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1.  Abstract (EN)  
 

This thesis is collection of work focused mainly on the understanding of mast cell activation and 

its regulation by Orm1-like (ORMDL) proteins. ORMDL family is a group of endoplasmic reticulum 

(ER) membrane resident proteins that are highly conserved amongst mammalian species. ORMDL 

proteins can be found in diverse range of organisms from plants through fungi to animals. ORMDL 

proteins were first discovered in yeasts and the interest in these proteins skyrocketed after the 

discovery that ORMDL3 is associated with childhood onset asthma in genome wide association 

studies. Following research connected ORMDL3 also with allergic inflammation and inflammatory 

bowel disease. Since mast cells are mainly known for their role in allergy and allergen induced 

inflammation, we decided to investigate the role of ORMDL proteins in regulation of mast cell 

activation and signaling.  

In our first study we focused on the role of ORMDL3 in mast cell activation via the high affinity 

IgE receptor 1 (FcεRI). We prepared bone marrow-derived mast cells with decreased (ORMDL3-KD) 

or increased (ORMDL3-OE) ORMDL3 expression. We showed that ORMDL3 is a negative regulator 

of mast cell activation events like degranulation, cytokine release and migration, without any effect on 

calcium mobilization. ORMDL3 was previously described to regulate sphingolipid biosynthesis via 

serine palmitoyltransferase, calcium mobilization through SERCA2b and ER stress responses. At 

first, we decided to search for novel interacting partners of ORMDL3 in mast cells. Mass 

spectrometric analysis of the ORMDL3 immunoprecitates revealed 5-lipoxygenase (5-LO) as a 

potential interacting partner of ORMDL3. 5-LO is an enzyme responsible for production of 

leukotrienes in immune cells and is activated in mast cells after (FcεRI) triggering. To verify and 

investigate whether the ORMDL3 and 5-LO are parts of a macromolecular complex or they interact 

directly, we used Glutathione S-transferase (GST) pull-down assay with GST-tagged proteins 

prepared in bacteria and 35S-Met-labeled proteins prepared in in vitro translation system. Pull-down 

experiments proved the direct interaction of the proteins. Furthermore, we identified 5-LO activating 

protein (FLAP) as another interacting partner. Upregulated levels of leukotriene C4 in ORMDL3-KO 

mice proved that ORMDL3 is not only regulator of sphingolipid biosynthesis but also a negative 

regulator of 5-LO in FcεRI activated mast cells.  

The extent of expression of ORMDL proteins was found to be associated with many diseases. It 

has been described that ORMDL3 expression is reduced by miRNA in inflammatory bowel disease. 

We investigated expression of ORMDL proteins in DSS-induced colitis and found that expression of 

ORMDL3 mRNA is downregulated in colon of DSS-treated mice but total ORMDLs protein amount 

is, in fact, increased upon DSS treatment in vivo as well as in vitro. Further studies on intestinal 

epithelial cell lines Caco2 overexpressing myc-tagged ORMDL proteins revealed that acute DSS 

treatment causes ORMDL upregulation on both mRNA and protein levels. Mass spectrometry 
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analysis of lipids showed that De novo sphingolipid biosynthesis is not altered in DSS-treated mice, 

while sphingosine and ceramide, products of salvage pathway, are increased in colitis. Mucus layer is 

an important part of colonic epithelium that is disrupted in DSS-induced colitis. When we analyzed 

expression of mucins in Caco2 cells we found that increased expression of all ORMDL proteins leads 

to downregulation of Muc2 and Muc5AC expression and this effect is prevalent also after induction of 

mucin expression via DSS. Hence, we showed novel mechanism how alterations in ORMDLs 

expression may be involved in pathophysiology of IBD.  

During our studies we characterized different regulatory mechanisms of FcεRI receptor. localizes 

to membrane microdomains containing cholesterol-sphingolipids-and proteins. Since ORMDL3 is a 

regulator of sphingolipid biosynthesis it bears a potential to affect these membrane microdomains. 

Lipid investigation requires suitable solvents, ethanol often being solvent of choice. Therefore, we 

investigated how acute ethanol treatment affects FcεRI-mediated mast cell activation. Indeed, we 

found that ethanol inhibits mast cell activation via FcεRI at non-toxic concentration on the level of 

calcium mobilization, ROS production, cytokine release and migration. Our observation that 

cholesterol increase prevents inhibitory effects of ethanol shows that lipids and membrane rigidity 

play important role in FcεRI activation. Early receptor signaling of FcεRI is accompanied by 

mobilization of intracellular calcium stores. We investigated how calcium release is affected by C-

terminal Src kinase (CSK). CSK is a regulatory protein responsible for phosphorylation of inhibitory 

tyrosine in Src family kinases (SFKs). We found that CSK negatively regulates FcεRI induced 

calcium mobilization with impact on mast cell degranulation and migration. Furthermore, we 

investigated, how miltefosine an inhibitor of mast cell mediator release affect calcium mobilization 

via FcεRI. However, we found no differences in calcium response between miltefosine treated and 

non-treated mast cells. 
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2.  Abstrakt (CZ) 
 

Tato dizertační práce je souborem výsledků zaměřených zejména na porozumění aktivace žírných 

buněk a úlohy Orm1-podobných (ORMDL) proteinů v těchto dějích. Členové rodiny ORMDL jsou 

malé proteiny lokalizované v membráně endoplazmatického retikula (ER). Proteiny ORMDL rodiny 

jsou vysoce konzervované mezi savci a jsou k nalezení u různých druhů organizmů od rostlin, přes 

houby až po živočichy. Proteiny ORMDL byly poprvé objeveny v kvasinkách a zájem o studium 

těchto molekul raketově vzrostl po objevu souvislosti mezi expresí genu pro OMRDL3 a dětským 

astmatem v celo-genomových asociačních studiích. Následující výzkum spojil polymorfizmy v genu 

pro ORMDL3 také s alergickým zánětlivým onemocněním a zánětlivým onemocněním střeva. Jelikož 

žírné buňky jsou zejména známé pro jejich roli v alergiích a alergických zánětech, rozhodli jsme se 

studovat ORMDL proteiny v regulaci signalizace a aktivace žírných buněk. 

V naší první studii jsme se zaměřili na objasnění úlohy proteinu ORMDL3 v aktivaci žírných 

buněk přes FcεRI. Připravili jsme žírné buňky odvozené z kostní dřeně myší se sníženou nebo 

zvýšenou expresí ORMDL3. Zjistili jsme, že ORMDL3 je negativní regulátor aktivace žírných buněk 

včetně degranulace, uvolnění cytokinů a migrace, ale překvapivě bez jakéhokoliv vlivu na mobilizaci 

vápníku. ORMDL3 byl již dříve popsán jako regulátor biosyntézy sfingolipidů zprostředkované serin 

palmitoyltransferázou, dále jako regulátor mobilizace vápníku přes SERCA2b a odpovědi na ER stres. 

Nejprve jsme se proto rozhodli hledat nové interakční partnery  ORMDL3 v žírných buňkách. 

Analýza ORMDL3 imunoprecipitátů pomocí hmotnostní spektrometrie odhalila enzym 5-

lipoxygenázu (5-LO) jako potencionálního interakčního partnera ORMDL3. 5-LO je enzym, 

zodpovědný za produkci leukotrienů v imunitních buňkách, včetně žírných buněk aktivovaných 

agregací vysoce afinitního receptoru pro imunoglobulin E (FcεRI). Pro zjištění, zda ORMDL3 a 5-LO 

jsou součástí makromolekulového komplexu anebo zda mezi nimi dochází k přímé interakci, využili 

jsme metodu s glutathion S-transferázou (GST) zprostředkovaného pull-down s GST fúzními proteiny 

připravenými v bakteriích a 35S-Met značenými proteiny, připravenými pomocí in vitro translace. 

Tyto experimenty potvrdily interakci mezi ORMDL3 a 5-LO. Navíc jsme ukázali, že 5-lipoxygenázu 

aktivující protein (FLAP) také interaguje s ORMDL3. Naměření zvýšené hladiny leukotrienu C4 v 

ORMDL3 deficientních žírných buňkách ukázalo, že ORMDL3 nejen reguluje biosyntézu 

sfingolipidů, ale je také negativním regulátorem 5-LO v žírných buňkách aktivovaných přes FcεRI. 

Změněná exprese proteinů ORMDL je spojována s různými onemocněními. Například bylo 

zjištěno, že exprese proteinu ORMDL3 může být snížena pomocí microRNA při zánětlivém 

onemocnění střev. Zkoumali jsme proto hladinu ORMDL3 mRNA v kolitidě indukované dextran 

sulfátem sodným (DSS) a zjistili jsme, že pouze mRNA pro ORMDL3 je snížená a že celková 

proteinová hladina ORMDL je, de facto, zvýšená po ovlivnění buněk DSS in vivo a in vitro. Další 

analýza na střevních epiteliálních buněčných liniích se zvýšenou expresí ORMDL proteinů značených 
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značkou myc, ukázala, že akutní působení DSS způsobuje zvýšení exprese ORMDL na mRNA i 

proteinové úrovni. Analýza lipidů pomocí hmotnostní spektrometrie ukázala, že syntéza sfingolipidů 

de novo se nemění u myší vystavených DSS, zatímco sfingosin a ceramidy, produkty degradační 

dráhy sfingolipidů, jsou výrazně zvýšeny. Mucinózní vrstva je důležitou součástí střevního epitelu, 

která je narušená v DSS-indukovaném zánětlivém onemocnění střev. Naše analýza exprese mucínů 

v Caco2 buněčné linii ukázala, že zvýšená exprese kteréhokoliv z ORMDL proteinů vede ke snížení 

exprese genů pro Muc2, a Muc5AC a tento efekt se projevil i po indukci exprese mucínů 

prostřednictvím DSS. Ukázali jsme nový mechanismus jakým narušení rovnovážné exprese ORMDL, 

může přispívat ke vzniku zánětlivých onemocnění střev.  

FcRI je lokalizovaný v membránových mikrodoménách tvořených cholesterolem, sfingolipidy a 

proteiny. Jelikož, ORMDL3 je negativní regulátor syntézy sfingolipidů, má potenciál modifikovat 

tyto lipid-proteinové struktury. Výzkum lipidů vyžaduje vhodné rozpouštědlo, kterým je často etanol. 

To byl jeden z důvodů, že jsme se rozhodli zkoumat vliv akutního působení etanolu na FcRI 

zprostředkovanou aktivaci žírných buněk. Zjistili jsme, že etanol v již netoxických koncentracích 

blokuje aktivaci žírných buněk přes FcRI, včetně produkce reaktivních kyslíkových radikálů, 

uvolnění cytokinů a migrace. Pozorování, že zvýšení hladiny cholesterolu brání blokačnímu efektu 

etanolu ukazuje, že lipidy a tuhost buněčné membrány hrají důležitou roli v aktivaci buněk po 

agregaci FcRI. Aktivace indukovaná agregací FcRI je také doprovázena mobilizací 

vnitrobuněčných zásob vápníku. Zkoumali jsme proto také jak je uvolnění vápníku ovlivněno C-

koncovou Src kinázou (CSK). CSK je regulační protein zodpovědný za fosforylaci inhibičního 

tyrozinu kináz z rodiny Src. Zjistili jsme, že CSK negativně reguluje mobilizaci vápníku s dopadem 

na degranulaci a migraci žírných buněk. Navíc jsme zkoumali, jak miltefosine, inhibitor uvolnění 

mediátorů žírných buněk, ovlivňuje mobilizaci vápníku přes FcRI. Nenašli jsme však žádné rozdíly 

mezi kontrolními a miltefosinem ošetřenými buňkami.  
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3. Introduction 
 

3.1 ORMDL Family 
 

ORMDL stands for Orm1-like gene or protein. Mistakenly this name is being explained as 

Orosomucoid1-like protein because human Orm1 gene encodes Orosomucoid1 protein (Porez et al., 

2013). As it is clear from the amino acid sequence comparison (Paulenda and Draber, 2016) and the 

known function of Orosomucoid1 protein (Luo et al., 2015) ORMDL and Orosomucoid are two 

unrelated proteins and this connection shouldn’t be made under any circumstances. Nevertheless, this 

mistake is still being made to this day (H. Wang et al., 2019; Kiefer et al., 2019). Another name, 

under which ORMDL can be found in the literature is Adoplin that was used in a single publication 

that described its role in regulation of -secretase maturation and function (Araki et al., 2008).  

Orm gene (yeast homologue of mammalian ORMDL) was first discovered in studies of open 

reading frames in yeasts aiming to identify and describe transcripts of acyl-CoA binding proteins. 

Orm wasn’t mentioned in the publication itself but submitted as a new identified sequence with no 

known homology to other genes (Børsting et al., 1997). Shortly after, human homologues of yeast 

Orms were identified (Hjelmqvist et al., 2002). Human ORMDL1, ORMDL2 and ORMDL3 family 

members are localized on separate chromosomes 2q32 (ORMDL1), 12q13.2 (ORMDL2) and 

(ORMDL3) 17q21, respectively. Furthermore, two processed pseudogenes similar to ORMDL1 and 

ORMDL2 have been described (Hjelmqvist et al., 2002).  

Expression of ORMDLs is ubiquitous and levels may highly vary depending on the tissue or the 

cell line (Moffatt et al., 2007; Araki et al., 2008; Langefeld et al., 2018). ORMDL1 displays high 

expression levels in liver and brain (Hjelmqvist et al., 2002), while ORMDL3 shows the highest 

expression levels in liver skeletal muscles and testis (Zhuang et al., 2013) and adipose tissue 

(Langefeld et al., 2018). In immune cells, such as mast cells, ORMDL3 displays the strongest 

expression in comparison to ORMDL1 and ORMDL2 (Bugajev et al., 2016). Alternative splicing can 

take place on ORMDL3 nascent transcript creating splice variant of ORMDL3 resulting in 94 amino 

acids long fragment of ORMDL3 corresponding to C-terminal part of the protein (Jin et al., 2011). 

mRNA of this alternative transcript variant was expressed in a variety of tissues such as brain, liver, 

testis, spleen and leukocytes. Furthermore, EGFP-labeled ORMDL3V1 showed normal cellular 

distribution (Jin et al., 2011). It remains unclear, whether this variant will have any biological 

function.  
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Figure 1. Amino acid sequence alignment of ORM1-like proteins in selected species  

ORM1 homologs were searched using nucleotide BLAST and PSI BLAST. Selected sequences 

were aligned using Clustal Omega software (Cowley et al., 2015) and analyzed by Jalview to 

obtain consensus sequence and conserved amino acid residues (Waterhouse et al., 2009). 

Amino acid residues with the strongest degree of conservation throughout the alignment and 

in the consensus sequence are colored in blue. N-terminal phosphorylation motif in ORM 

protein sequences is marked by the red rectangle. Adapted from Paulenda and Draber., 2016. 
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3.1.1 Evolutionary conservation of ORMDL proteins 

 

ORMDL proteins were first identified in yeasts. Since then, homologues were discovered in many 

different species from plants and Animalia (Hjelmqvist et al., 2002; Chueasiri et al., 2014). When we 

performed multiple sequence alignment of ORMDL proteins from wide variety of animal, plant and 

fungi by Clustal Omega (Li et al., 2015) and analyzed it in Jalview (Waterhouse et al., 2009) we 

found a striking similarity of amino acid sequences of ORMDL proteins in vertebrates, pointing to the 

evolutionary importance of the ORMDL family members (see Figure 1). The comparison of human 

ORMDLs (hORMDLs) with ORMDL from Arabidopsis thaliana and different yeast species showed 

30-40% homology (Hjelmqvist et al., 2002). Interestingly, hORMDL1 has lower amino acid sequence 

homology to hORMDL2 (83%) than hORMDL1 compared to mouse ORMDL1 (mORMDL1) (99%) 

showing that multiplication of ORMDL in the genome happened much earlier than common ancestor 

of mouse and human and since than sequences are highly conserved. Drosophila possesses only single 

homologue of ORMDL pointing to a possibility that in the lineage leading to drosophila second 

ORMDL homologue was lost from genome making it great model for the study of the ORMDL 

function for its easy genetic manipulation.  

3.1.2 Structure of OMRDL proteins 

 

Members of the human ORMDL family are proteins composed of 153 amino acids. ORMDL 

proteins have not been crystalized, yet. However, their secondary structure could be predicted based 

on their hydrophobicity profile (Roelants et al., 2011). Based on this analysis, it was postulated, that 

ORMDL is comprised of four membrane spanning α-helices interconnected by two short loops 

(between helices 1-2 and 3-4) and one longer loop (between helices 2-3). Both N and C-terminus are 

located in the cytosol. More precise model of ORMDL structure has been described recently (Figure 

2). that confirmed and specified the model postulated previously (D. Davis et al., 2019). Strong 

sequence similarity between ORMDL1, ORMDL2 and ORMDL3 makes it possible to assume that 

ORMDL2 and ORMDL 3 will form the same secondary structure as ORMDL1 (D. Davis et al., 

2019). This similarity also makes it very hard to prepare specific antibodies for individual ORMDL 

proteins. So far, all the antibodies prepared against ORMDL recognize all three homologues. 

Antibody prepared in our lab have the same property (Bugajev et al., 2016). Despite huge interest, 

very little is known about ORMDL proteins structural motifs. ORMDL family was assigned a motif 

found in PFAM database that can be identified in all ORMDL species. Main difference between yeast 

and other ORMDLs is that yeast Orm contain phosphorylation motif in their N-terminal domain. This 

motif allows cells to regulate Orm function through Ypk1 kinase in response to various stimuli. Since 

this motif is absent from mammalian ORMDL, it was postulated that regulation of ORMDL function 
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is mainly regulated on the expression level (Siow et al., 2015). Strong sequence similarity between 

ORMDL1, ORMDL2 and ORMDL3 makes it possible to assume that ORMDL2 and ORMDL 3 will 

form the same secondary structure as ORMDL1.

 2  

3.2 Function of ORMDL proteins 

 

Since the discovery of strong association between ORMDL3 expression and asthma interest to 

ORMDL proteins function has risen dramatically (Moffatt et al., 2007). Strong conservation 

(Hjelmqvist et al., 2002) and ubiquitous expression (Moffatt et al., 2007) were both pointing to an 

important function of ORMDL in fundamental processes in the cells. ORMDL was shown to be 

involved in regulation of multiple processes such as sphingolipid biosynthesis (Breslow et al., 2010; 

Roelants et al., 2011; Liu et al., 2012; Siow and Wattenberg, 2012; Kiefer et al., 2015; Siow et al., 

2015; Debeuf et al., 2019), ER stress (Hjelmqvist et al., 2002; Cantero-Recasens et al., 2010; Miller 

et al., 2012; Dang et al., 2017), calcium response , cytokine production (Miller et al., 2014; Oyeniran 

et al., 2015; Bugajev et al., 2016), apoptosis (Wang et al., 2015; Li et al., 2017), cell migration (Ha et 

al., 2013; Bugajev et al., 2016) and even plant male fertility (Chueasiri et al., 2014).  

 

3.2.1 ORMDL and sphingolipid biosynthesis 

 

Sphingolipids are a class of lipids formed by polar head group and two nonpolar tails. 

Sphingolipids are involved in many processes, mainly, they serve as structural component of cell 

membranes regulating membrane fluidity; can act as signaling molecules, contribute to regulation of 

Figure 2: Structure of human ORMDL1 obtained by SCAM analysis. 

Adapted from Davis et al., 2019. 
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gene expression; and many other functions (Paulenda and Draber, 2016). Together with cholesterol, 

sphingolipids contribute to formation of membrane microdomains, called lipid rafts (Simons and 

Ehehalt, 2002; Lingwood and Simons, 2010) Main role of these microdomains is to provide 

conformational support for membrane proteins and contribute to formation of plasma membrane 

signalosome complexes (Simons and Gerl, 2010). Homeostasis of sphingolipids has proven to be 

important in human health by discovering accumulation of sphingolipids in different diseases like 

Gaucher’s disease, Alzheimer’s disease, Inflammatory Bowel Disease and skin disorders (Aerts et al., 

2003; Mielke et al., 2014; Brown et al., 2019). Furthermore, sphingolipid species have been shown to 

induce apoptosis (von Haefen et al., 2002; Zeng et al., 2017), immune cell activation (Matsukawa et 

al., 2016; Orsini et al., 2019), proliferation (Kimura et al., 2000; Miranda et al., 2009; Zeng et al., 

2017) and migration (Scheffel et al., 2017; Sofi et al., 2017). Communication between host and 

microbial sphingolipids in the colon can be very important since it was shown that bacterial 

sphingolipids are decreased in IBD patients and negatively correlate with the inflammation (Brown et 

al., 2019). Two pathways have been described to give rise to sphingolipids; de novo biosynthesis 

pathway and salvage pathway. Both pathways are depicted in Figure. 3. The initial step of 

sphingolipid biosynthesis is mediated by serine palmitoyltransferase (SPT). SPT was identified 

throughout the kingdoms. It was even shown to be encoded by viral genome of marine 

Coccolithovirus pathogenic virus where it is responsible for synthesis of sphingolipids inducing 

apoptosis of infected cells (Wilson et al., 2005).  

SPT enzyme, localized to the ER membrane (Mandon et al., 1992), catalyzes the initial step in 

sphingolipid biosynthesis by combining acetyl-CoA with serine, a reaction resulting in 3-

ketosphinganine. This molecule is subsequently reduced to dihydrosphingosine (DHS). Through 

series of enzymatic reactions DHS is further modified to produce ceramides (by action of ceramide 

synthases) glucosyl ceramides and sphingomyelin via their specific synthases (Leipelt et al., 2001; 

Tafesse et al., 2006; Mullen et al., 2012). Action of different kinases produces phosphorylated forms 

of sphingolipids that were shown to act in cell signaling (Pyne et al., 2014). Phosphorylated 

derivatives of sphingolipids may have completely opposite roles as their non-phosphorylated 

counterparts. For example, ceramides were found to be potent pro-apoptotic molecules (Y. Chang et 

al., 2018). But, their phosphorylated forms, on the other hand, act as a potent pro-survival factors 

(Gómez-Muñoz et al., 2004, 2005).  

Sphingolipid biosynthesis branches from a single enzyme, being the SPT mediated reaction, it 

ends on multiple sites in degradation. This catabolic pathway is mediated by multiple enzymes i.e. 

sphingomyelinases, glucosylceramidases and ceramidases being able to generate simple sphingolipids 

like ceramides from SMases and GCases all the way down to sphingosine from ceramides via 

ceramidases (Horani et al., 2011; Snider et al., 2012; Ong et al., 2015; Espaillat et al., 2018). This 

pathway is taking place in the lysosome, cell membrane and also in the nucleus (Gault et al., 2010).  
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Figure 3. Sphingolipid de novo biosynthesis and salvage pathways 

SPT catalyzes condensation of acyl-CoA with serine leading to production of 3-ketodihydrosphinganine, 

which is subsequently reduced to dihydrosphingosine (DHS). DHS can be phosphorylated by sphingosine 

kinase to DHS 1-phosphate, or it is acetylated by ceramide synthase (CerS) to dihydroceramide. In human 

six different CerS are known. After that, dihydroceramide is dehydrogenated by sphingosine δ-4-desaturase 

to ceramide. Upon transport of ceramides from ER to Golgi, ceramides undergo various modifications such 

as glycosylation resulting in glycosphingolipids, phosphorylation resulting in phosphoceramides, and 

addition of phosphoethanolamine (PEA). Addition of PEA to ceramide produces sphingomyelin (SM). 

Sphingolipids are molecules undergoing rapid turnover. Complex sphingolipids can be recycled to ceramide 

by degradation enzymes, e.g. sphingolmyelinidase (SMase), glucosylceraminidase (GCase), and 

sphingosine can be recycled to ceramide, which are important steps in sphingolipid homeostasis. 

Sphingosine can also be further phosphorylated by sphingosine kinase (Sphk1 acting in the cytosol and 

plasma membrane and SphK2 acting in the nucleus) to sphingosine 1-phosphate. Degradation of 

sphingosine 1-P is mediated by sphingosine 1-P (S1P) lyase producing phosphoethanolamine and long-

chain aldehyde. Adapted from Paulenda et al , 2016. 
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Figure 4. Regulation of Serine Palmitoyltransferase by ORMDL proteins in yeast and 

mammals  

(A) In active form of SPT (ORM free), ORM proteins are phosphorylated on N-terminal serine-

rich motives and dissociate from SPT. When the levels of sphingolipids increase, ORM proteins 

get dephosphorylated and bind to SPT complex in order to inhibit de novo sphingolipid 

biosynthesis. In case the conditions change back to normal, cells are treated with rapamycin, 

undergo changes in environmental conditions such as cell-wall stress, heat stress or starvation, 

ORM proteins get phosphorylated, dissociate from SPT, and sphingolipid biosynthesis is 

restored. (B) In active state, SPT is free and able to catalyze condensation of serine with 

palmitoyl CoA as in yeasts. When the cell senses increased levels of sphingolipids, or the 

expression of ORMDLs is induced by cytokines (IL-4, IL-13, eotaxin-1) or allergens, ORMDLs 

bind SPT, and inhibit de novo sphingolipid biosynthesis. When sphingolipid levels in the cell are 

low, the cell is activated (FcεRI antigen, LPS), or the amount of free cholesterol is high, the 

concentration of ORMDL proteins is decreased and sphingolipid biosynthesis is reactivated. 

Adapted form Paulenda et al, 2016 
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Human SPT complex is comprised of three distinct subunits SPTLC1, SPTLC2 (Nagiec et al., 

1996; Hanada et al., 1997; Weiss and Stoffel, 1997) and SPTLC3 (Hornemann et al., 2006, 2009). 

Regarding the structure of  SPT complex hypothesis based on protein crosslinking asserts that SPT is 

an octamer comprised of four dimers SPTLC1-SPTLC2 and SPTLC1-SPTLC3 (Hornemann et al., 

2007). 

One of the most important and first discovered roles of OMDL proteins was their ability to 

regulate sphingolipid biosynthesis mediated by SPT (Han et al., 2010). Key attribute of Orm and 

ORMDL proteins in this process is direct binding to the SPT complex subunits. This interaction was 

suggested by several protein-protein interaction studies in yeasts (Schuldiner et al., 2005; Tarassov et 

al., 2008). Recently it was shown that yeast Orm proteins interact with transmembrane domain 1 of 

LCB1 and regulate is oligomerization (Han et al., 2019). Brought spectrum of conditions, when 

changes in sphingolipid biosynthesis result from modulation of ORM-SPT interaction, was described. 

Main ones are starvation (Hjelmqvist et al., 2002; Gururaj et al., 2013; Shimobayashi et al., 2013), 

changes in sphingolipid content (Breslow et al., 2010; D. Davis et al., 2019), plasma membrane status 

(Liu et al., 2012), or ER stress and heat stress (Sun et al., 2012). This direct physical interaction leads 

to inhibition of sphingolipid biosynthesis by SPT and decrease in sphingosine and ceramide levels in 

the cells. Regulation of yeast Orm interaction with SPT subunits is mainly regulated by 

phosphorylation motif  RRRRSSS in N-terminal part of Orm1 and Orm2 proteins. It is a consensus 

phosphoreceptor motif recognized by Ypk1 kinase (Casamayor et al., 1999). Ypk1 kinase is a part of 

TORC2 pathway and upon its activation it can phosphorylate Orm proteins and cause their 

dissociation from SPT complex leading to reactivation of sphingolipid biosynthesis (Roelants et al., 

2011). Orm phosphorylation can be regulated in response to nutrient conditions and is regulated by 

TORC1 complex-activated kinase Npr1. In the case of nutrient deprivation simulated by rapamycin 

treatment Tap42-Sit4-PP2A complex dephosphorylates Npr1 leading to decrease in Orm1 and Orm2 

phosphorylation and inhibition of sphingolipid biosynthesis (Liu et al., 2012; Gururaj et al., 2013) 

Naturally, Orm proteins are directly regulated via Cdc55-PP2a phosphatase that can directly respond 

to nutrient deprivation via TORC2 (Sun et al., 2012). Furthermore, it seems that Orm proteins may 

regulate Ceramide synthase as well (Liu et al., 2012). This regulation allows for very rapid and 

transient regulation of sphingolipid biosynthesis. Regulation of SPT by Orm is summarized in Figure 

4A. 

Soon after the discovery of interaction between Orm and SPT in yeast, this interaction was 

described for all three ORMDL homologues in human cells. When regulatory role of mammalian 

ORMDL is considered the main difference between yeast and mammalian ORMDL is evident from 

the sequence comparison (Figure 1). The mammalian ORMDLs lack the N-terminal phosphorylation 

motif. Therefore, it was assumed that human ORMDL-SPT interaction is not regulated by 

phosphorylation but rather by regulation of the expression equilibrium between SPT and ORMDL 
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(Gupta et al., 2015; Kiefer et al., 2015; Siow et al., 2015). This theory is supported also by 

observation where deletion of N-terminal part of yeast Orm led to constitutive inhibition of SPT (Sun 

et al., 2012). This suggests a similar scenario is plausible for mammalian ORMDL proteins as well. 

Structure-function studies showed that ORMDL proteins tend to form homooligomers and/or 

heterooligomers (Han et al., 2010; Kiefer et al., 2015) . Furthermore, formation of the homooligomers 

was ceramide concentration dependent (Siow and Wattenberg, 2012). This suggested direct 

dependence of ORMDL-ORMDL and ORMDL-SPT interactions on ceramide levels. Recently 

published research builds on this fact and shows that interaction between ORMDL and SPT can be 

directly regulated by ceramides, since, this downregulation was observed on the cell free system in 

isolated membranes (D. L. Davis et al., 2019). This interesting phenotype needs to be studied further 

to elucidate whether ceramides can directly bind to either ORMDL or SPT. 

Alteration of ORMDL3 expression in lung epithelial cells (Oyeniran et al., 2015; Siow et al., 

2015), HEK293 cells and RAW264.7 cells (Kiefer et al., 2015)led to increased levels of ceramides 

most profoundly when all ORMDLs are downregulated. Vice versa, the overexpression of ORMDL3 

led to decrease in ceramide levels. It needs to be noted that the phenotype of ORMDL3 

overexpression on ceramide levels is dependent on the strength of the overexpression. As expected, in 

case of mild ORMDL3 overexpression, decrease in ceramide levels was observed. However, when 

strong overexpression was reached, ceramide levels were upregulated. Further analysis proved, that 

this increase is indeed due to activation of salvage pathway probably due to lack of de novo 

sphingolipid biosynthesis (Oyeniran et al., 2015). This very important observation shows how 

complicated sphingolipid metabolism is and that it’s hard to predict the behavior of the system after a 

simple change.  

The other functions of ORMDL proteins in immune cell regulations were describe on studies of 

macrophages (Kiefer et al., 2015), eosinophils (Ha et al., 2013), mast cells (Bugajev et al., 2016) T 

cells (Carreras-Sureda et al., 2013) and B cells (Dang et al., 2017). In macrophages, activation via 

lipopolysaccharide (LPS) led to downregulation of ORMDL mRNAs that reflects to sphinganine and 

ceramide levels that are increasing for up to 24 hours after activation (Kiefer et al., 2015). Regulation 

of sphingolipid biosynthesis by mammalian ORMDL is summarized in Figure 4B. 

 

3.2.2 ORMDL proteins in UPR and autophagy 

 

Autophagy is a cellular catabolic process induces by multiple conditions of cellular stress in need 

of organelle and protein recycling. It promotes cell survival in the event of nutrient and energy 

shortage. It is a highly conserved process with primarily cytoprotective functions and needs to be 

tightly regulated to respond correctly to the different stimuli and help the cell to adaptation to the 
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changing environment (Dikic and Elazar, 2018). LPS activation of macrophages leads to 

downregulation of ORMDL proteins and increase in sphingolipid content (Kiefer et al., 2015). 

Accumulation of sphingolipids is essential for induction of autophagy upon LPS triggering in 

macrophages (Sims et al., 2010). Connection of these two observations proved, that decrease in 

ORMDL3 expression in the LPS-activated macrophages leads to accumulation of sphingolipids and 

hence, induction of autophagy (Kiefer et al., 2019). This observation is rather controversial since it 

seems that expression of ORMDL proteins is necessary for autophagy induction. ORMDL3 regulates 

B-cell development and maturation, processes that are impaired in ORMDL3-KO mice, due to 

impaired activation of autophagy pathway in these cells (Dang et al., 2017). ORMDL3 

overexpression led to increased ATF6 nuclear translocation and expression of autophagy related 

genes like Beclin1 and ATF6 itself (Miller et al., 2012, 2014; Ma et al., 2015; Dang et al., 2017). 

ATF6 is a key element of unfolded protein response (UPR) branch that was also heavily implicated in 

asthma (Pathinayake et al., 2018). Furthermore, it was shown that degradation of ORMDL proteins is 

induced by cholesterol depletion induced autophagy. Inhibition of autophagy pathway leads to 

accumulation of ORMDL proteins (Wang et al., 2015). This induction of autophagy by ORMDL and 

their subsequent degradation in the process may serve an important regulatory mechanism. Autophagy 

was shown to be important in induction of FcRI-induced degranulation (Ushio et al., 

2011).However, we failed to detect any changes in degranulation in mast cells with altered ORMDL3 

expression (Bugajev et al., 2016).  

3.2.3 ORMDL in regulation of calcium mobilization 

Calcium mobilization is an important component in signal transduction in cells. In mast cells, 

triggering of FcRI leads to rapid increase in intracellular calcium through SERCA pumps, localized 

to ER and ORAI complexes on the plasma membrane. This calcium release leads to fast subsequent 

activation of signaling cascades that triggers cell processes such as degranulation, gene transcription, 

cytokine release and cell migration (Caslin et al., 2018). ORMDL3 was shown to regulate store 

operated calcium entry on the level of ER through direct interaction with sarcoendoplasmic reticulum 

Ca2+ ATPase (SERCA2B) in HEK293T and Jurkat cells (Cantero-Recasens et al., 2010; Carreras-

Sureda et al., 2013). In studies of ORMDL3 in eosinophils it was shown that downregulation 

potentiates Ca2+ response after eotaxin-1 activation, replicating previously observed results from T 

cells (Ha et al., 2013). Interestingly, ORMDL mediated regulation of Ca2+influx also extends to 

mitochondria, suggesting that ORMDL may be present in the contact sites between ER and 

mitochondria, and thus, affect their function (Carreras-Sureda et al., 2013). These processes, however, 

are unlikely to be ubiquitous since we failed to replicate these results in experiments with altered 

ORMDL3 expression in mast cells, where we saw no changes in calcium mobilization (Bugajev et al., 

2016).  
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In in vivo experiments with ORMDL-OE mice shown increased expression of SERCA2B in lungs 

that has been connected to airway remodeling in asthma (Miller et al., 2014). However, we failed to 

replicate this phenotype in experiments on mast cells (Bugajev et al., 2016). These observed 

phenotypes suggest, that ORMDL-mediated calcium response regulation is cell type specific and may 

play important roles in pathophysiology of diseases. 

 

3.2.4 ORMDL and regulation of fertility 

 

So far, we described the roles of ORMDL proteins in yeast and vertebrate animal species. It is, 

however, noteworthy that ORMDL proteins are ubiquitous and their functions were studied in plants 

as well. Sphingolipid biosynthesis was found to play a role in development of male gametophyte in 

Arabidopsis thaliana. SPT lacking male mutants were sterile (Dietrich et al., 2008; Teng et al., 2008). 

Extensive study of plant ORMDL was performed on Oryza sativa. Rice ORMDL proteins are 

associated with high temperature induced male sterility. Tms2 mutant producing sterile pollen showed 

lack of expression of ORMDL LOC_Os07g26940 and displayed increased expression of seven genes 

associated with sphingolipid metabolism (Chueasiri et al., 2014). However, no further studies were 

published on the role of ORMDL in plants. But sphingolipids seem to have important and wide roles 

in plant biology (Berkey et al., 2012). This opens a possibility that ORMDL-SPT mediated regulation 

of gamete development may occur in other species as well.   

 

3.2.5 ORMDL in diseases 

 

Genome-wide association studies (GWAS) are a powerful method allowing identification of 

novel genetic variants of a trait and detect the association between common single-nucleotide  

polymorphisms (SNPs) and diseases (M. Chang et al., 2018). Such study performed on asthmatic and 

non-asthmatic children showed association between SNP rs7216389 in locus 17q21 and childhood 

onset asthma. Several genes are in the vicinity of this polymorphism, but expression of ORMDL3 was 

affected by it in asthmatic patients (Moffatt et al., 2007). Since than this observation has been 

repeated in many studies on different populations (Bouzigon et al., 2008; Madore et al., 2008; Yu et 

al., 2014; Zeinaly et al., 2018) and it is the strongest association to asthma we have to date (Toncheva 

et al., 2015). Furthermore, overexpression of ORMDL3 has been described in patients with different 

asthma pathologies (Moffatt et al., 2007; Lluis et al., 2011; Li et al., 2019). Lots of studies confirmed 

ORMDL3 association with asthma, but far less data is available on association of ORMDL1 and 

ORMDL2 with diseases. A new data came from the study analyzing polymorphisms in all three 

human ORMDL genes. Toncheva et al. showed that polymorphisms in all three ORMDL are 
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associated with asthma. They identified novel polymorphisms in ORMDL1 (rs5742940) and 

ORMDL2 (rs7954619) and eight new polymorphisms in ORMDL3 locus. However the association of 

ORMDL1 and ORMDL2 with asthma was considerably weaker in comparison to ORMDL3 

(Toncheva et al., 2015).  

To corroborate observations from association studies ORMDL3 overexpressing mouse was 

generated (Miller et al., 2014). This mouse expresses human ORMDL3 after crossing with cre-

recombinaze expressing strain. Interestingly this mouse developed asthma-like phenotype 

spontaneously and displayed stronger asthma severity after ovalbumin challenge (Miller et al., 2014). 

This supports the conclusion from association studies about ORMDL3 and asthma. As another 

supporting evidence should be considered the fact, that ORMDL3 is an allergen-inducible gene. It 

was reported that enhanced expression of ORMDL3 occurs after challenge with ovalbumin (Miller et 

al., 2014; H. Wang et al., 2019), Alternaria (Ha et al., 2013), and house dust mite (HDM) (Oyeniran 

et al., 2015). Furthermore ORMDL3-KO mouse fails to develop asthma after ovalbumin challenge 

(H. Wang et al., 2019). In mice, interleukin (IL)-3 and eotaxin-1 administration led to increased 

ORMDL3 expression. A recent study with IL-13 knock-out mice described the dependence of 

ORMDL3 overexpression on IL-13 and Il4 which is STAT6 dependent (Qiu et al., 2013; Oyeniran et 

al., 2015).   

Cytokine production is very important feature in regulation of immune system action and 

development of the immune diseases. ORMDL3 has been found to regulate cytokine production in 

mast cells through NFκB transcription factor (Bugajev et al., 2016). Regulation of NFκB transcription 

factor was describe in eosinophils as well. Unlike mast cells, however, eosinophils displayed 

increased NFκB nuclear translocation in ORMDL-overexpressing cells (Ha et al., 2013). Similar 

discrepancy between eosinophils and mast cells was also seen in terms of migration that is regulated 

in opposite way in these two cell types, while adhesion was regulated was downregulated in ORMDL-

knock-down cells in both studies. These contradictory results suggest that despite similarity in 

molecular mechanism the outcome might be highly cell type specific.  

Despite of mounting evidence for ORMDL3 connection to asthma, very recent study appeared to 

state, that there is no increase in ORMDL3 in allergen induced asthma on mRNA level and that 

ORMDL3-KO mice do develop asthma-like phenotype after HDM and Alternaria challenges 

comparable to WT (Debeuf et al., 2019). In this study novel reporter mouse was created that 

expresses β-galactosidase enzyme directly from an intron spliced out of the ORMDL3 mRNA. Hence, 

it is a reporter of ORMDL3 mRNA expression shown by presence of β-galactosidase protein in the 

cells. However, this is not necessary a reporter of protein expression since these two expression levels 

may not be linear. Clearly this study conflicts with previously published data and more studies are 

needed to elucidate this discrepancy.  
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However, asthma is not the only disease that was associated with polymorphisms in ORMDL3 

locus. Further GWAS showed that this locus is associated with pathologies such as rheumatoid 

arthritis (Kurreeman et al., 2012), type 1 diabetes (Plagnol et al., 2011; Saleh et al., 2011), primary 

biliary cirrhosis (Mells et al., 2011), ulcerative colitis (Barrett et al., 2008; McGovern et al., 2010; 

Anderson et al., 2011), glioma (Dobbins et al., 2011), Crohn’s disease (Barrett et al., 2008; Franke et 

al., 2010), and allergic diseases (Tomita et al., 2013). In all of these studies, associations were 

identified with the locus 17q21 harboring ORMDL3 gene. However, these studies were studied to 

much lesser extent.  

Role of ORMDL proteins in other diseases may come to light in near future. One possibility is the 

role of ORMDL proteins in inflammatory bowel disease (IBD). IBD, is a group of two disabling 

immune-mediated conditions: ulcerative colitis and Crohn’s disease (Olivera et al., 2019). It is a 

complex immune non-infectious disease, pathogenesis of which is attributed to multiple factors such 

as genetics, environment, microbiota and diet, among many more. Novel miRNA665 was discovered 

to be a regulator of ORMDL3 and XBP1 expression (Li et al., 2017). According to this study miR665 

is overexpressed in patients with ulcerative colitis and in mouse model of DSS-induced colitis. It is 

postulated that through regulation of ORMDL3 this miRNA regulates cell survival in DSS treatment 

and that ORMDL3 regulates cell apoptosis through JNK kinase. Another possibility may be found in 

the skin disorders, where regulation of sphingolipid biosynthesis was found to be very important 

(Elias et al., 2004; Elias and Wakefield, 2014). Furthermore, ORMDL3 was recently confirmed to be 

also involved in type 1 diabetes (W. Yang et al., 2019). 
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3.3 Mast cells 
 

Mast cells as a type of white blood cells, are important part of the immune system. They have 

been recognized mainly for their unpopular role as a main driver of allergic diseases. Major part of 

research on mast cell functions was focused on them as being an enemy (Metz and Maurer, 2007). 

However, mast cells have been identified to be involved also in maintenance of peripheral tolerance, 

adaptive innate immune responses and protection against venoms and toxins (Metz et al., 2006) Mast 

cells arise from white blood cell lineage and can be found in almost every tissue. Two main peripheral 

tissue compartments are populated by mast cells. Mucosal mast cells arise from bone marrow-derived 

CD34+ progenitors that circulate in the blood stream from where they home to intestinal mucosa, 

lungs and other tissues where they mature under the influence of local environment. Connective tissue 

mast cells, unlike their mucosal cousins, originate from the fetal liver and they colonize the 

connective tissues during embryogenesis (Dahlin and Hallgren, 2015).  

  

Mast cells can be easily identified by expression of their surface markers FcRI and c-KIT. This 

connects mast cell through-out tissues. Despite this connection, maturation of mast cells happens in 

wide variety of different microenvironments, causing mature mast cells to display great 

histochemical, biochemical and functional heterogeneity (Wedemeyer and Galli, 2000). This great 

Figure 5: Release of mediators from mast cells upon activation  

Mast cells can be activated to release preformed and/or de novo-generated mediators. The 

secretion of mast cell products can have numerous effects on other cell types and on pathogens 

and endogenous and exogenous peptides, which can lead to improved innate and/or acquired 

immune responses. Adapted from Metz et al., 2007. 
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heterogeneity is an asset to immune system, allowing mast cells in host defense, communication with 

immune cells close by (Galli et al., 2005).  

One morphological feature that distinguishes mast cells from other types of immune cells is their 

high content of electron-dense secretory granules that take up a major portion of the cytoplasm of 

mature mast cell (Wernersson and Pejler, 2014). These granules are a storage unit for preformed 

compounds (Figure 5) like proteases tryptase, chymase, CPA3, cytokine TNFα, histamine, serotonine 

and antimicrobial peptides (Moon, Befus et al., 2014). Mast cells can degranulate to wide variety of 

stimuli. Mostly studied is their activation upon antigen binding to specific IgE sensitized mast cell. 

However mast cells degranulate upon stimulation with neuropeptides, ionophores monomeric IgE 

(Moon, Befus et al., 2014), as well as low concentrations of saponin and adenosine triphosphate 

(ATP) (Amin, 2012; Beek et al., 2019). 

 

3.3.1 FcRI-induced mast cell activation 

 

Antigen-specific IgE binds to FcRI with high affinity and further binding of specific antigen 

causes crosslinking of the receptor. However, FcRI is not the only mean to activate mast cells. KIT 

and multiple G-protein-coupled receptors have been identified to activate mast cells to various extent 

(Metcalfe et al., 2009). FcRI is a multi-subunit immune receptor and belongs to the same family as 

T-cell and B-cell receptors. It is comprised of 4 distinct polypeptides 1 α-subunit, responsible for IgE 

binding, 1 transmembrane β-subunit and 2 chains of disulphide-linked γ subunits (Sutton and Davies, 

2015). Tetrameric form of FcRI exists on mast cells and basophils. Trimeric form of FcRI lacking β 

subunit was identified also in other cell types. For example expression of α and γ subunits was seen in 

bronchial epithelial cells and intestinal epithelial cell lines allowing prompt recognition and response 

to antigens from outside. (Campbell et al., 1998; Untersmayr et al., 2010).  

Subunit α is the only part of the receptor responsible for binding of immunoglobulin E (IgE). One 

α-subunit is able to bind one molecule of IgE. The other two subunits of the receptor, β and γ subunits 

have a role in translating the signal of antigen binding to α-subunit to the cytoplasm. Both, β and γ 

subunits contain immunoreceptor tyrosine-based activation motif (ITAM) located in the cytoplasmic 

tails (Liu et al., 1980; Furumoto et al., 2004). Upon binding of IgE, crosslinking of the receptor 

occurs and signaling begins. ITAM motifs are phosphorylated upon antigen binding by protein 

tyrosine kinase Lyn, constitutively associated with β subunit (Pribluda et al., 1994). Phosphorylated 

tyrosines in γ subunit ITAM are subsequently bound by Src homology 2 (SH2) domain-containing 

proteins like Splenic tyrosine kinase (SYK) (Metcalfe et al., 2009). SYK is the key kinase involved in 

FcεRI-mediated mast cell activation. Upon its activation SYK propagates the signal by 
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phosphorylating adaptor proteins LAT, Vav, BTK, phospholipase C (PLC)γ, and SH2 domain-

containing leukocyte protein of 76 kDa (SLP-76) (de Castro, 2011). Thereby SYK mediates 

propagation and amplification of the signal from single receptor aggregation.  

 

3.3.2 Calcium release upon mast cell activation 

 

In matter of seconds upon FcεRI crosslinking PLC is activated by SYK kinase. It generates 

inositol 1,4,5-triphosphate (IP3) that diffuses through cytosol and activates IP3 receptors on the ER 

membrane, and Golgi and nuclear envelope (Vermassen et al., 2004; Michelangeli et al., 2005; 

Devogelaere et al., 2008; Shibata et al., 2015). These receptors are calcium channels releasing Ca2+ 

ions into the cytosol. This calcium stores depletion immediately activates process called store 

operated calcium entry (SOCE). Existence of SOCE was supported by discovery of calcium release-

activated current (CRAC) in rat mast cells and T-cells (Penner et al., 1988). Main characteristics of  

the CRAC are its responsiveness to intracellular store depletion, its small whole-cell current densities, 

its single-channel current, and its high selectivity for calcium under physiological conditions (Hogan 

and Rao, 2015). In mast cells, FcεRI dependent CRAC is mainly mediated by STIM-ORAI protein 

complexes (Baba et al., 2008; Vig et al., 2008). STIM is localized on the ER membrane and ORAI 

proteins are located in the plasma membrane. Shortly upon Ca2+ depletion from the ER STIM proteins 

translocate to the ER-plasma membrane contact sites. ORAI is immediately recruited to the ER-

plasma membrane contact sites and interacts with STIM. The build-up of CRAC follows seconds after 

STIM translocation. This process allows replenishment of intracellular Ca2+ stores (Hogan and Rao, 

2015).  

Ca2+ ions are one of the most important second messengers in cellular physiology. Calcium 

release can be measured by various approaches. In some cases, protein-based calcium indicators can 

be utilized. These techniques are based on Fluorescence Resonance Energy Transfer (FRET) (Palmer 

and Tsien, 2006). One example is Cameleon, a recombinant protein comprised of two FRET capable 

fluorescent proteins Enhanced Cyan Fluorescent Protein (ECFP) and YFP variant Venus that are 

linked with Ca2+ binding linker. In Cameleon the linker is formed by calmodulin binding peptide 

M13 and calmodulin itself. After binding of four Ca2+ ions calmodulin interacts with M13 and the 

whole protein undergoes conformational change. In the closed state fluorophores get close enough for 

the FRET to be possible leading to increase in Venus emission and decrease in CFP emission (Palmer 

and Tsien, 2006). The disadvantage of this system may be the need of delivery of the expression 

vector into the cells. However, one of the advantages is that cells can be processed in the media and 

no washing is necessary before the assay and that the assay can be performed multiple times in the 
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same cells over the longer period of time (Rafei et al., 2009) and also potential targeting of the sensor 

into different organelles with localization signals.  

Another and more widely used method of assaying calcium mobilization in the cells in vitro is 

using ratiometric fluorescent dyes. Fura-2 is an indicator that is most widely used in measurements of 

calcium dynamics. It exhibits Kd ~100 nM (Grynkiewicz et al., 1985). It is an UV light–excitable, 

ratiometric Ca2+ indicator. Salts of Fura-2 are cell-impermeable compounds. However, acetoxymethyl 

esters freely permeate through cell membrane allowing for easy loading and even staining of the cells. 

Upon binding to Ca2+ Fura-2 undergoes shift in excitation spectrum. Unbound Fura-2 is excited at 380 

nm while excitation maximum of Ca2+ bound Fura-2 shifts to 340 nm. Emission maximum remains 

the same for both states. This made Fura-2 preferable sensor for assaying calcium mobilization by 

microscopy or plate readers (Draberova et al., 2015; Bugajev et al., 2016). 

 

 

Figure 6. Calcium mobilization in mast cells upon FcεRI triggering.  

Upon antigen binding phosphorylated SYK activates PLCγ. It drives production of IP3 and 

DAG. IP3 activates receptors in ER which causes calcium release from the internal stores to the 

cytosol. Ca2+ together with DAG can activate mast cell degranulation, transcription alteration, 

lipid metabolism and cytokine production. Immediately after depletion of intracellular Ca2+ 

stores in the ER, SOCE is started to replenish Ca2+ through activation of Orai1 and STIM. 

Modified based on Smith et al., 2013. 
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Calcium signals thus enable degranulation, activation of PLA to produce arachidonic acid for 

leukotriene production, activation of the Ca/calcineurin/nuclear factor of activation of T-cells (NFAT) 

pathway for transcription of cytokine genes, or Ca2+ -dependent cytoskeletal remodeling for 

chemotaxis (Figure 6). 

 

3.3.3 Mast cell lipid mediators 

 

Activation of mast cells leads to high production of leukotrienes and prostaglandins. These lipid 

mediators were implicated in disease like asthma, allergic diseases, cardiovascular diseases and 

cancer (Peters-Golden and Henderson, 2007). Cysteinyl leukotrienes (CysLTs) are arachidonic acid 

derivatives. Key enzyme of cysLT synthesis is 5-LO, while, production of prostaglandins is mediated 

by cyclooxygenase (COX) (Cho et al., 2011). Leukotriene biosynthesis pathway is depicted in Figure 

7. 

3.3.3.1 Leukotrienes 

 

Figure 7: Scheme of leukotriene biosynthesis pathway. 

Upon stimulus activated cPLA2 generates arachidonic acid. Joined activity of FLAP and 5-LO 

produces LTA4 that is subsequently hydrolyzed by LTA4 hydrolase to LTB4 or modified LTC4 

synthase to LTC4 that can be further modified to LTD4 and LTE4. Leukotrienes are later released from 

the producing cell and can act via LT receptors on cells in close proximity. 

Adapted from Steinhilber et al., 2010. 
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5-LO pathway was discovered in late 70s (Borgeat et al., 1976; Borgeat and Samuelsson, 1979). 

Upon activation of mast cells 5-LO interacts with 5-lipoxygenase activating protein (FLAP) on the 

nuclear membrane and ER membrane. However, localization of 5-LO in nonactivated cells can vary 

between cytosol and nucleus depending on cell type (Brock, 2005). Activity of 5-LO is dependent on 

protein interaction partners like FLAP and Coactosin-like protein (Esser et al., 2010). It also contains 

multiple phosphorylation sites regulated by p38, PKA, CaMK-II and ERK1/2 (Werz et al., 2000, 

2002; Luo et al., 2004). Activity of 5-LO together with FLAP leads to oxidation of arachidonic acid 

to leukotriene A4 (LTA4). LTA4 is extremely short lived and it is promptly hydrolyzed by LTA4 

hydrolase to form LTB4 or converted by LTC4 synthase into cysteinyl leukotriene LTC4 (conjugate of 

LTA4 and glutathione) which can be subsequently modified into LTD4 and LTE4 (Bankova and 

Boyce, 2018). Interestingly, expression of leukotriene pathway enzymes is not overlapping in all cell 

types. Mast cells and basophils express complete set of enzymes required for leukotriene and 

prostaglandin synthesis (Martelletti et al., 1989). On the other hand, epithelial cells do not express 5-

LO but still express LTC4S and can produce LTC4 as well as LTB4 upon LTA4 uptake (Montuschi et 

al., 2007).  

Since leukotrienes are released from mast cells upon FcεRI activation they can act as autocrine as 

well as paracrine mediators. It was shown that rat tissue mast cells express cysteinyl leukotriene 

receptors YSLTR1, CYSLTR2, GPR17 as well as LTB4 receptors BLTR1, and BLTR2 suggesting 

that they can respond to all types of leukotrienes (Agier et al., 2017). Furthermore, treatment with 

LTB4, LTC4, LTD4 and LTE4 resulted in phosphorylation of MAPK pathway in peritoneal mast cells. 

Paracrine effect of leukotrienes is mediated by presence of LT receptors in variety of tissues like 

smooth muscle, lungs, intestine, as well as cardiovascular systems endothelial cells, skin and brain 

(Yokomizo et al., 2018). Leukotrienes have been implicated in many physiological processes. 5-LO 

deficient mice show attenuated phenotype to IL-13 induced lung inflammation and Aspergilus 

protease challenge. Furthermore, this phenotype is rescued when LTC4 and LTB4 are reintroduced 

into the lungs of 5-LO deficient mice (Shin et al., 2015). In humans LTC4, LTD4 and LTE4 were 

shown to increase mucus production and promote bronchoconstriction, and vasodilatation in the lungs 

of asthma patients (Dahlén, 2006). Over-expression of LTC4 synthase was reported in bronchial 

biopsies from aspirin-intolerant asthmatic patients (Cowburn et al., 1998). In addition, they recruit 

inflammatory eosinophils, immature mast cells that are involved in asthma pathogenesis (Uhm et al., 

2012). Also, LTB4 was seen to worsen asthma symptoms potentially through fluid buildup and 

increased mucus secretion (Montuschi et al., 2007). Furthermore, LTB4 was found to be elevated in 

breath of patients with severe and chronic asthma. 
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3.3.3.2 Prostaglandins 

 

Prostaglandins are the second group of arachidonic acid derivatives produced by almost all 

nucleated cells. Prostaglandins are generated by COX enzymes. COX1 is constitutively expressed 

cyclooxygenase while COX2 is an inducible isoform, mainly activated in inflammation (Font-Nieves 

et al., 2012; Kirkby et al., 2013). Reaction mediated by COX results in prostaglandin H2 (PGH2) 

production. Further modifications of PGH2 by specific synthases generates PGI2, PGD2 PGE2 and 

PGF2. (Figure 8). COX2 expression is well documented in multiple cell types like granulocytes, 

lymphocytes, insulin producing cells.(Gurgul-Convey and Lenzen, 2010) and endothelial cells 

(Caughey et al., 2001). Prostanoid act in autocrine as well as paracrine way through their receptors. 

These receptors belong to G-protein coupled receptors family and their expression and signaling 

vary(Matsuoka and Narumiya, 2007). PGE2 receptors, EP2 and EP4, PGI2 receptor IP and PGD2 

receptor PD1 all signal through cAMP. On the other hand PGE2 receptor EP1, PGF2 receptor FP and 

thromboxane receptor TP signal via IP3 mediated calcium mobilization.PD2, second receptor for 

PGD2, was shown to signal through Giα proteins and thus inhibiting adenylyl cyclase (Harizi, 2013). It 

was also shown to promote calcium mobilization in mast cells, Th2 cells, basophils and eosinophils 

(Hirai et al., 2001; Moon, Campos-Alberto et al., 2014). 

 

Figure 8: The biosynthesis and receptors of prostanoids. 

Prostanoids are synthesized by COX1 and COX2 enzymes. Arachidonic acid is modified in 2 steps 

into PGH2. This precursor is subsequently utilized either by prostacyclin synthase to produce 

PGI2, or by Tromboxane synthase to produce TXA2 and by prostaglandin D synthase and 

prostaglanding E synthase to produce PGD2 and PDE2 respectively. Aldose reductase converts 

PGH2 to PGF2a. Receptors and site of production for individual prostanoids are shown. Adapted 

from Smyth et al., 2008. 
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PGI2 is a PGH2 derivative synthesized by prostacyclin synthase. It was shown that PGI2 is 

produced in endothelial cells upon induction of COX2 by IL-1β (Caughey et al., 2001). It also serves 

as a myorelaxant (Majed and Khalil, 2012). PGI2 together with PGE2 play a role in bronchoprotection 

in human lungs. Mannitol induces activation of mast cells and release of mediators promoting the 

bronchoconstriction. In the same time manitol exposed lungs produce PGE2 and PgI2 that act on its 

receptors on mast cells to inhibit their activation and on smooth muscle cells to promote relaxation 

(Säfholm et al., 2019).  

The main prostaglandin produced by mast cells is PGD2. In fact, it was shown that mast cells are 

the main source of PGD2 in the body. But other cell types like Th2 cells and human bronchoalveolar 

macrophages can produce PGD2 upon activation (Tanaka et al., 2000). Relationship of PGD2 and 

immune system is still a bit controversial. Anti-inflammatory and proinflammatory properties of 

PGD2 were reported in multiple studies. PGD2 treatment causes activation of human eosinophils and 

Th2 lymphocytes (Gazi et al., 2005). In ovalbumin induced asthma, PGD2 potentiated cytokine 

production and chemotaxis and accumulation of immune cells in the inflamed tissue (Matsuoka et al., 

2000). Furthermore, CRTH2-KO (PD2 receptor) mice showed attenuated mast cell mediated skin 

allergic inflammation (Satoh et al., 2006). On the other hand, PGD2 was shown to have anti-

inflammatory properties in early stages of croton oil-induced-dermatitis. However, this effect reverses 

after 6 h of treatment suggesting that stage of the disease is an important factor (Sarashina et al., 

2014). Supporting the proinflammatory properties of PGD2 is also the fact that asthma patients display 

increased levels of PGD2 metabolite in plasma, urine (Bochenek et al., 2003) and bronchoalveolar 

lavage samples (Murray et al., 1986). Completely different scenario was observed when the role of 

PGD2 was studied in colitis. In the model of DSS-induced colitis PGD synthase deficient mice 

developed stronger phenotype with severe weight loss, decreased survival rate and increased tumor 

growth pointing to an anti-inflammatory role of PGD2 in colitis (Iwanaga et al., 2014). PGD2 can also 

be considered a precursor for 11β-PGF2α. 11β-PGF2α is considered as a marker of mast cell 

activation in bee venom allergic patients (Nittner-Marszalska et al., 2015).  

Another member of prostaglandin family with close relationship to mast cells is PGE2. PGE2 is 

able to inhibit histamine release from human lung mast cells through EP2 receptor activation 

mediated by increased cAMP levels (Kay et al., 2006; Serra-Pages et al., 2012). Further proof of 

inhibitory effect of PGE2 on mast cells came from experiments with subcutaneous administration of 

PGE2 to mice challenged with house dust mite (HDM). Even the subcutaneously administered PGE2 

was able to reduce airway resistance to methacholine, eosinophilia and cytokine production in HDM 

challenged mice (Herrerias et al., 2009). Furthermore, PGE2 administration to non-smoking mild 

asthmatic patients showed the ability of PGE2 to downregulate production of PGD2 and leukotrienes 

(Hartert et al., 2000). It must be noted that immunosuppressive functions of PGE2 are not limited only 

to mast cells. Inhibitory effect of PGE2 was also observed on dendritic cells connected to increased 
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production of IL-10 (Harizi et al., 2002).  

Overall, it is possible to state, that mast cells play important role in regulation of immune system 

in health and disease.  
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4. Aims of the study 
 

The specific objectives of this thesis were: 

1. To determine the roles of ORMDL3 in FcεRI-induced mast cell signaling. 

a. To prepare ORMDL knockdown (ORMDL-KD) or OMRLD3 overexpressing (ORMDL-OE) 

BMMCs using lentiviral delivery of shRNAs. 

b. To verify effect of ORMDL-KD or ORMDL-OE on calcium dynamics upon FcεRI triggering. 

 

2. To compare protein sequences of ORMDL proteins through-out different species in order to 

identify conserved amino acid residues and potential organism for future studies. 

 

3. To investigate the role of individual ORMDL proteins in DSS-induced colitis. 

a. To establish the model of DSS induced colitis. 

b. To determine sphingolipid abundance in colonic tissue of DSS-treated or non-treated 

mice. 

c. To determine behavior of individual ORMDL genes and proteins in DSS-induced colitis. 

d. To investigate the role of mast cells in DSS-induced colitis. 

 

4. To identify new interaction partners of ORMDL3 in mast cells. 

a. To prepare expression vectors of GST-tagged proteins ORMDL3, 5-LO and FLAP 

b. To determine the interactions between ORMDL3 5-LO and FLAP  

c. To determine changes in sphingolipids in mast cells with altered expression of ORMDL3 

and 5-LO 

 

5. To further investigate early FcεRI-induced mast cell signaling in various models  

a. To determine the effects of various concentrations of ethanol on calcium dynamics 

b. To verify whether these effects are cholesterol dependent  

c. To investigate how altered expression of CSK affects calcium mobilization in FcεRI 

triggered mast cells 

d. To determine the effects of miltefosine on mast cell activation 
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5. List of used Methods 
 

 Cell culture of mast cells, Caco2 cells, Rosa cells 

 Measurement of calcium dynamics 

 Mast cell β-glucuronidase release 

 DNA expression vector design and preparation 

 Purification of proteins from bacteria 

 In vitro protein radioactive labelling  

 GST pull-down assay 

 Preparation of samples for mass spectrometry of lipids  

 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)  

 Immunoblotting  

 Immunofluorescence microscopy 

 Fluorescence-activated cell sorting (FACS)  

 RNA interference (shRNA lentiviral transduction)  

 Quantitative real time-PCR (qRT-PCR)  

 In vivo experiments (mice handling)  

 Histochemistry staining 

 Immunoprecipitation 
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8.  Linking of publications 
 

In the Laboratory of Signal Transduction, our long-term goal is to deepen the understanding of 

mast cell signaling and their role in the immune system in health and disease. Since ORMDL3 was 

linked to childhood-onset asthma and allergen-induced asthma, our interest in this protein became 

eminent. We summarized the knowledge about ORMDL proteins and analyzed protein sequences to 

identify simpler model and conserved amino acids for future research (Paulenda and Draber, 2016). In 

publication (Bugajev et al., 2016) we investigated how changes in expression of ORMDL3 would 

affect signaling in mast cells We found that downregulation of ORMDL3 leads to increased 

production of proinflammatory cytokines, increases mast cell migration and production of PGD2, 

processes how ORMDL3 may contribute to asthma phenotype. Since there are three homologous 

ORMDL in mammals with high sequence and functional similarities we summarized current 

knowledge about ORM and ORMDL proteins and performed protein sequence comparison of 

ORMDL proteins in multiple species in search of conserved amino acids and potential organism 

suitable for future research with easier situation of ORMDL homologues (Paulenda and Draber, 

2016).  We followed results on PGD2 production in mast cells with altered ORMDL3 expression 

suggesting that lipid metabolism may be affected. Immunoprecipitation studies, in vitro pull-down 

assay and functional studies helped us reveal that ORMDL3 is involved in regulation of not only 

sphingolipid biosynthesis but also leukotrienes synthesis through 5-lipoxygenase. Two important 

pathways alterations of which were previously connected to asthma (Bugajev et al., Submitted 

manuscript). 

However, asthma was not the only disease, that ORMDL3 was associated with. IBD was also one 

the diseases strongly associated with SNPs in ORMDL3. The role of mast cells in IBD seems still to 

be controversial. We, therefore, decided to investigate the role of ORMDL3 and mast cells in DSS-

induced colitis. We found that ORDML proteins are upregulated in DSS-induced colitis and that this 

upregulation explains stable de novo sphingolipid biosynthesis and affects gene expression of mucins; 

brightening current knowledge about the role of ORMDL IBD and potentially other diseases.  

Ethanol is an important solvent for hydrophobic substances used in molecular biology research. 

We therefore decided to investigate how low concentrations of ethanol affect mast cell activation 

(Draberova et al., 2015). We indeed found, that ethanol can inhibit mast cell activation at a 

concentration 0.2% on multiple levels and needs to be considered in preparation of future 

experiments. Further, we explored regulation of Src family kinases (SFK) and mast cell signaling by 

C-terminal Src kinase (CSK) in mast cells (Potuckova et al., 2018) and described the role of mast cell 

activation inhibitor miltefosine protrusion formation via cytoskeleton rearrangement (Rubíková et al., 
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2018). Overall our publications broaden the knowledge of ORMDL protein roles in mast cells, cell 

signaling and IBD.   
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9.  Discussion 
 

ORMDL family comprises of highly conserved small ER membrane proteins (Hjelmqvist et al., 

2002). When we reviewed the literature describing ORMDL3 functions, we decided to perform 

multiple sequence alignment analysis of ORMDL proteins sequences from selected species including 

vertebrates, fungi, sponge, yeasts, plants and tunicates. In the search with protein psi-blast that helps 

to identify sequences with lower level of similarity found ORMDL homologue in Amphimedon 

queenslandica. This species belongs to Porifera (sponges) and was the only sponge with sequenced 

and annotated genome at the time identified ORMDL putative protein (Srivastava et al., 2010). 

Sponges are considered one of the oldest phylogenic lineages in animal kingdom. The last common 

ancestor with humans is estimated to exist before 700 million years ago (Knoll et al., 1999; Gaiti et 

al., 2017). Further supporting evidence of ORMDL presence in simplest animals is the identification 

of ORMDL1 gene homologue in Trichoplax adherens (Srivastava et al., 2008). Homologues of Sptlc1 

and Sptlc2 proteins were identified in A. queensladica as well (Srivastava et al., 2010). Interestingly 

Amphimedon queenslandica ORMDL (aqORMDL) and human ORMDLs share 47% homology in 

protein sequences. Even the homology between yeast and human ORMDL is more than 30% 

(Hjelmqvist et al., 2002). Overexpression of human ORMDL3 was able to partially rescue the 

survival of orm1orm2 yeast strain in presence of dithiothreitol (DTT) and Tunicamycin (Hjelmqvist et 

al., 2002). Even though bacteria possess serine palmitoyltransferase protein (Ikushiro et al., 2003), no 

bacterial ORMDL has been described to date. Another interesting fact is the absence of gene for 

ORMDL in Coenorhabditis elegans (C. elegans). Seemingly this worm lost ORMDL at some point in 

the evolutionary lineage. Similarly, loss of certain HOX genes was described in C.elegans genome 

(Aboobaker and Blaxter, 2003).We identified several highly conserved amino acids present in all 

analyzed species pointing to a very important role of these amino acids in ORMDL functions. From 

the human ORMDL1 perspective these are amino acid sequences from K68 - F72 and T84 - D90. Based 

on the most precise model of ORMDL secondary structure (D. Davis et al., 2019) we can assume that 

these highly conserved amino acids are a part of central loop connecting transmembrane domains 2 

and 3 of ORMDL. Similar conserved amino acids were identified also in previous multiple sequence 

alignment (Hjelmqvist et al., 2002). Further studies are needed to show what role these amino acids 

may play in ORMDL functions.  

ORMDL proteins are proven to be involved in regulation of wide variety of cell types and cellular 

processes. They mainly but not solely regulate synthesis of lipid derivatives sphingolipids and 

eicosanoids and leukotrienes, stress response and autophagy (Bugajev et al., Submitted manuscript; 

Miller et al., 2012; Paulenda and Draber, 2016; Dang et al., 2017). The conserved loop of ORMDL 

may be the potential part of ORMDL protein to allow interactions with other proteins. So far, 

ORMDLs were confirmed to interact with each other to form homo and heterooligomers (Kiefer et 
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al., 2015), SPT (Bugajev et al., Submitted manuscript; Breslow et al., 2010; Kiefer et al., 2015) and 

SERCA2B proteins (Cantero-Recasens et al., 2010). Since ORMDL3 is strongly connected to 

allergen induced asthma, we decided to search for novel interaction partners of ORMDL3 protein in 

mast cells. Mass-spectrometry analysis of 75 kDa band from immunoprecipitation of myc-ORMDL3 

with anti-myc antibody showed 5-LO as potential interaction partner of ORMDL3 (Bugajev et al., 

Submitted manuscript). 5-LO is the key enzyme of leukotriene synthesis (Sorgi et al., 2017). In 

support of potential interaction between ORMDL3 and 5-LO is the fact that in order to produce 

leukotrienes 5-LO has to interact with FLAP, protein localized to the ER membrane or the perinuclear 

membrane (Mandal et al., 2008; Ström et al., 2012; Allain et al., 2015). This means that it is required 

for 5-LO to get to proximity of ORMDL3 in order to function properly. Verification of interaction 

between ORMDL3 and 5-LO was done in in vitro GST pull-down assay. Indeed, we confirmed the 

interaction between ORMDL3 and 5-LO observed in immunoprecipitation experiments and showed it 

to be direct physical interaction. Direct interactions between different proteins were proved with GST-

pulldown assay before (Rehtanz et al., 2004; Kato et al., 2012). Furthermore, we reproduced the 

interactions between 5-LO and FLAP and LTC4S that were reported previously confirming that our 

assay worked properly (Strid et al., 2009). However, it was necessary to modify sequence of LTC4S 

for our assay. We used 35S-methionine to label in vitro translated proteins. However, LTC4S contains 

only single methionine that can be cleaved of the nascent protein. (Bonissone et al., 2013). Therefore, 

we introduced 5-M tag, corresponding to addition of five consecutive methionines at the C-terminal 

part of LTC4S protein. This allowed us to reach sufficient signal from 35S-methionine labeling. 

Similar approach was used in purification of proteins with gold magnetic particles (Okada et al., 

2011). FLAP belongs to Membrane-associated protein in eicosanoid and glutathione metabolism 

(MAPEG) family that includes LTC4S as well. These have multiple similarities to ORMDL3. They 

are expressed on ER membrane (Christmas et al., 2002; Strid et al., 2009), are approximately the 

same size (Jakobsson et al., 2000) and structurally, they contain four transmembrane spanning 

domains. LTC4S has the same topology as ORMDL and FLAP with N and C-termini facing ER 

lumen is the mirror image to ORMDL (Christmas et al., 2002; Ago et al., 2007; Ferguson et al., 

2007). LTC4S and FLAP are known to interact with each other and work in a macromolecular 

complex with 5-LO (Strid et al., 2009). Furthermore, we discovered that ORMDL3 directly interacts 

with FLAP as well (Bugajev et al., Submitted manuscript). Functionality of this interaction was 

confirmed when we detected increased LTC4 and LTB4 production in ORMDL3-deficient mast cells 

upon FcεRI activation. All presented lines of evidence show that ORMDL3 is a novel interacting 

partner of 5-LO that directly binds to 5-LO to regulate leukotriene biosynthesis. 

Another lipid mediator synthesis pathway that seems to be regulated by ORMDL3 is COX2 

mediated production of prostanoids. It is not clear whether this regulation may occur through direct 

binding of ORMDL3 to COX2. However, COX2 is a luminal ER protein and so it can come into 
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contact with ORMDL proteins localized to the ER membrane (Hjelmqvist et al., 2002; Yuan and 

Smith, 2015). We showed, that ORMDL3-KD leads to increased expression of COX-2 on the mRNA 

level as well as protein level in mast cells activated with FcεRI triggering. COX2 is an inducible 

cyclooxygenase that is overexpressed upon various stimuli and was shown to be upregulated via 

NFκB transcription factor. IκB is inhibitor that binds NFκB in resting state and prevents it 

translocation to the nucleus (Yamamoto and Gaynor, 2004). Previously, COX2 was found upregulated 

in intestinal epithelial cells of IBD patients (Singer et al., 1998). Induced COX2 expression is 

considered as a marker of inflammation. We, indeed, detected increased COX2 mRNA expression in 

tissue of DSS-treated mice as was shown before (Lin et al., 2018). However, in contrast to mast cells, 

when we investigated COX2 expression in Caco2 intestinal adenocarcinoma cell line, we saw an 

increased COX2 mRNA levels in ORMDL3-OE compared to control cells. Interestingly, not just the 

ORMDL3 but also ORMDL1 and ORMDL2 were able to induce COX2 expression in Caco2 cells 

(Paulenda et al., Submitted manuscript). In mast cells, we observed increased phosphorylation and 

subsequent degradation of IκB in ORMDL3-KD cells that displayed increased NFκB translocation. 

Even, we were able to replicate increased IκB phosphorylation also in ORMDL3-KO BMMCs we 

didn’t see elevated production of PGD2 and TXB2, though. Further research on different cell types is 

required to proof whether ORMDL is truly a regulator of prostanoid synthesis. 

We investigated how FcεRI-mediated activation of mast cells changes with ORMDL3 expression. 

In our first study using BMMCs with downregulated ORMDL3 (O3-KD), or upregulated ORMDL3 

(O3-OE) expression, we observed that downregulation as well as upregulation of ORMDL3 has no 

effect on calcium mobilization (Bugajev et al., 2016). However, when we tested calcium response in 

BMMCs derived from ORMDL3 deficient mice, we observed slightly increased calcium response 

upon FcεRI triggering (Bugajev et al., Submitted manuscript). The main reason behind these 

differences may be the fact that ORMDL-KD was prepared using lentiviral infection with ORMDL3 

specific shRNAs. This approach may not result in 100% depletion of target protein and partial 

expression of OMRDL3 may retain in ORMDL3-KD cells. In contrast, in ORMDL3-KO no 

detectable OMRDL3 levels are present. The same reason may be behind the fact that lentiviral 

alteration of ORMDL3 had no significant effect on mast cell degranulation while ORMDL3-KO 

potentiates FcεRI induced β-glucuronidase release. Our observation with ORMDL3-KO BMMCs is in 

line with previous studies that described ORMDL3 as a regulator of calcium mobilization and SOCE. 

In HEK-293 cells and Jurkat cells with downregulated ORMDL3 expression, calcium mobilization 

after stimulation with Carbachol or anti-CD3 antibody increases. On the other hand, overexpression of 

ORMDL3 led to downregulation of calcium response (Cantero-Recasens et al., 2010; Carreras-Sureda 

et al., 2013). Authors explain these observations by direct inhibition of SERCA2b by OMRLD3. 

SERCA2b is a sarcoendoplasmic reticulum Ca2+ ATPase that is responsible for maintaining high 

concentration of Ca2+ in ER lumen and its inhibition leads to increased cytoplasmic calcium 
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concentration (Vandecaetsbeek et al., 2009). On the other hand, study of eosinophil activation through 

eotaxin-1 showed that eosinophils with decreased ORMDL3 expression displayed lower calcium 

levels in resting cells as well as in activated cells (Ha et al., 2013). This result is in direct opposition 

to the observations in Jurkat and HEK293 cells and in disagreement with our results. These data 

suggest, that ORMLD3 mediated regulation of calcium response is cell type specific and further 

studies are needed to determine eexact role of ORMDL3 in regulation of calcium homeostasis. 

Furthermore, following in vitro studies, increase expression of SERCA2b was showed in lungs of 

ORMDL3 overexpressing mice. However we didn’t find changes in expression of SERCA2b in 

activated mast cells with altered ORMDL3 expression (Bugajev et al., 2016).  

In pursuit to deepen understanding of mast cell activation we found that small non-toxic levels of 

ethanol have inhibitory effects on FcεRI induced mast cell activation. Similar effects of ethanol were 

observed previously on other cell types (Pruett et al., 2004; Goral and Kovacs, 2005; Zhang et al., 

2009). Inhibition of mast cell degranulation may be caused by downregulated calcium release in mast 

cells treated with ethanol. (Nishida et al., 2005). The inhibition was observed at levels as low as 0.2% 

and strengthening with increasing Et-OH concentration. At 1% Et-OH completely blocked calcium 

mobilization (Draberova et al., 2015). Decreased calcium mobilization can be explained by decreased 

phosphorylation of PLCγ phospholipase responsible for IP3 mediated calcium release (Putney and 

Tomita, 2012). Overall, we observed inhibition in all tested phenotypes. All these observations can be 

explained by lower activity of the FcεRI represented by decreased phosphorylation of α and β 

subunits and SYK kinase (Draberova et al., 2015). Ethanol is known to increase plasma membrane 

fluidity (Silberman et al., 1990; Da Silveira et al., 2003). High membrane fluidity can be responsible 

for disorganization of lipid rafts (Chakraborty et al., 2005) where FcεRI is predominantly located and 

these cholesterol rich detergent resistant membrane structures are essential for FcεRI signaling (Davey 

et al., 2007). This theory is supported by our observation that increasing cholesterol levels in mast 

cells by treatment with saturated Mβ-cyclodextrin, known to increase membrane rigidity (Fernández-

Pérez et al., 2018), ameliorates inhibitory effect of Et-OH. These data confirm the importance of 

lipids in regulation of membrane composition and properties in connection to cell signaling that can 

be affected by ORMDL proteins expression. 

The FcεRI receptor lacks the intrinsic kinase activity. Therefore, it is necessary for the FcεRI to 

rely on receptor associated protein tyrosine kinases (PTKs) to initiate the early signaling steps. In 

FcεRI induced mast cell activation Lyn kinase is the key one (Gilfillan and Rivera, 2009). Lyn kinase 

is mainly regulated by two events, phosphorylation of its activatory tyrosine Y416 and 

dephosphorylation of inhibitory tyrosine Y527. When Y527 is phosphorylated, Lyn is kept in closed 

inactive conformation. Dephosphorylation of Y527 is essential for FcεRI induced signaling (Turner and 

Kinet, 1999). This tyrosine is effectively phosphorylated only by C-terminal Src kinase (CSK). This 

fact makes CSK one of the key regulators of FcεRI signaling and hence allergic reactions. Therefore, 
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we decided to elucidate how CSK affects FcεRI mast cells activation. When looking at calcium 

signaling in mast cells with decreased CSK expression, we observed expected increase in calcium 

mobilization (Potuckova et al., 2018). As mentioned before, this observation is supported by results 

indicating that both SYK and PLCγ phosphorylation are increased in these cells that can directly lead 

to increase in intracellular store calcium mobilization. As a result of increased calcium response, we 

observed also elevated mast cell degranulation. These observations are in line with previously 

published work showing that CSK negatively regulates T cell activation showed by chemical inhibitor 

of CSK activity and genetic knock-down (Tan et al., 2014; Manz et al., 2015). Vice versa, it was 

shown that RBL-2H3 cells with increased CSK expression display delayed SYK activation and 

histamine release (Honda et al., 1997). Protein PAG was described as an important adaptor of CSK in 

regulation of receptor signaling. (Brdička et al., 2000). T-cells from PAG-KO mice displayed 

increased T-cell receptor mediated activation and cytokine production preceded with stronger calcium 

mobilization (Davidson et al., 2016). When we compared calcium response in PAG-KO vs. PAG-WT 

we saw no differences in calcium response between these two cells. However, downregulation of 

CSK in PAG-KO cells still led to increase in FcεRI mediated calcium mobilization. This observation 

suggests that PAG is not the main adaptor protein in mast cells at least in respect to calcium response 

regulation. Our combined observations indicate that CSK is an important regulator of FcεRI mediated 

calcium signaling.  

Regulation of mast cell signaling is of utmost importance. The search for chemical inhibitors of 

mast cell activation is a long going process. (Harvima et al., 2014; Molderings et al., 2016; Caslin et 

al., 2018). In Rubikova et. al. we described mechanism of action of novel mast cell inhibitor 

miltefosine the only approved drug for treatment of Leischmaniasis (Sundar and Olliaro, 2007). We 

observed that miltefosine inhibited mast cell degranulation while having no effect on calcium 

mobilization (Rubíková et al., 2018). Our results are corroborated by the observation in allergic 

patients where allergic reaction preceded with miltefosine treatment was significantly weaker when 

compared to saline pretreated skin in the skin test (Weller et al., 2009). Similarly, miltefosine inhibits 

mast cells in rat model of irritable bowel syndrome (Botschuijver et al., 2019). The observation that 

miltefosine treatment inhibits formation of membrane protrusions by mast cells (Rubíková et al., 

2018) suggests that it can interfere with the ability of mast cells to sequester IgE from the blood 

stream and hence inhibit the FcεRI mediated signaling. It was shown that skin mast cells form these 

protrusions to reach inside the blood vessels and capture the IgE leading to weaker activation via 

antigen induced FcεRI crosslinking. (Cheng et al., 2013). We described in this part novel mechanisms 

behind regulation of mast cell signaling and activation with potential translation to mast cell diseases.  

The key to stable and well-coordinated immune system is its tight regulation in healthy state and in 

inflammation. Cytokines are crucial components of this process. Production of cytokines was 

observed to be altered in in vitro as well as in vivo in cells and mice with modified ORMDL3 
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expression. We observed increased expression and release of TNFα, IL-6 and IL-13 from ORMDL3-

KD mast cells. Even though, we saw decrease in these cytokines in ORMDL3-OE the difference was 

not statistically significant. Our observation is supported by experiments with ORMDL3-KO BMMCs 

that displayed increased TNFα production after FcεRI triggering. The fact, that in mast cells, 

ORMDL3-KD and ORMLD3-KO rather than ORMDL3-OE led to increased production of 

proinflammatory cytokines was surprising regarding the previously published data. In LPS-stimulated 

RAW264.7 macrophages TNFα, IL-6 and IL-1β were all upregulated in cells with ORMDL3-OE. 

Interestingly in A549 lung epithelial cells ORMDL3-OE was able to induce IL-6 production even in 

resting cells (Oyeniran et al., 2015). However, another study of ORMDL3-KD and ORMDL3-OE in 

human lung epithelial cells did not find any differences in IL-6 and IL-8 production after stimulation 

with LPS and other stimuli (Hsu and Turvey, 2013). Noteworthy is the fact that in previous study, 

only high level of ORMDL3 overexpression was able to potentiate cytokine production (Oyeniran et 

al., 2015). It is possible that intensity of the overexpression or the investigated cell line may be the 

reason for these differences. Supporting evidence for ORMDL3 mediated regulation of IL-6 

production was also observed in Alternaria model of asthma in mice where Alternaria failed to induce 

IL-6 production in ORMDL3-KO mice (Löser et al., 2017). The main player behind the increased 

cytokine production in mast cells may be transcription factor NFκB. Its p65 subunit nuclear 

translocation was significantly increased in antigen activated mast cells (Bugajev et al., 2016). Here 

we show multiple line of evidence that ORMDL3 regulate cytokine production via transcription factor 

NFκB. However, the mode of regulation of NFκB may differ based on the investigated cell type. 

Connection of changes in ORMDL3 expression to disease development was shown in myriad of 

studies that we reviewed previously (Paulenda and Draber, 2016). Since, phosphorylation regulatory 

motif is missing in mammalian ORMDL proteins the main theory is that ORMDLs are regulated via 

transcription and degradation (Kiefer et al., 2015; Wang et al., 2015). Triggering of receptor signaling 

alters ORMDL genes expression. Conflicting data were coming from macrophages stimulated with 

LPS where it was published that ORMDL3 expression is induced upon 3h LPS stimulation (Miller et 

al., 2012) and that 4h LPS stimulation of these cells led to downregulation of all OMRDL mRNAs 

with an increase visible after 24h treatment (Kiefer et al., 2015). Our observation in mast cells 

supports the later. We showed that ORMDLs are downregulated upon FcεRI triggering on both 

mRNA and protein levels (Bugajev et al., 2016). In in vivo conditions, ORMDL3 was shown to be 

upregulated by cytokines IL-4 and IL-13 (Miller et al., 2012) , allergen challenge with HDM 

(Oyeniran et al., 2015), OVA (Miller et al., 2012; Yu et al., 2017; H. Wang et al., 2019; R. Yang et 

al., 2019) and Alternaria (Löser et al., 2017). On the other hand increasing levels of cholesterol led to 

degradation of ORMDL proteins mediated by autophagy in macrophages (Wang et al., 2015). Couple 

studies attempted to describe transcription factors behind ORMDL3 expression. Mouse OMRDL3 

gene was shown to be controlled by cAMP, PKA, CREB and STAT6 (Jin et al., 2012; Qiu et al., 
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2013; Zhuang et al., 2013). ORMDL3 was shown to be induced by IL-4 and IL-13 and eotaxin-1 

(Miller et al., 2012) treatment. These observations are well supported by the fact that STAT6 is 

connected with IL-4 and IL-13 induced transcription of genes in multiple cell types (Chiba et al., 

2010; Shi et al., 2010; Bao et al., 2012). However, since STAT6 is activated in mast cells upon FcεRI 

triggering (Malaviya and Uckun, 2002), it is highly unlikely that its decreased activity could be 

behind downregulation of ORMDL3 expression. Fast regulation of ORMDL3 expression is necessary 

for regulation of sphingolipid biosynthesis. One of the possible ways to regulate mRNA expression is 

through microRNA (miRNA) (Catalanotto et al., 2016). miRNA665 was shown to regulate ORMDL3 

mRNA expression. It was shown to be upregulated in patients with ulcerative colitis and Crohn’s 

disease (Li et al., 2017). Furthermore, authors found miRNA665 targets are ORMDL3 and XBP1 

mRNAs. Other targets of miRNA665 were identified. On one hand it was shown to prevent 

retinoblastoma (S. Wang et al., 2019), and on the other, to promote metastasis formation in 

hepatocellular carcinoma and breast cancer (Hu et al., 2018; Zhao et al., 2019). Multiple lines of 

evidence suggest that both regulation of mRNA expression as well as protein degradation is important 

form of ORMDLs regulation and must be taken into account when studying these proteins.  

Increased expression of ORMDL3 protein was found to be associated with asthma development. 

However, it seems that also downregulation of ORMDL proteins expression may be involved in 

disease development. Decreased expression of OMRDL3 was found in children with type 1 diabetes 

and it positively corelated with disease progression (W. Yang et al., 2019). This suggest that there is 

potential for altered ORMDL3 protein expression to be involved in many more than just asthma. 

Potential role of ORMDL3 in IBD was suggested by GWAS studies pointing to polymorphisms in 

17q21 locus association with these diseases. However, this is not clear in the case of IBD. There are 

multiple possibilities, how ORMDLs can be involved in pathogenesis of IBD and we can extrapolate 

from past findings what are the most probable explanations.  

To model the colonic inflammation DSS-induced colitis was developed as a mouse model of IBD 

(Chassaing et al., 2014). Dextran, synthesized by bacteria Leukonostoc and Streptococcus species, is a 

complex polysaccharide which esterification with chlorosulphonic acid produces DSS (Solomon et 

al., 2010). Feeding mice with DSS in drinking water leads to disruption of the mucus layer and barrier 

function that induces inflammation weight loss and rectal bleeding; symptoms similar to human IBD 

(Eichele and Kharbanda, 2017; Deng et al., 2018). In our experiments with mouse DSS-induced 

colitis, we examined mRNA and protein expression of ORMDLs in the colonic tissue. We found that 

OMRDL protein expression is increased in the colon of mice with DSS-induced colitis (Paulenda et 

al, Submitted manuscript). This result was surprising, given the previously published data, that 

ORMDL3 expression could be decreased due to expression of miR-665 in mouse model of colitis (Li 

et al., 2017). It should be noted, that protein expression of ORMDLs in colonic tissue of DSS-treated 

mice was not investigated previously. In line with this research we found that ORMDL3 mRNA 
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expression is downregulated in colonic tissue of DSS-treated mice. Despite the fact that ORMDL3 

mRNA is downregulated, our further experiments confirmed that DSS treatment is responsible for the 

increase of OMRDL proteins ex vivo and in vitro. When mRNA expression of ORMDLs was 

analyzed in Caco2 cells we observed increase in mRNA levels of ORMDL1, ORMDL2 and 

ORMDL3. This discrepancy may be explained by the fact that prior the analysis of ORMDLs mRNA 

expression in the colonic tissue, the three days recovery period, when mice were switched to normal 

drinking water, was introduced. Therefore, we were not looking at the direct acute effects of DSS on 

the cells in the tissue, as happens in vitro DSS treatment. Furthermore, the persistence of the ORMDL 

protein increase in the colonic tissue in vivo can be in part explained by the effect of DSS on stability 

of ORMDL protein levels as we seen the accumulation ORMDL1-myc, ORMDL2-myc and 

ORMDL3-myc expressed from the lentiviral vector. The fact that ORM and ORMDL proteins are 

regulators of SPT enzyme is known for almost 10 years (Breslow et al., 2010). The barrier function is 

one of the key properties of epithelium serving as selective permeable barrier, preventing bacteria, 

viruses and other agents from entering the mucosa. In IBD, this barrier function is disrupted, which 

causes penetration of bacteria into the tissue and causes inflammation. This function is maintained in 

part by sphingolipids and intercellular tight junctions (Wouters, 2011). Sphingolipid biosynthesis was 

shown to be critical for keeping the barrier function of intestinal epithelium (Li et al., 2018) and its 

disruption is a major factor and contributor to pathogenesis and persistence of IBD (Abdel Hadi et al., 

2016). Data from IBD patients showed accumulation of sphingomyelin, ceramide and sphingosine in 

patients with IBD (Brown et al., 2019). Similar observations were made when plasma of patients 

displaying mild, moderate and severe inflammation was analyzed (Bazarganipour et al., 2019). On the 

other hand, it was shown that sphingolipid biosynthesis is crucial for survival in mouse model of IBD, 

DSS-induced colitis (Li et al., 2018). Indeed, an assumption can be made, that it is the balance of 

sphingolipid content in the tissue, that is important for the homeostasis. In accordance with previous 

findings, we observed increased levels of ceramides in the colon of DSS-treated mice. Accumulation 

of ceramides may be explained by induction of sphingolipid de novo biosynthesis via SPT the 

followed by ceramide synthases (Rico et al., 2016; Bazarganipour et al., 2019). However, we haven’t 

seen changes in sphinganine levels between control and DSS-treated mice suggesting that de novo 

biosynthesis was not involved in ceramide accumulation. Another possibility is activation of salvage 

pathway enzymes like acid sphingomyelinase (Meiners et al., 2019) which is more plausible given the 

increased levels of C18:1 sphingosine, final product of salvage pathway, we observed in the inflamed 

colon. Indeed, it was previously shown that strong overexpression of ORMDL3 may lead to 

upregulation rather than downregulation of ceramides in lung epithelial cells due to increased activity 

of salvage pathway (Oyeniran et al., 2015). Role of ceramides in pathogenesis of IBD is supported by 

the fact that knock-out of acid ceramidase 3 leads to further increase in ceramide levels and 

aggravated colitis in DSS-treated mice (Espaillat et al., 2018). On the other hand, it was shown 

previously that CD300f-/- mice, developed more severe colitis in comparison to WT (Matsukawa et 
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al., 2016). CD300f is a receptor for ceramides that was previously shown to suppress mast cell 

degranulation upon activation in vivo (Izawa et al., 2012). Experiments with mast cell deficient mice 

showed that it was expression of CD300f on mast cells that was important for the phenotype. 

Analogous to this observation, depletion of ceramides with neutralizing antibody, led to aggravated 

phenotype. Supporting the role of mast cells in IBD is our observation that expression of mast cell 

specific marker mast cell carboxypeptidase (MCAP) is elevated in tissue of DSS-treated mice and that 

DSS potentiates mast cell activation and degranulation. This suggests that accumulation of ceramides 

in IBD may have bipolar effects. On one hand it may lead to disruption of tight junctions and on the 

other hand, it may serve as a protective mechanism against extensive release of mast cell proteases. In 

similar manner, barrier functions are maintained by intestinal mucus layer. It was shown, that 

ORMDL3-KO shows very low induction of Mucin5AC expression in lungs in mouse model of 

allergen induced asthma when compared to WT (H. Wang et al., 2019). Therefore, we hypothesized 

that increase of ORMDL protein levels upon DSS treatment may lead to elevation of mucin 

expression and act as a protective mechanism. Caco2 cells are known to express mucin genes MUC2, 

MUC5AC and MUC5B. However, only MUC2 is released into the cell surrounding to produce mucus 

layer (Huang et al., 2019). DSS treatment was shown to induce strong upregulation of MUC2 in the 

mouse colon up to the day four after the first administration of DSS (Dharmani et al., 2011). To our 

great surprise we detected lower expression levels of mucins Muc2 and MUC 5AC in ORMDL-

overexpressing cells in resting state. Furthermore, this effect was visible after the DSS treatment, 

where induction of Muc5AC as well as MUC5B was weaker in ORMDL2 overexpressing cells when 

compared to controls. It seems that ORMLD mediated regulation of mucin expression in colonic cells 

may differ significantly from the lungs (H. Wang et al., 2019). Based on our observation we can 

conclude that DSS-induced ORMDL mediated downregulation of mucin expression that may 

contribute to development of colitis. Role of ORMDL proteins in colitis is still controversial with 

multiple questions needed to be answered. On one hand downregulation of ORMDLs may increase 

the apoptosis of in the tissue and lead to an aggravated colitis. On the other hand, overexpression of 

ORMDLs leads to downregulation of mucin expression that can also contribute to higher severity of 

inflammation. Overall, it seems that keeping expression of ORMDL proteins in balance is important 

to prevent the disease development.  
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10.  Conclusions 
 

1. In studies on FcεRI activated mast cells, we helped elucidate the role of ORMDL3 in immune 

system and allergies. We showed that ORMDL3 is a negative regulator of FcεRI signaling in 

mast cells. Downregulation of ORMDL3 lead to increased cytokine production, migration and 

PCA response in vivo in mice. 

a. We prepared ORMDL3-KD and ORMDL3-OE BMMCs using lentiviral delivery of shRNAs 

b. We showed that ORMDL3 has no effect on Calcium mobilization and degranulation of 

mast cells.  

2. We performed comparison of ORMDL protein sequences through multiple species. We 

identified previously unknown ORMDL3 homologue and identified conserved amino acid 

residues in ORMDL proteins conserved through proteins from mammals, plants, yeasts and 

non-vertebrates. We also summarized current knowledge about ORMDL proteins functions. 

Furthermore, we proposed novel directions for ORMDL protein research. 

3. We showed for the first-time direct involvement of ORMDL proteins in DSS-induced colitis 

potentially translating to IBD patients.  

a. We successfully performed DSS-induced colitis experiment on mice. 

b. We found that sphingolipid de novo biosynthesis through SPT is stable determined by 

C18:0 sphinganine. However, we detected increased levels of ceramides species and 

C18:1 sphingosine.  

c. We found that ORMDL3 mRNA levels are downregulated while ORMDL1 and ORMDL2 

mRNA expression remained stable. Even though, mRNA for ORMDL3 decreased in DSS-

induced colitis, we found that protein levels of ORMDLs increased in the colonic tissue of 

DSS-treated mice colitis as well as in DSS treated cells. We found that acute in vitro 

treatment of cells with DSS leads upregulation of ORMDL genes mRNA expression. 

Furthermore, overexpression of any of the ORMDL proteins in Caco2 cells led to 

comparable downregulation of Muc2 and Muc5AC genes in colonic epithelial cell line 

Caco2 in resting cells and Muc5AC and Muc5B in DSS-treated cells. 

d. We found that DSS treatment potentiate mast cell degranulation. 
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4. Analysis of interaction partners of OMRDL3 in mast cells revealed that ORMDL3 is regulator 

of previously published sphingolipid biosynthesis through the interaction with SPT subunits 

but we discovered novel interacting partners from leukotriene synthesis pathway.  

a. We prepared DNA expression vectors for expression of GST tagged proteins in bacteria. 

We also prepared expression vectors for in vitro transcription and translation assay for 

radioactive labeling of proteins. We also successfully expressed these proteins 

b. Our analysis of interactions between ORMDL3 and leukotriene synthesis pathway 

members 5-LO and FLAP by GST-pulldown assay with radioactively labeled proteins 

proved that these proteins interact directly with ORMDL3.  

c. Our analysis of sphingolipid abundance in cells with altered expression of ORMDL3 and 5-

LO showed that increased levels of 5-LO lead to downregulation of ceramides. 

5. We showed that ethanol inhibits FcεRI-induced mast cell activation on multiple levels 

through downregulation calcium intake, receptor associated SYK kinase and adaptor protein 

LAT, like degranulation and proinflammatory cytokine production and these effects were 

replicated in in vivo experiments. 

a. We showed that ethanol can inhibit calcium mobilization after FcεRI crosslinking at 

concentration as low as 0.2%, and the strength of inhibition is concentration dependent. 

Decreased calcium mobilization can directly explain decreased mast cell degranulation.  

b. Furthermore, we showed that increased cholesterol levels protect against inhibitory 

effect of ethanol. 

c. Analysis of calcium influx in mast cells showed that CSK is negative regulator of calcium 

mobilization 

d. We showed that miltefosine pre-treatment has no effect on calcium mobilization in FcεRI 

activated mast cells  
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