MCs seem to uniquely respedl to IL
(Bianchi, 2007)mearing that they selectively respond to cells releasing intracellul@&3IL

upon cell death, such as epithelial and endothelial cells.

1.3.7 133 Receptor Complex Interactions with CD117

In MCs, the H33 receptor complex can be involved in ma@@mplex binding. For example,

the receptor tyrosine kinase CD1E¢ttivated through trangphosphorylation by SCF, has the
ability to associate either with ST2 orIRAcRDrube et al., 2010 he IE33-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 ags in MCs or other cell types, thus warranting

further exploration(Martin & Martin, 2016)

1.3.8 133 and IgBMediated 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 examigle,
mediated activation in the presence of3B leals to increased degranulation and cytokine
production compared to MC activation mediated solely by(Bjier et al., 2010; Saluja et al.,
2016; Ronnberg et al., 20199ne study observed that not only does38 increase the

number of degranulated cells, but also the potency of degramnay single cells, promoting
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serotonin secretion and-hexosaminidase releagd@oulia et al., 2017)n murine MCs, it was

shown that IE33 can also enhance the effects of IgG receptor activdif@neda et al., 2012)

IL-33 can amplifghe effect of other receptors expressed on the MC cell membi(dpelia et

al., 2017)like thehighl FFA Yy A G & L 3 DweNds, or8dnlijed tNhtrGedtofCE with

koo f SR (2 GKS R2 g yeNEssidrddndithetefbre e inhibikos of GO w L
mediated MC degranulatiofRénnberg et al., 2019)

1.3.9 Presence of 4183 in lung pathology

IgEmediated lung diseases

Studies have shown the importance of3R in airway inflammatory disease, correlating38.

levels with asthma severitfPréfontaine et al., 2009; Molofsky et al., 2015)s known that

IL-33 is also able to accelerate Thieédiated airway inflammation through M@dsu et al.,

2010) meaning that 1£33 acts not only as a cytokine able to induce Th2 cytokines, but it can
also promote a broader prmflammatory milieu. In a genomeide association study,
including over 10,000 patients suffering with asthma, a single nucleotide polynsonphilk

33 showed a very strong association with asthiffatt 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 cellsbasophils, macrophages, B cells, eosinophils, and lung epithelial cells. Studies done
on mouse models deficient in either ST2 eBB.showed decreased airway inflammation and

IL-5 production. L33 was also found to function as a marker of asthma sgvarid possibly
contributes to airway remodelling via ST2 in human lung fibroblasts during aguweet al.,

2014)

Nontallergic lung diseases

In patients suffering with COPD, an increased expression3¥,I18T2, sST2 ahd1RACP in
sera was observed compared to healthy contr@fsa et al., 2015)Similar findings were
observed in a mouse model of smekeluced COPD, where-383 and ST2 expression were
markedly enhaned but it was completely reversed by the administration of db83

antibody (Qiu et al., 2013)IL-33 also plays an important role in mucus production and
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increasing endothelial permeability, thefore contributing to the decreased respiratory
capacity of COPD patients and further potentiating lung inflammaf®abryelska et al.,
2019) Increased concentrations of -B3 were also observed in diseases suchlRB

obstructive sleep apnoea, lung cancer or interstitimguiseas€J. Chang et al., 2016)

1.3.10 ProtectiveRole of 11-33

Even though many papers reported a connection betweedsland inflammatory diseases,
there is also emerging evidence of a protective role @&3lagainst a large range of infections.
IL-33 signalling through the ST2 receptor has a protective role agdénelopment of airway
hyperresponsiveness in the peripheral lung and controls epithelial niche regeneration
(Zoltowska Nilsson et al., 2018; Dagher et al., 2020}side the lung microenvironment-IL

33 showed protective functions during parasitic infections, as infect&8 Itlepleted mice

were unable to expel Trichuris muris from the gdumphreys et al., 2008)

1.3.11 Inhibition of IE33 Sgnalling

As L33 and ST2 play a role in many pathological conditions in the lung, many studies
guestioned the impact of various components on activation/inhibition eé83Lsignalling in
order to find potential druggable targets to curb MC activation. For examapéjdy done by
Caslin et al. (2018howed the suppression of cytokine and chemokine production mediated
by 11-33 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 I1L.-33 activation. The authors suggested that Didox might have a therapeutic potential in
the treatment of diseases associated witk3[B. Another study bfro et al. (2018pcused on

how IL-33 signalling induces the synthesis ofL8_using both an animal model and bone
marrow derived MCs. The authors showed that a blockade of 5 or 12 lipogéin&ed
cascades suppressed1RB levels, making this pathway a potential target to treat allergic
diseases and asthmabebayehu et al. (201@)vestigated the role ofactic acid and how it
affects IE33 mediated MC inflammatory responses by usimguse BMMCsThe choice of
lactic acid was made due to its higher concentration in tumour and asthma environments

associated with elevated infiltration of MCs and3R. It wa concluded that lactic acid has
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the ability to supress inflammatory responses mediated b$3lactivated MCs. All of this
occurred in a pH and METdependent manner and reproducedvivoin human MCs. More
recently, the use of itepekimab, a human Ig@nuaclonal antibody against-B3, showed a
marked reduction in COPD severity in former smokers in a randomised phase 2 trial, but not
in current smokergRabe et al., 2021yvhile astegolimab led to reduced asthma severity in a

randomised clinical trigKelsen et al2021)
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1.4 ATP, ADP, arfdlrinergicReceptors

bdzOf S2 i ARSax adzOK | &tripéphae(AT8)f ablemdisineNdiphtospBaye2 a A y
(ADP)uridine diphosphat§UDP) andiridine-p -triphosphate(UTP), can act as extracellular
mediators triggering specific cellular responses through purinergic receptors expressed on

the cell surfacgBurnstak, 2007) There are two subcategories of purinergic receptors, P2X

and P2Y receptors, first described by Burnstock and Holman in the 1B&@sstock &

Holman, 196Q)P2X receptor§P2XRshelong to the family of ligandated ion channels,

consisting of seven members (P2R2X7), whilst P2Y redeps belong to the family oG
protein-coupled receptors consisting of eight members (P2Y1, P2Y2, P2Y4, P2Y6, P2Y11,
P2Y12, P2Y13, and P2YH) dzOK I 02 ¢ A Ol Thé siructure of >ademosine raigd

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

1.4.1 ATHReleaseUpon 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 functiéara & Kondo, 2015)n

fact, ATP is required for DNA replication, biosynthesis, protein assembly and biochemical
transport, including uptake and export of ions, proteins, neurotransmittemsl anore
(Burnstock, 2014; Sivaramakrishnan & Fountain, 20T8g proper function of cells is
therefore dependent on the continuous supply of intracellular ATP, produced byetimevo
nucleotide synthetic pathway and tightly regulated by various biological mechanisms. On the
other hand, extracellular ATP is essential for-cell communication in nervous, vascular and
immune systemsSchwiebert & Zsembery, 2003; Trautmann, 2008)steady state of
extracellular ATP concentrations is around 10 nM due to the concerted metabolic and
catabolic activity of extracellular ectpyrases and ectadenosindgriphosphatases,
respectively. In contrast, the concentration of intracellular ATP in the cytosolatssil
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 pflimalg or red
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ATP ——— ADP =——— AMP => Adenosine

AN |

2 UTP/UDP

P2XR

P2YR AR

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 transmern
subunits and are activated uniquely when ATP is present in the environmeYitrde2ptors
(P2YR) can respond to ATP, ADP, and pyrimidines UTP and UDP, however, specific |
respond to a specific purine or pyrimidine molecule. For example, P2Y11 is uniguely active
ATP, P2Y13 only responds to ADP, while adenosine rece{@#®&}p are only activated b
adenosine. Both P2YR and AR are G prateupled receptors, whilst P2XR is a liggatied ion
channel. ATP can be converted to ADP via dephosphorylation, with ADP further degra
AMP, which is in turn ultimately degraded frm adenosine. This whole process is reversit
with AMP converted back to ATP through the phosphorylation of ADP.
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blood cells, release extracellular ATP through pann&xhannels. 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 acrpssias(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 d finraduct. 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 @dttdar 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,clwhtan 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 presencexifacellular adenylate kinase (eefK)

and nucleoside diphosphate kira@NDPK{Yegutkin et al., 2002; Allard et al., 2020)

1.4.3 Structure andhctivation of P2XReceptors

All seven subtypes of PRXare structurally similar, with each subunit composed dar@e
extracellular domain with binding pockets for ATP and other ligands, two transmembrane
helices and intracellular N and C ternfikasuya et al., 201.7/2X1P2X6 receptors are around
379472 amino acids long, while the length of P2¥@eptor is 595 amino acids due to the
prolonged COOH termini. The region of the R2Xcluding the two transmembrane domains
and extracellular domain, is between-858% identical, with the P2X4 receptor most closely

related to other P2Rsand the P2X7 ra&ptor sequence being the least simi(&torth, 2002)
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Figure 1.3 Simplified structure of the P2X7 receptor.

The P2X7 receptor, a member of tR@Rfamily, is an ion membrane channel. Its activatior
mediated by ATP and results in the influx of*@ad Nd into the cell, causing the efflux of t6
the external environment. P2X7 receptors are formed friotnacellularN and C terminifwo
transmembrane helices and a large extracellular domain with binding pockets for ATP anc
ligands.

(Taken fromSkaper et al. (2008)
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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 documentedDi Virgilio et al., 2018Jigure 1.3)A comprehensive study by
Karasawa and Kawate (201d) the panda P2X7 receptor (85% identical to human P2X7),
revealed three equivalent ATP binding pockets shrinking upon activation. ifeestady 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 pockepreventATPfrom binding.

When ATP binds tthe P2)Rs the receptors assume a different conformational state, from a
closed resting state to open, allowing the influx of'ldad C&*into the cell and an efflux of

K" to the external environmen{Egan & Khakh, 2004n the case of prolonged exposure to
ATP, P2Rsbecome desentised, resulting in a temporary inactivation of ion flux, even if ATP

is still bound to the receptofHabermacher et al., 2016)

1.4.4 P2X Receptor Heterodimers

P2)Rspossess the ability to form functional homodimers or heterodimers, with only two
notable exceptions. The first exception is tH2X6 receptor, which can only form
heterodimers with other P2Xs and the second is the P2X7 receptor, which can only form
homodimers(Hou & Cao, 2016%o0 far, P2X1/2, P2X1/4, P2X1/5, P2X2/3, P2X2/5, P2X2/6, and
P2X4/6 heterodimers have been reportgdNorth, 2002) Formed heterodimers show
different properties compared to their homodimer counterparts. For example, P2X1/4 and
P2X1/5 receptors show the same kimetproperties of P2X4 and P2X5 receptors, while
keeping the pharmacological properties of the P2X1 recefffmddou et al., 2011)Some
heterodimers also exhibit a lower affinity for ATP at the heteromeric ATP binding Saak

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 fungtiopp et

al., 2019) Even though the heteromerization of both subunits is still debated, close
interaction between the two receptors has been confirmed Kenopus laevisocyte, in

C57BL/6 mouse model and HEK293 ¢BlsezFlores et al., 2015; Schneider et al., 20The
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study byPérezFlores et al. (2013)Iso described the influence of the P2X4 receptor on P2X7

mediated maturation and the release ofMl &

1.4.5 P2)XReceptor Trafficking Within the Cell

In the cell, P2Rsare predominantly localised at the plasma membrane, the endoplasmic
reticulum, or within endosomes and lysosomes, according to the P2X suf®@giénson &
Murrell-Lagnado, 2013)Figure 1.4).

P2X2 and P2X7 receptors are stably expressed at the plasma membrane, but their movement
through a secretory pdiway is relatively slow. P2X7 trafficking is similar between species: in
primary rodent microglia and rodent bone marrederived 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
macrophagegGudipaty et al., 2001; Boumechache et al., 2009 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 tantbver during phote
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 compan to P2X3, P2X4 is able to resist
degradation in lysosomes due to theirliNked glycans and can be trafficked back to the
plasma membrandQureshi et al., 2007; Vacca et al., 200@2X5 and P2X6 receptors are

predominantly localised within endoplasmic reticulRobinson & MurrelLagnado, 2013)
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Figure 1.4 Distribution of P2X receptors within the cell.

P2)XRsare localised in different subcellular compartments and differ in their trafficking proper
P2X1 receptors are expressed on the plasma membrane but rapidly cycle between re:
endosomes. P2X2 and P2X7 receptors exhibit a slow trafficking tolakmg membrane, but
afterwards are stably expressed on the cell surface. P2X3 and P2X4 receptors are consti
internalized through late endosomes to lysosomes. P2X3 is rapidly degraded, while P2X4 re
can resist degradation and be shipped bazkhe plasma membrane. P2X5 and P2X6 recep
are predominantly retained in the endoplasmic reticulum, but P2X6 heterodimers can traf
the plasma membrane.

(Taken fromRobinson and MurrelLagnado (2013)
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1.4.6 Presencand Function of P2XReceptorsin Mast Cells

P2)XRgenes are widely expressed by many cells in vertebrates, includingNvw@h, 2016)

A study bywareham et al. (2009)entified functional P2X1, P2X4 and P2X7 receptors in the
LAD2 MC cell line and in human lung MCs usiAgE&R. The same results were obtained using
proteomics in human and megrimary connective tissue MCsBlm et al. (2020Wareham

et al. (2009)also identified low mMRNA 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.

1.4.61 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 throfHleichler
etal.,2003p | 2Y2YSNARO tH-M KFA | KAIK FFFAYyAGE Tz
activate P2X1 in LAD2 MC cell lin®areham et al., 2009)P2X1 receptors showed
permeability to C#, inducing significant calcium influx into the cell after receptor activation
(MahautSmith et al., 2011)P2X1 are highly mobile within the plasma membrane, with
around 75% of them moving @nd from a given area within five minut@salo et al., 2010)

P2X1 receptors were also found to be expressed on neutrophils, where they promote
cytoskeletal reorganization during chemotag@ury etal., 2015) When there is a presence

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

obscuration of its functioffWareham & 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 &2Xi is one of the most
sensitive purinergic receptors; around one thousand times higher than the P2X7 receptor
(Swrvali et al., 2017)in a mouse model of rheumatoid arthritis, P2X4 induced calcium influx
into dendritic cells, necessary to indultem i IL-g ;Roduction 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 aghaffinity IgE receptor or through -Goupled
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prostaglandin E3receptNJ A G A Ydzf F GA2y G !¢t O2y OSY G NI GA 2\
in mouse BMMC§Yoshida, Ito, & Matsuoka, 2017; Yoshida et al., 2Qh9nice, the P2X4

receptor in BMMCs enhanced antigemduced phosphorylation of Syk and the activation of

GKS t[/+ aAadylrfttAy3a LIGKgles gA0GK GKAA STFTFSC
calcium influxX'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 $¢stionet

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

by the study done byanthei 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. (2012pnducted a study on the relationship between P2X7 expression in
MCs and intestinal inflammation, showing that P2X7 activation promoted" TNALINE R dzO (i A 2
and intestinal inflammation. A study done Byhny et al. (20149n mouse BMMCs found

that CD39 is a negative regulator of PZ¥¢pendent inflamatory cell deathvoshida, Ito,
Hoshino, et al. (2017showed that Dexamethasone can downrémie 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 ove300& a as shown by
Wareham and Seward (2016) a LAD2 MC cell érand primary human lung MCs. Similar
observations were made afterwards by various research groups using different MC models,
such as mouse BMMCs or mouse perinoteal M¥sshida, Ito, & Matsuoka, 2017;
Nurkhametova et al., 2019; Kong et al., 20F2X7 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 afséimulation(Galli et al., 2005; Lundequist & Pejler, 2011)
Shimokawa et al. (2013)so reported scretion of 483 from BMMCs upon P2X7 activation.
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1.4.7 P2XAgonists

ATP is not the only molecule able to activate R2Xés many different agonists structurally
derived from ATP were synthesised, showing increas#itity to the ATP binding site
compared to ATP. Most agonists also show strong and selective binding towards a specific
P2)R with negligible binding to other PRS enabling the selective activation of a desired
receptor. For this reason, P2X agonisis e used to probe single receptors and test their

specific function.

C2 NJ S E | Wetiyl8ne ATPIsian agonist for P2X1 and P2X3 receptors with a low affinity

for P2X4 and P2X7 receptors. The 2meSATP agonist preferentially binds to P2X4 and P2X5
recdJi 2 NBSX gKAETS !¢t { KFra (GKS aiNmgTdBtaihe  FTAY
P2X1 receptoJarvis & Khakh, 2009; llles et al., 2021)

lY2y3 FEf tw- |32y A aQi&kEnzaylkezoyWATR BzATR), ZiRotehta  H
P2X7 agonist generated by altering the sugar moiety of ATP, resulting @30-bigher

potency compared to ATP activation. However, BZ&HPs0 able to activate P2X1 and P2X3

at low nanomolaiconcentrations obe metabolized into other adenine derivaté3e Marchi

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

1.4.8 InhibitoryProperties of P2XAntagonists
As the importance of PR&in inflammatory mechanisms slowly became apparent, molecules
able to selectively block the receptor activity became necessary. In recent years, multiple

P2)Rantagonistavere 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: orthosterioglands and allosteric ligang®e Marchi et al., 2016)The most
notable members of the mhosteric 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., 201 allosteric ligands group
includes various different antagonists, suak Brilliant Blue G (BBG),-A45373, JNJ
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54175446, GSK1482160A and GSK314{8tbkes et al., 2006; Broon &., 2008; Keystone
et al., 2012; Savio et al., 2018)

Both orthosteric and allosteric ligands were previously used in various studiesigates}

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

t F NOIAOdzE NI & Ay yYSdINPAYFEFIYYFGA2YS !noyntds
disease (AD) progressi@¢@hen et al., 2014; MiraBortugal et al., 2015; Martindzrailes et

al., 2019) Meanwhile, A438079 and BBG were suggested as a possible novel protective
AUNI GS3Te Ay t I NJVargekind ¢tQlj 20F0A WaBd ei 8., 201D site all

the evidence obtained in their use in disease models anecpnécal studies, only four P2X7
antagonists reached clinictlals, and all were discontinued for various reas@gigystone et

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

Recently, a new type of P2X7 recepémtagonist, belonging to the class of the miitiget-
directed ligands (MTDLs), was synthesized, targeting both the P2X7 receptor and NMDA
receptors(Karoutzou et al., 2018As an NMDA receptor provokes excitotoxicity and neuronal
loss in AD patigts (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 IBeswick et al. (201%Jentified 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 doneGxnddou et al. (2019dentified the
molecule 5BDBD as a potent P2X4 receptor antagonist. Regarding the P2X1 receptor, NF864,
NF449 and HP were identified as theanost potent antagonist{Syed & Kennedy, 2012;
Burnstock, 2014; Berg & Berg, 2017)

Compared to P2X1and P2X#4 knockout mice, P2X1 and P2X4 receptor inhibitors are not
widely used in studies investigating neuroinflammation. However, a study conducted by

VazquezVilloldo et al. (2014)using 5BDBD, showed reduced microglial activation and a
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Table 1.1 List ocommercially available antagonists against P2X1, P2X4 and P2X7 receptors, with
pIC50 values for human or mouse receptors and inhibition of other R&Cells left blank signify
unavailable data from literaturégSoto et al., 1999; Wataret al., 2002; Hilsmann 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; DonrRlbperts et al., 2009; Honoet al., 2009; Duplantier et al.,

2011; Elsby et al., 2011; Xin et al., 2011; Hernai@lems et al., 2012; Mehta et al., 2014; Adinolfi et al., 2015;

Ase et al., 2015; Csoka et al., 2015; Lambertucci et al., 2015; De Marchi et al., 2016; Karasawa &Kbyate,
Matsumura et al., 2016; Savio et al., 2018; Coddou et al., 2019; Soare et al., 2020)

P2X receptor| Name of the pIC50 pIC50 Inhibition of other P2X receptors
type antagonist (Human) (Mouse) (including weak inhibition)
P2X7

Orthosteric
ligands
OATP 3.54 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
AZ10606120 8.00 5.7-6.2 None
AZ11645373 7.69-8.30 5.285.9 None
JNJ479655 8.30 7.27.5 -
AZD9056 4.034.49 5.52 -
GSK314181A 7.07-7.74 6-7.5 -
GSK148216( 8.67 - -
BBG 6.69 8.00 P2X1, P2X2, P2X4, P2X5
KN62 7.008.00 6.50 -
GW791343 5.056.6 6.04 -
CE224535 7.80 - -
EVT401 - - -
P2X1
NF449 6.957.15(native), 7.08 P2Y1, P2X3, P2X7
9.54 (recombinant)
NF864 7.36 - P2Y1
[Pl 5.67 8.30 P2X2, P2X3, P2X4, P2X7
MRS2159 5.26 8.04 P2X2, P2X3, P2X4, P2X7
TNRATP - 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
NR1815PX 6.50 6-6.5 P2X3, P2X7
PSBE12054 6.70 5.67 P2X1, P2X2, P2X3, P2X7
PSBL2062 5.86 6.03 P2X1, P2X2, P2X3, P2X7
BX430 6.26 No effect P2X1, P2X2, P2X3, P2X5, P2X
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reduction in microglial loss in the spinal cord ofraultiple sclerosign vivo modé suggesting

that a P2X4 antagonist yields valuable information as the use of a knockout mice model.
P2X antagonists, especially those showing high receptor affinity, sueB@BB or A438079,
could be used in the future as pharmacological therapiesalieviate 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 printatlycultures/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 limgNautiyal et al., 2012; Sorge et al., 2Q12)

1.4.9 P2YReceptors andructure

As with P2Rs P2Y receptors share a similar biochemical structure. All members have
extracellular Neerminus and intracellular @rminus, and seven transmembrane spanning
regiors with a high level of homology. A structural diversity between intracellular loops and
Gterminus in P2Y receptor subsets was observed, affecting the coupling wiEha@d Gy11
proteins (Burnstock,2009) The eight P2Y receptors can be further divided into four
categories: adenine nucleotide activated (P2Y1, P2B)1pyrimidine activated (P2Y4 and
P2Y6), ATP/UTP activated (P2Y2) and-&tiitated (P2Y14). Upon activation of P2Y
receptors throudp nucleotides, the G protein signalling cascade is activated. P2Y1, P2Y2, P2Y4,
P2Y6 and P2Y11 all coupldd |j koretmins, whilst P2Y12, P2Y13 and P2Y14 couple to the
DhAk2 LINPGSAYad tH, mm Aad (GKS 2yfeé tKS DNBOSLI
protein/adenylyl cyclase pathwafi 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. Ier 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 R2¥eptors,and

their expression comes from RM&quencing data. P2Y receptors are the most abundant G
protein coupled receptors expressed by immune cells, including macrophages, dendritic cells

and microgliaglLe Duc et al., 2017)and are involved in many functions leading to immune
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responses, such as chemotaxis or phagocyt@sisott et al., 2009) Tre following P2Y

receptors are observed as functional in MGswo 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 pulmonarffammation when induced with Leukotrieng E

(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 modgieng 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 MGsp et al. (2013howed the involvement of P2Y14

in the degranulation of LAD2 MCs. In repeated experiments using other P2Y receptors, MC
degranuétion 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(@eaalblier et al.,

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

dendritic cells maturatiorfMyrtek et al., 2008; Barrett et al., 2013)

1.4.10 Involvement of ATP anurinergic Receptors inLung Pathology

IgEmediated lung diseases

In comparison to MCs and-83, 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 impartt role in these conditions. For example, a studiviojler

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 t@an ATP mediated prasthmatic 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 asthn{8urnstock, 2017)P2X1 receptor responses were
reduced in eosinophils from asthmatic patients compared to healthy subf@¢tght et al.,

2016) In aC5BL/6 mouse model, ATP presence stimulated Th17 polarisation in neutrophilic

asthma, with the reduction of ATP leading to milder asthmatic sympi{&inang et al., 2017)
Nontallergic lung diseases

In COPD, increased ATP levels were observedamekers, with ATP levels further increased

in active smokers. Patients that did not suffer with COPD, but were eithemexers or active
smokers, also showed an increased concentration of ATP in BAdifluid compared to
healthy control{Lommatzsch et al., 2010)he same study also observed an increase in P2X7
receptor expression on macrophages of COPD patients. The studychitelli 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 exjposigdrette smoke.

High ATP concentrations were also measured in bronchoalveolar Ié8Ag§uid of patients
suffering with IPF (Riteau et al., 2010)with P2Y6 receptor activation promoting tissue
remodelling(Muller & Taylor, 2017and inflammation, with a blockade of P2X7 receptor

attenuated lung inflammation and fibrosf{MoncacRibeiro et al., 2011)

The elease of ATP also plays an important part during the course of viral infgcasn
rhinovirus infection led to the increase of ATP reldag@549 airway epithelial cel{gtkinson
et al., 2020) while infection with severe acute respiratory syndrome coronavirpsogduced
an increase in extracellular ATP concentrationglasma of infected patient@a Silveet al.,
2022) Similarly to ATP, 483 concentrations weralsoshown to be increased in BAL fluid
during the course of influenza oespiratory syncytial virumfection (Le Goffic et al., 2011;

Wu et al., 202Q)
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1.5 Relation of 11-33 and ATP iMast Cells

As both [E33 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 simultaneffest of 11-33

and ATP on MCs. In 202Igrdan et al. (2021neported that cesensing of ATP and-33

potentiated the release of cytokines from mouse BMMCs, boosting the activation of COX1/2

and prolonging the actation of TAKAKK2NFS . aAdyrtftAy3a LI GKglea
observation fronStraus et al. (2021) BBMCs and peritoneal MCs suggestaf8ld increase

in the release of H6, TNF and #L3 in response to ATP, when MCs wereviously sensitized

by 11:33.

MCs stimulation with ATP has been shown to result in the release38 ftom the cell,
contributing to the activation of ILC2Shimokawa et al.,, 2017)while glycolytic ATP
production was important for H33 induced MCs activatioi€aslin et al., 2018\ release of

IL-33 or increase of B3 expression upon ATP simulation has bksen 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 effec38fdhd

ATP ensing in human MCs.
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1.6 Thesidlypothesis andAims

Sinceboth 11-:33 and ATHunction as alarminsreleased from damaged epithelial and
endothelial cellsn lung pathological conditiongnd both IE33 receptor complex and P2XRs
were shown to communicatand/or affectother receptors, the hypothesis if 1L-33 might
influence ATFRnediated MC activities, such as MC degranulation, intracelsidgrallingand
cytokine releasgresultingin prolonged inflammatory conditions and recruitment of other

immune cells

The main goal of this thesis therefore, to investigate whether and how 183 treatment

modulates MC behaviour mediated by ATP stimulation.
Specifiaims were as follows:

1. First,establish the role of ATP aWdDP inMCdegranulation and whether £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-38 can potentiate ATPmediated
modulationof MC activitiesTherefore the effect of 1-33 treatmenton ATPmediated
intracellular signalling and calcium flwasinvestigated, together witlthe expression

of ST2 and PR§ which werepreviously confirmed to bexpressed in MCs.

3. Third establish if other alarmins released during epithelial cell damagght exert
the same modulatory properties on Ahiediated MC degranulatioas IE33. To
assess this, the modulatory effect dthymic stromal lymphopoietinTELE in

comparison to H33, was investigated in ATfRediatedMCdegranulation.

4. Fourth, determinewhich P2XRs are mainly involved in Afé&ldiated MCactivities
and if the 1L33 potentiating effectaffects all P2XRs equally. This aim was achieved
using a rangef P2XRs inhibitors with different binding propertiés further study
specifically focused on the effect 0f3B onP2X7 receptowascarried outusingthe

P2X*?specificagonistBzATP.
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5. Fifth, evaluatethe modulatory role of 1-:33 treatment onthe MC transcriptional
landscape to establishwhich effect I-:33 exerts on genes associated with MC
inflammatory pathway, intracellularsignalling MC signature genegenes associated
with adenosine pathway and expression of P2XRs8s aimwas investigated by

performingRNA sequencing artthtaanalysis.

6. Lastly,to establish if results obtained frorthe previousaims could occurin lung
pathological conditions, such asg viral infection. To determine this, lung epithelial
cellsunderwent viral or mechanical damage, and the obtained supernatants were
analysedto determine ATP presencend then administered to MCs previously

treated with 11-33, to measure if any AFRediated MC degranulation occurred.

Overall, the results obtained by this thesis should help to establish the novel rol€8firL
the potentiation of ATHmediated MCactivities such as degranulation or intracellular
signalling andhelp us further undertsnd immune processesoccurring 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 Blooe®erived Mast Cell Progenitors

Human peripheral blood mononuclear cells (PBMCs) were isolated from leukocyte cones, as
previously describe{Babhri et al., 2018; Bahri & Bulfoiaus, 2020)Leukocyte cones were
obtained from the National Health Service Blood and Transplant blood bank (Manchester, UK)
from anonymous healthy volunteers who gave an infechtonsent for their donation to be

used for research purposes as per a protocol approved by the University of Manchester
Research Ethics Committee (UREC ref ZBH55711). Blood obtained from the leukocyte
cones was diluted in 20 mL of sterile PBS (&igldrich), transferred onto a layer of Fieol
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 fHagjue, was then
transferred to a new falcon tube, pped 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 pL of CD117 beads, 400 pL of FC blocker (Miltenyi Biotec)
and 1.5 mL of MACS lhef (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 rsuspended 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 aolumn 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 mastitetis,c

transferred to the éwell 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
OMEUOBDE dziil a! - 6DAG6O20X ndpr .{! CNIOlGA2Yy =+
YSOF LW 2SUKIy2f s #meptomych KSiginaldticB)y 200 hd/nil Xoy5CF
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(GenScipt), 50 ng/mL of-8.(GenScipt), 10 ng/mL of-3L(PeproTech), 1 ng/mL of LDL
(ThermoFisherand 100 ng/mL of SRI (Cayman Chemical Company). At this stage, human
primaryMCsreceived a new dose of media every day, with the amount dependatitienell

expansion. From the fifth week onwards, the cells were cultured in the same media mixture

as mentioned above, but this time-8, 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 nmetiareplace it with the

new one. After week 8 of culture, when MCs reached maturity, the cells were spun every two
$SS1a&a G onn3a F2NJp YAydziSase hy G§KS 6SS{ 6KS
added to the flasks.

2.1.3 Assessment of Mast Céllaturity

To assess whether the MCs were fully mature, a sample of MCs were sensitized for 16 hours
with human IgE (Merck), stimulated witlgoat anti-human IgE [nsight Biotechnologyor
negative control for 1 hour and degranulation assessed by flow cytometric analysis using
antibodies specific to CD63 (clone H5C6; isotype mouse IgG1l; BioLegend), CD107a (clone
H4A3; isotype mouse IgG1l; BioLegend) and CD117 receptors (clone ASG8R2 nisaise

lgG1; 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/amgE samples, the donor waliscarded 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 fréd@°C freezer storage and held in a 37°C water bath
until the sides were thawed, but the cestremained frozen. Thawed cells were transferred

to the flask along with 9 mL of warm DMEM me(liaermoFishenyith 10% FC@5ibco)and

1% of kglutamine (200mM) (ThermoFisher). The flask with the cells was then placed in the

incubator overnight and aftethe cells were attached to the flask, old media was removed
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and replaced with the DMEM media solution containing 10% FCS, gbutéinine and 100
>3k YT t-Shegplodykin (Sigmaldrich).

2.2.2 Maintenance of the Beas2B Culture

Beas2B cells weribculture when they were about 680% 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
mediumsolution 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 wasetivened

to the incubator at 37°C and 5% £0

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 H33,50 ng/mL of 133 (PeproTech) 5 ng/mL of H33 isoform 492 (full
name: GRITS55492, isoform length: base@ B (GSK)5 ng/mL of #33 isoform 505 (full
name: GRITS55005, isoform length: bases2l/XB (GSK) or left untreated for 24 hours at
37°Cand 5% Cg& spun down at 300g for 5 minutes, washed with PBS, spun again at 3009 for
5 minutes and then the cells were stimulated with three different ATP (ThermoFisher)
concentrations: 10 uM, 100 uM and 1000 uM for 1 hour or with three different ADP &Sigm
Aldrich) concentrations of 10 pM, 100 uM and 1000 pM for 1 hour. As a negative control cells
were untreated and not stimulated, and for a positive control cells were sensitised for 16

hours with1ug/mLIgE and then stimulated withpug/mLanti-IgE for 1 bur.

2.3.2 Assessment of Degranulation
After appropriate treatment, cells were spun at 300g for 5 minutes and 110 pL of FACS buffer

(PBS, 2% FCS, 2Q0EDTAWwas added into each well. 10 pL was then collected from each
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well, transferred to the Eppendottibe, 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 pg/mL of CD63,
CD107a and fug/mL CD117 antibodies together with 5 pg/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 pL Live/Dead stain (Thermifisher)

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 th# tl&R cytometry. Results ahined

were then analysed using FlowJo® software (FlowJo, LLC).

To create compensation for the flow cytometry, one drop of the beads was combined with 1

ML of either CD63, CD107a or CD117 antibodies.

2.4 Mediator Measurement Using Cytometric Bead Arr&§BA)

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 £33 or left untreated for 24 hours at 37°C and 5%,8@un down at 3009 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 uM, 100 uM and 1000 pM, and an
ADP concentration of 1000 uM, for 8 hours. As a negativercbotlls were untreated and

not stimulated, and for a positive control cells were sensitised for 16 hourshugtmLIgE

and then stimulated witlLpg/mLanti-IgE for 8 hours.

2.4.2 Measurement of Released-8, MCP1, IL-10, and IE13 Using CBA

To cary 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 18, MCP1, 11-:10, and IL13 antibodies and B, MCP1, 11-:10, ard 1-13
functional beads (all BD biosciences). The CBA bead master mix and PE detection reagent
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YFAaGSN) YAE 6SNB LI FGGSR G2 SiwdKilterNB@d 8OG A OS5
biosciences)t KSy SAGKSNI p >[ 27F asupesid®dntdRhe GanglésNE £ 2
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
FFGSNBIFINRAa |ylfeadaSR dzagyHt . BNRI 2 +OwdPBeml yRT

biosciences).

2.5 Receptor Expression Using R&aine PCR

2.5.1 Mast Cell Treatment and Stimulation for PCR Analysis

For a RPPCR analysis, all MC donors were analysed individually. MCs were treated with 5
ng/mL ofIL-33, 50 ng/mL of H33 or left untreated for 24 hours at 37°C and 5%,&pun

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: 10LQ®1

MM and 1000 pM for 24 hours. As a negative control, cells were untreated and not stimulated
and for a positive control cells were sensitised for 16 hours djily/mL IgE and then

stimulated withlpg/mLanti-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 qualityemdttred at80°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 wikittte

the case of a primer, random hexamers were added to the premix instead of Oligo dT primers.

67



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 86?G&% minutes and

samples were afterwards stored &0°C.

2.5.4 RTPCR and Primers List

To carry out a qRIPCR, an Applied Biosystems +@ale gPCR QuantStudio 12K flex machine
YR vdzl y i {-timézRPCR moftviéie vds used together with the MienpAOptical
384-well reaction plates (Life Technologies). 2 ng of cDNA was added to the solution
composed of RNA free water, Brilliant UHesst SYBR Green Assay (Applied Biosystems) and
forward and reverse gene primers at a concentration of 2 pM, with3B3&nd 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 RIPCR experiments were carried out, a standard curve was constructed for each
primer of interest by using five tefold seral 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.

Table 2.1 Gene primers used in the experiments.

In total, three P2X receptor primers together with the ST2 receptor primers were used fo
analysis. H3F3B and 18S primers were used as reference genes. Only the forward part of the
sequence is shan.

Gene Sequence

P2X1 p-GGCCCTTGAGTTTCACAGAG
P2X4 p - ACAGTGGTCGCATCTGGAAT
P2X7 p-GCTTGTCACTCACCAGAGCA
ST2 p BAAGAGAGGCTGGCTGTTGT
H3F3B Pp-GTTTGGTCGTTCGTTGGGC
18S p-QCTGCGGCTTAATTTGACTC
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2.6 Calcium InfluwAssay

For a calcium assay, all MC donors were analysed individually. Firstly, MCs were treated with

5 ng/mL of 1t33, 50 ng/mL of H33 or left untreated for 24 hours at 37°C and 5% &l

washed with PBS. A black walled, clear, flat bottomv@8 plate (Greiner 655090) was coated

with 0.01% PoMl-Lysine solution, made with 0.1M Borate buffer (Alfa Aesar) and-IPoly

Lysine hydrobromide (SigmB2636100MG). The plate was left for 30mtes at 37°C and

washed with PBS. 30,000 treated MCs were platted per well in 100 pL of Media 2 and left for

1 hour at 37°C in the incubator. In the meantime, working buffer solutions were made.

D NJ S dciudbuffer was made using 125 mM of NaCL, Bi¥l of KCI, 16.2 mM of

NaHCO3, 0.8 mM of MgCI2, 5.5mM ofglDcose (SigmaAldrich), 20 mM of HEPES
(ThermoFishe®) M Ya 2F Dbl 1l Hthn YR wmelgiumbudferda /[ |/  +
YFERS F2N) GKS SELISNAYSYy(d 6A0KS?2dzi toSHe inidtlire®d St £ dzf |
¢2 YIS dzLJ I ¢ &K 0 dedalcuBiudier wasindixed with 66@RUE of D5 S Y S Q
. {! ODALIO20® ¢2 YIS dzLJ I £ 2 RA Y &lciantm#fd SNI F2 N
was mixed with 100 puL of 25mM Probenecid solu{®igna-Aldrich), 133 uL of 7.5% B%Ad

1 pL of Fur (ThermoFisher]2 mM stock resuspended in 24.95 uL of DMSO). To make up

'y | aal & odzF¥F S NEalcmrobaofier was[mixedHvith 961ulSoy 735 BSker

1 hour incubation, Media 2 was removeadm 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 pL of assay buffer.

To make up an agonist plate, dead (extra) volunusiie considered for each well. Each well
was then given a specific amount of assay buffer and a required BzATP (ThermoFisher)

concentration of either 10pL, 100puL, 500uL or 1000pL.

When both plates were ready, they were loaded into FlexstatMpol¢culardevices), 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/NEB Intracellular Signalling

All MC donors were analysed individually and were treated with 5 ng/nil-38, 50 ng/mL

of IL-33 or left untreated for 24 hours at 37°C and 5% @@er this they were washed with

PBS and treated MCs were-saspended in the Media 2 lacking@lcytokine and given a 2

hour rest in the incubator. The plate was then washed stahed for 10 minutes at 37°C in

the PBS containing 1 pL of life/dead staining in 1 mL. Cells were then washed and activated in
100 pL of Media 2 lacking-@.,. for either O, 1, 5, 10, 15, 30 or 45 minutes by ATP or BzZATP
concentrations of 10 uM or 100 pMr with 1pg/mL of IgE/antigE, and left aB7°C. The
reaction was stopped at the appropriate time by adding 10 pL of 16% formaldehyde solution
made with PBS. The cells were then spun at 800g for 5 minutes, washed and permeabilised in
100 pL of Methanoldr 10 minutes at 4°C. The cells were then washed again and given a full
staining solution composed of FACS buffer, 2 pg/mL-ERK1/2 (clone MILAN8R; isotype
mouse IgG1; ThermoFisher), 2 pg/mL-aPE-STAT3 (clone 4G4B45; isotype mouse IgG1l;
BioLegend) ah2 pg/mL antNFkB antibodies (clone REA348; isotype human IgG1; Miltenyi
Biotec) together with 2 pg/mL of Fc blocker (BioLegend). The plate was left overnight at 4°C,
washed, resuspended in FACS buffer, and then analysed using thél i8R 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

2T t.{ FTYR alldzy F3lIlAyod ¢KS OStfta ¢6SNB (GKSy I

diluting stock 1:1000 in PBS and incubated for 15 minutes. Then the cells were washed in 200

>f 2F t. {2 FAESR AYy pn >f LntheBdrkior POmiinutes2 NI | f

In the meantime, permeabilization buffer-f@oscience, Cat# 0833356) was prepared by

diluting it 1:10 in water. The cells were then centrifuged and eitherB@%4 (1 mg/ml) (Cat#

APRO002; isotype rabbit IgG; Alomone labs)anti-P2X7 (1 mg/ml) (Cat# APR4; isotype

NF}¥6o6A0 LIDMT !f2Y2yS L0640 yGidAo2RASA 6SNB
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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 witfermeabilization buffer and incubated for another hour

AY pn >t LISNYSIOATATFIGA2Y 0dzFFSNI YR aS02yRI
goat antirabbit 1gG; ThermoFisher) in 1:1000 dilution. Cells were then centrifuged and

NEB & dza LIS y R SHRCSAbyffer tamdmaralysed using the-LSRw cytometry. Results

obtained were then analysed using FlowJo® software (FlowJo, LLC).

2.8.2 Extracellular Staining Assay

I FAOSNI I ALISOATFAO alAYdzZ GA2y> OSftfa 30@NE ol a
F2NI p YAydziSad /Stfta 6SNB GKSy NBa#aXLlBYyRSR .
mg/ml) (Cat# APR22; isotype rabbit IgG1; Alomone labs), @2X4 (1 mg/ml) (Cat# APR

024; isotype rabbit IgG1; Alomone labs) or &&X7 (1 mg/ml) (Cat# RR08; isotype rabbit

IgG1; Alomone labs) extracellular primary antibodies, together with Fc block (5 pg/mL), were
FRRSR Ay (KS mMYwmMnn RAfdziAzya FyR €tSTd F2NJ or
Hann >t C!/{ 0dzF¥FSNI | yiyantibsdy (2fm§/ml) wakddded tdther y y &
gStta gAGK pn >t 2F Cl!/{ 0dzZFFSNIAYy GKS mYwmnn
OStta oSNB 46l aKSR gAGK wnn >t 2F t . dilkedd KSe ¢
1:1000 in PBS and incub&e F2 NJ mp YAydziSa Fd nx/ ® /Stfa o
and incubated for 15 minutes in the solution composed of FACS buffer and IC fixation buffer

0S. A2a0ASy OSSO0 ! FGSNI GKS flrad sl aKs OStfta oS

usingthe LSRI flow cytometry. Results obtained were then analysed using FlowJo® saftware

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 eith&rng/mL of £33, 50 ng/mL of H33 or left

untreated for 24 hours at 37°C and 5%.Cthe treatment concentration depended on the

VI Gdz2NBE 2F (GKS SELISNAYSyilod ¢KS O0Stta 6SNB (K
NF449 (Tocris),-BDBD (SigmaAldrich),A438079, A839977, AI606120, or AA1645373
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(all Alomone)nhibitors for 15 minutesadp T ¢/ ® ! FGSNJ G KAa &adSLIE GKS
GSNBE RANBOGfe FRYAYAAGSNBR !¢t 2N .T!1¢t 2F
experiment, for 1 hour aB7°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

section2.3.2 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 logl0 was calculated. The percentagiefcontrol response was
calculated relative to the positive and negative control values (samplegative control) /
(positive controlnegative control) x 100%. The percentage of the control value was then
plotted against logl0 values, with the resudiplC50 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 e33Lor left untreated for 24 hours

at 37°C and 5% G Media 2 withot 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 storeBDaC and

then submitted to theGenomic Technologies Core Facility for further analysis.

2.10.2 Processing of RNAseq Data
Submitted RNA was analysed using lllumina HiSeq4000 and obtained results were processed

by the University of Manchester Bioinformatics Facility.
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Quiality control of submitted RNA was assessed using FastQC software from Babraham

Bioinformatics (https://wwwbioinformatics.babraham.ac.uk/projects/fastqc/).

The reads trimming was analysed using the BBTools package software, with BBduk and BBmap
programs (https://jgi.doe.gov/datand-tools/bbtools/). The full description of BBTools

software can be found in theyblication fromBusell 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 frémankish 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 fromDobin et al. (2013)

The differential expression analysis was performed mdRs 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 frdrove 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
XM D p -1:5yamd adi(isted walue of <0.05, with normalized counts converted techre

and sorted by Euclidean clustering. All outliers of mean normalized counts lower than 30 and
undeterminable adjusted alues were filtered before analysis. RStudio script used for the

analysis is included in the supplementary data.

2.10.4 Ingenuity Pathww Analysis
The resulting log2 fold change values, together with theajues and fadjusted values for all
60,660 genes obtained from the Genomic Technologies Core Facility, were uploaded into

Ingenuity Pathway software (Qiagen) with expression analysixésegory 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-Caltures

2.11.1 Beas2B Stimulation

Beas2B weraletached 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% Cg@to re-attach. Cells were then washed with PBS and either stimulated with 10
ng/mL of Poly I:.C (Siga#ddrich) 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 experimént. A
AdAYdzZ FGA2ya 6SNB O2yRdzOGSR G wnn>[ LISN gSf

2.11.2 Stimulation of Human Bronchial Epithelial Cells

Healthy norsmoker human bronchial epithelial cells, grown at theligwid interface, were
treated basolaterall and apically for 1 hour at 37°C and 5% €ither with 100ng/ml Ik
33(PeproTech)human rhinovirus HRV16 (MOI1/wei3SK)HRV16 (MOI1/well) + 10ug/ml
goat anttlL.-33 (Abcam) HRV16 (MOI1/well) + 100ng/mi3B or left untreated. The obtained

supernatans were kept frozen at80°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 ApoSENBDR/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 anaBchial Epithelial Cells Supernatants

MCs from individual cultures were treated with either 5 ng/mL e83l.50 ng/mL of H33 or

left untreated for 24 hours at 37°C and 5%CCells were then washed and incubated with

p>a 2 A438D7 $Alomoneinhibitor for 15 minutes at37°C. After this step, the cells
GSNBY QU ¢l aKSR YR #SNBE RANBOGEE FRYAyAadSN
from human bronchial epithelial cells (stimulation of both epithelial cells is described in 2.11.2

and 2.11.3) or ¢ 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 (Sigjlakach). The ratio of MC Media 2

and administered supernatants per well during incubation was 1:1. Cells were thendstaine
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 offl..11-8 and MCHL from stimulated Beas2B celts/tometric bead
array analysis was used. The protocol was identical to the one in chHagtér, 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 omay or twoway ANOVA, followed by either

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.

75



Chapter 3
Impact of 1-:33 Treatment on
ATP/ADPSIimulated Mast Cells
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3.1 Generalntroduction

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 céflato &Schleimer, 2007; Chan et al.,
2019) Between the alarmins, the cytokine-83 and ATP were both identified as playing a
role in various inflammatory conditions, such as asthma or CQ&4ko et al., 2007;
Lommatzsch et al., 2010; Gabryelska et al., 2019; Saikumar Jayalatha et al AQD2C}F are
located at the host/environmet interphase at the point of pathogens entry, and are in
contact with harmful substances, the release of38 and ATP by respiratory, skin or
gastrointestinal tract epithelium during inflammatory conditions affects MC activities and
leads to their activeon (Galli et al., 2005; da Silva et al., 201Byth alarmins are released
concomitantly from epithelial and endothelial cells. However, wheth&3land ATP exert a

synergistic, additive, or complementary effect on MCs remains unclear.

The effect of ATP has been studied bothmauseBMMCs and human MC lines (e.g. LAD2
cells), as found in the studies Wyareham and Seward (201&)d Yoshida, Ito and Matsuoka
(2017) Human and mice MCs differ in their response to cytokines and various mediators
(Moon et al., 201Q) Furthermore the biological properties of immortalised MC lines also
differ from primary MC¢Radinger et al., 2010)

Therefore, as both 83 and ATP function as alarmins during lung pathological conditions, the
main aim of this chapter is to investigate how3R influencesATPmediated MC behaviour,
such as degranulation, cytokine release, intracellular signallinguoalflux and expression

of receptors associated with-B3 and ATFAs ADP is generated from ATP through phosphoryl
transfer, the effect of 1-33 on ADRnediated MC behaviour will also be investigated. To
assess if th@otential IL-33 modulation of AT¥ediated MC behaviour is sharevdth other
alarmins, TSLP effect on A¥iR be investigated. To mimic as closely as possible MC behaviour
in vivo, primary human MQsbtained from luman peripheral bloodlerived progenitor cells

will be used for althe expeliments within this thesis.
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3.2 TheHuman Mast CellModel in Vitro

3.2.1 HumarMast Cell Differentiation and Qulture

Human MCs were differentiated from CD117+ hematopoietic blood progenitors. For this
purpose, luman peripheral blood mononuclear ce{fRBMCs) were isolated from peripheral
blood leukocyte cones by density gradient centrifugation using Fagjue (the full isolation
method can be found in the materials and methagstion 2.1), and CD11hematopoietic
progenitors were positively selestl 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-6CF, IL
IL-3, LowDensity Lipoprotein (LDL) and StemRegenin 1 (8R&)pport cell division and
survival. From the fth week onwards, cells were grown in the presence of SCF abdolL
promote cell maturation. At weeks eight to nine, cells were used for experimental procedures.
The protocol for MC differentiation and culture used was also publishé&hhyi andBulfone

Paus (2020and a graphioverview of the procedure is displayed in Figure 3.1.
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Figure 3.1 Simplified overview of human blood CD117+ progenitor cell isolation and cultur
mature MCs.

PBMCs were isolated from leukocyte cones by density centrifugation and incubated with
CD117 antibodies conjugated to magnetic beads. CD117+ hematopoietic progenitors
positively selected using a MACS Columagnetic fieldbased technology and then cultured i
media containing SCF;3Land IL6 for four weeks at 37°C and with 5% COR2waek five, the
media was replaced by a medium containing only SCF a&hd\fter a total of eight to nine week:
of culturing, the cells reached full maturity.
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3.2.2 MatureMast Cells Degranulate upon IgE/antigSimulation

MCs are key effector cells in allergi@$¢ofmann & Abraham, 2009; GonzatkzOlano &
AlvarezTwose, 2018)During the allergic response, IgE molecules released froall8bind

to the high affinity IgE receptor (€Rl) expressed on the surface of MCs. The binding of the
specific antigen to this complex cause§arosdinking, which results in MC activation and
degranulation with the release of various preformed mediators, such as histamine,
prostaglandins, proteases and cytokir(@snin, 2012; Galli & Tsai, 2012ystel\Whittemore

et al., 2015)Therefore, to assess maturity and functionality, MCs were tested for their ability
to respond to FceRI crodisking. Cells werasensitized overnight with 1ug/mL of IgE and
activated with 1upg/mL of arigE for one hour, while negative control cells weedt
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 usingittle¢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 IgEAg#ii stimulation compared to the
negative control (media) full descripion 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 differentiati. An increase in CD63+ and CD107+
cells in response tlgE/antiigEstimulation 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 witlug/mLIgEfor 16 hours, washed, stimulated willug/mL

anti-IgE for one hour and then analysed using flow cytometrysfyvs the gating strategy fo
the homogenous MC population, live/dead cells and two different single cells gating. (B) ¢
cells stained witheither anttCD63 or antCD107a antibodies. The results shown
representative of the n=1 experiment for an individual MC culture. Before any culture was
for further experiments, its maturity was assessed in the same manner and gating as shown

.
C
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3.3 HumanMast Cells Degranulate inResponse to ATP but not ADP

During an injury, ATP is released in high concentrations from epithelial and endothelial cells
and functions as a danger sigr{@iteau et al., 2012)Through the process of phosphoryl
transfer, ADP is generated from ATP, and further degradedB And adenosin€Cauwels

etal., 2014; Le Duc et al., 2017; Dosch et al., 2@&18)e 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 ATRoncentrationsTrigger Mast Cell Degranulation

To investigate at which concentrations ATP affects human MC degranulationybr€s

stimulated with three different ATP concentrationsfn >a > wmnn >a FyR wmnn.
hour and degranulation was measured using flow cytometry to asses%tbé CD63+ and

CD107a+ MCs. As positive control, MCs were sensitized overnight with 1ug/mL of IgE and
activated with 1pg/mL of arigE for one hour, while negative control cells were left
untreated. No treatment and IgE/anrkijE treatment are also used asgative and positive

controls for all further experiments, unless stated otherwise.

& aK2gy AYy CAIdzZNBE odo tlySt !'s OStfta adaAyd
a % increase in CD63+ cells comparable to the negative control, whiléirthdagion with
mann >a !¢t Ol dzaSR I aAA3IYATAOIY(d AYyONBlIasS Ay

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 sgijore of CD107a+
was investigated as the cell degranulation markem(nn >a ! ¢t OLF ndnnnanmoyY
control (p<0.0001): 58.2+4.7%%)jigure 3.3 Panel B).

In summary, high concentrations Aff P induce human primary MC degranulation.
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Figure 3.3fect of ATP stimulation on MCs degranulation

alda 6SNB alGAYdzZ FGSR 6AGK mn >aX mnn >a @I
were left untreated. As positive control, cells were sensitized with 1 pg/mL of IgE for 16 houi
then stimulated with 1ug/mL antlgE antibodies for one hour. Cells were then stained with-a
CD63 (A) or anttD107a (B) antibodies and analysed using flow cytometry. Data are mean
of n=3 experiments from separate MC cultures. Statistical differences are ieditt p<0.001

#*% n<0.000L(oneg I & ! bh+! gAlGKeshdzyySiaidQa LkRad
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3.3.2. ADPimulation Does notinduceMast Cell Degranulation
To investigate whether ADP acts similarly to ATP and triggers MC degranulation, MCs were
stimulated with ADP concentrationsmfn >aX wmnn >a YR mnnn >a ¥F2

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, Vvidtlel engagement upon IgE/anti

IgE stimulation resulted in a significant increase in MC degranulation3(QB®.0001):
69.3t4.2%; 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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Figure 3.4Effect of ADP stimulation MGdegranulation

ala oSNB aildAYdZlIiSR ¢6A0GK mn >aX mMnan >a 0|
were left untreated. As positive control, cells were sensitized with 1 pg/mL of IgE for 16 houl
then stimulated with 1ug/mL arlige antibodiegor one hour. Cells were then stained with an
CD63 (A) or alCD107a (B) antibodies and analysed using flow cytometry. Data are mean
of n=3 experiments from individual MC cultures. Statistical differences are indicated
p<0.0001 (onevay ANOVAS A (0 K 5 dzy yeSt)i G Qa LJ2 a i
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3.4 11-:33 Influences ATMediated 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 &3,I0SLP or LPS,
resulting in the increased release of cytokines, lik&, Ill-4 or 1-:13 (Reber et al., 2015)L-33

is a cytokine that regulates key MC activities, such as increasing adhesion, affecting survival
but also enhancing lgiBediated degranulationGaland et al.,, 2016; Chan et al., 2019)
Furthermore, increased levels of-38 were observed during various lung pathological
conditions(Momen et al., 2017; Tworek et al., 201B) contrast, prolonged treatment of MCs

with IL-33 has been observed to suppress MCs activ{kEsnberg et al., 2019 herefore,

the next gal was to investigate whether-23 modulates the ATP/ADP effect on MCs.

3.4.1 1133 Amplifies ATPTriggeredMast Cell Degranulation

To test whether 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 concentrationsofi >a > mMnan >a lFeidir ma nn
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 FRjdrdPanel 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
RSANI ydzf  GAYy3 OStfa Ay aBminihyeatd&d cell® wita tha n > a
degranulation then potentiated in the cells treated with38 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 witly/tnL or 50 ng/mL of 183 caused

a minimal increase in CD63+ cells in comparison to untreated cells when cells were exposed

G2 mn >a 2Nl wmnann >a 2F 1 ¢td LyaagSIFIRT GKS LISND
upon stimulation with ATP atacondemNJ G A2y 2F wmnan n-33traatmedt 6K 2 &

86



ng/mL) (p<0.000), from 28+8% to 53.5+9.5%, and for high dosg3ltreatment (50 ng/mL)
(p<0.0002, from 28+8% to 52.5+13.5% respectively.

IL-33 treatment at both concentrations of 5 ng/mL and 50 ng/ridoaignificantly increased

the percentage of CD63+ MCs upon IgEAgIE stimulation.

In cells stimulated witm n 1~ > a -3B B0thg@mLLlir¢atment significantly increased CD63+
cells in comparison to no treatment €p.000) (0+0% vs 26.35+4.05%) aneBB.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 with483 at a concemation of 50 ng/mL, but nob ng/mL,induced
MC degranulation upon cell stimulationwithn n > a !-38 toBkcentrafionlof{10 ng/mL
was tested to narrow down the minimal concentration required to induce MC activation at

lower ATP concentrations.

For tis purposeMCs were treated with B3 concentrations of 5 ng/mL, 10 ng/mL or left
untreated for 24 hours. Cells were then washed and stimulated with ATP concentrations of
Mn >aX Mnn >a YR wmnnn >a F2N 2yS K2dz2NJ 6S¥

antibodies and analysed using flow cytometry.

Figure 3.8 Panel A shows that the3B.5 ng/mL treatment had similar effects to the one

shown in Figure 3.7 Panel A. As for th&3L10 ng/mL treatment, there was a significant

increase in comparison to untread cells, in cells stimulated withn n 1 > a<0.000%) o LJ

and in the positive control g0.0001)Io o mMn Y 3IkY[ GNBIFIYSyld RARYC
AAIAYATFAOFI YOG KAIKSNI LISNOSydal3IS 2F /5cob OStfa

with resuts obtained upon H33 50 ng/mL treatment.

Similar results were obtained when thrcrease 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 183 treatments (p=0.0179) was also observed.
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In summary, MC exposure to low concentrations eB3Lpotentiated MC degranulation
induced by high ATP concentrations, whilst high concentrations €83 Ilinduced

degranulation at lower ATP concentrations.
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Figure 3.5 Gating strategy for-R3/ATP mediated MC degranulation.

An example of the degranulation of MCs (n=1) from a single experiment that were incubate:
either 5 ng/mL of H33 or with 50 ng/mL of B3 for 24 hours ofeft untreated. Cells were ther
washed and stimulatedwittn  >a % w~vMnn >a 2N wmMnnann >a ! ¢t

cells were incubated with media alone, while positive control cells were sensitized wittmL
IgE for 16 hours, followed by stulation with 1pg/mL antigE antibodies for one hour. Cells we
then stained by DAPI, ariD117 and amMCD63 antibodies and analysed by flow cytometry.
shows the gating strategy for the homogenous MC population, live/dead cells and two diff
single cells gating together with fluorescence minus one (FMO) control feC&8B antibody. (B
is an example of degranulation showing CD63+ cells for various treatments and stimulation
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Figure 3.6 Gating strategy for-R3/ATP mediated MC degraration.

An example of the degranulation BfCs (n=1) from a single experiment that were incubated w
either 5 ng/mL of H33 or with 50 ng/mL of B3 for 24 hours ofeft untreated. Cells were ther
washed and stimulatedwithn >a > wmnan > aP f@& dide hoornAs a regative dontrc
cells were incubated with media alone, while positive control cells were sensitized withmL |
IgE for 16 hours, followed by stimulation with 1ug/mL dgi antibodies for one hour. Cells we
then stained byDAPI, antiCD117 and arCD107a antibodies and analysed by flow cytometry.
shows the gating strategy for the homogenous MC population, live/dead cells and two diff
single cells gating together with fluorescence minus one (FMO) control feC&h@i7a antibody.
(B) is an example of degranulation showing CD107a+ cells for various treatments and stimu
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